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ABSTRACT

Reversible protonic ceramic electrochemical cells (R-PCECs) hold great potential as an
energy conversion and storage device. However, its electrochemical performance at reduced
operating temperatures is hindered by sluggish and unstable oxygen reduction/evolution
reactions (ORR/OER) at conventional air electrodes. To overcome this limitation, this thesis
identified multiple strategies integrating bulk anion substitution, surface nanoparticles design,
and one-pot bulk-phase self-assembly to develop high-performance triple-conducting
(H*/O?*/e") nanocomposite air electrodes with excellent stability.

First, anion engineering is applied to altering the oxygen sites of sublattice in
Bao sSr05Co0.8Fe0203-5 (BSCF). The results indicate that the electronegative fluorine
substitution weakens metal-oxygen bonds and enhances proton uptake. Consequently, the
optimized Bao.5Sro.5C00.8Fe0202.9-6Fo.1 air electrode demonstrates accelerated surface oxygen
exchange and bulk H*/O* transport, leading to a ~70% reduction in area-specific resistance
compared to pristine BSCF.

Building on the first work’s foundation, a dual bulk-surface modification strategy is
successfully implemented through in situ growth of nanoscale catalysts on the surface of
fluorine-engineered perovskite oxides. As a result, the Ba(Coo.4Fe0.4Z10.1Y0.1)0.95N10.05F0.102.9-5
nanocomposite air electrode exhibits a peak power density of 996 mW-cm2 at 650 °C—60%
higher than conventional electrodes—along with stable reversibility over 100 hours.

Moreover, to resolve persistent challenges in steam resistance and thermomechanical
compatibly, a Co/Sr-free dual-phase perovskite oxide, Ba(Zro.1Ceo.7Y0.1Ybo.1)0.4Fe0.6F0.102.9-5

(BZCYYFF), is rational designed via one-pot self-assembly method. This design integrates a



proton-conductive Ce-rich phase (P-BZCY YFF) with triple-conducting Fe-rich domains (M-
BZCYYFF), establishing continuous proton transport pathways while eliminating phase
segregation risks. Additionally, fluorine anion doping further weakens metal-oxygen bonds in
both phases, thus enhancing ionic mobility without catalytic compromise. The final BZCYYFF
electrode achieves an ultra-low ASR of 0.33 Q-cm? at 550 °C, coupled with a peak power
density of 0.494 W-cm™ in fuel cell mode and an exceptional electrolysis current density of
0.649 A-cm™ (electrolysis voltage of 1.3 V) at 550 °C. Long-term operation under 10%
humidified air for over 160 hours and the 18 cycles spanning 180 hours demonstrates negligible
degradation, further underscoring its unmatched durability.

In conclusion, by harmonizing triple conductivity, hydration resistance, and thermal
compatibility, this work establishes a materials design paradigm for robust R-PCEC air

electrodes, advancing their viability for energy storage and hydrogen economy applications.
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CHAPTER 1 Introduction

1.1 Background

With the rapid development of humanity, the issues of energy consumption and climate
change have become increasingly prominent. The inherent non-renewability of fossil fuels,
which constitute the primary energy sources, inevitably leads to energy crisis issues!!!.
Furthermore, the utilization of these energy sources continually emits carbon dioxide into the
atmosphere, exerting destructive impacts on the global climate and ecosystems!?). To address
these pressing challenges, countries worldwide have proposed a series of significant measures:
China has set targets to achieve carbon peaking by 2035 and carbon neutrality by 2060 to
achieve a balance between economic development and ecological sustainability!®); the United
Nations implemented the legally binding Paris Agreement in 2016, which requires 194
signatory countries and organizations to actively reduce carbon emissions*); the European
Union announced the "RepowerEU" energy strategy to encourage energy savings and achieve
energy supply diversification among EU member states!!; in 2022, the U.S. Congress passed
the “Inflation Reduction Act” to promote investment in renewable energy and accelerate the
retirement of coal-fired power plants, aiming to achieve complete decarbonization of the power
industry by 20359, It is evident that reducing fossil energy consumption and carbon dioxide
emissions to achieve sustainable development and carbon neutrality is increasingly crucial'”l,

To accomplish this, reversible solid oxide cells (R-SOCs) technology has gained
significant attention compared to other energy conversion and storage devices due to their low
material costs, high electrochemical performance, exceptional conversion efficiency, and

environmentally favorable properties. Specifically, when operating in electrolysis cell (EC)
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mode, R-SOCs can convert surplus electricity generated by renewable sources into valuable
chemicals, such as hydrogen. This presents two primary advantages: firstly, hydrogen energy's
widespread application and low marginal cost over time make it highly promising for long-
term, large-scale energy storage applications. Secondly, R-SOCs can be thermally integrated
with downstream chemical syntheses, such as methanol, dimethyl ether, synthetic fuels, or
ammonia production. Furthermore, when operating in fuel cell (FC) mode, R-SOCs can
efficiently utilize stored chemical energy in fuels to produce electricity intensively and cleanly,
without emitting exhaust fumes. This offers benefits including high energy conversion
efficiency, fuel flexibility, environmental friendliness, and low material costs. More
significantly, the reversible working mode in conjunction with other new energy devices can
effectively mitigate the intermittency and variability issues associated with renewable energy
electricity production. These outstanding characteristics render R-SOCs promising and

attractive for sustainable energy utilization and achieving zero carbon emissions soon.

1.2 Advantages of R-PCECs

Currently, the conventional oxygen-ion conducting R-SOCs always operates at high
temperatures (700-900 °C), which leads to increasing degradation and maintenance cost,
intricating thermal management requirements and sluggish startup/shutdown. This limits its
reliable large-scale and long-term applications. For this reason, utilizing proton-conducting
materials instead of common oxygen-ion conductors to fabricate electrochemical cells is more
promising since the lower activation energy required for protons conduction compared to
oxygen-ions, ensuring the rapid ionic transport at reduced working temperatures®!.

Consequently, they can remain the high performance and efficiency at intermediate
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temperatures (350 °C-650 °C), which relaxes the system design and control, enabling
hybridization with a broader range of renewable energy and waste heat, and improving the
cycling tolerance and reliability.

In this way, the reversible protonic ceramic fuel cells (R-PCECs) technology was
proposed and has substantially increased interest in recent decades. Additionally, the R-PCECs
can provide several unique advantages despite the lower operational temperature. Unlike the
oxygen-conducting R-SOCs, they can utilize and produce pure and dry hydrogen directly,
which results in enhancing fuel utilization and enabling electrochemical compression of
hydrogen directly within the cell (without being diluted by vapor), thus reducing system
complexity and operational costs.

Furthermore, based on the unique working mechanism of R-PCECs, utilizing its
electrolysis mode (protonic ceramic electrolysis cell, PCEC) for synthesizing various high-
quality chemicals such as ammonia, carbon monoxide, methane, low-carbon olefins, and
aromatics has shown tremendous potential®’. Currently, this electrochemical approach has been
demonstrated to be economical, sustainable, and environmentally benign, as it efficiently
harnesses renewable energy sources and abundant natural feedstocks such as nitrogen, water,
and carbon dioxide. Moreover, the production of chemicals using PCECs paves an attractive
pathway for large-scale chemical energy storage, enabling the stored chemical energy to be
converted into electricity efficiently at any time, thus facilitating efficient energy conversion

among different sources.



1.3 Fundamentals of R-PCECs

1.3.1 Working Mechanism

As previously mentioned, R-PCECs can seamlessly switch between two operational
modes for reversible operation. Specifically, in FC mode, the device efficiently converts
chemical energy from the fuel into electricity. As shown in Figure 1.1, taking H> as an example,
it undergoes the hydrogen oxidation reaction (HOR) at the fuel electrode to produce protons
(H"), which then traverse the electrolyte membrane to reach the air electrode for oxygen
reduction reaction (ORR), resulting in water as the final product. Conversely, in EC mode, the
device can utilize electrical energy to produce high-quality chemicals. For instance, using H.O
as the electrolysis source, it is converted into oxygen and protons at the air electrode according
to oxygen evolution reaction (OER). Then the generated protons pass through the electrolyte
membrane to the fuel electrode side, where they undergo the hydrogen evolution reaction (HER)

to produce dry and pure H». Detailed reactions are shown in Equations 1.1-1.3.

Fuel electrode (HOR/HER): Hx(g) = 2H +¢ (1.1)
: . 1 -

Air electrode (ORR/OER): ~Oa(g) + 2H' +2¢ 2 H,0(g) (1.2)

Overall: Ha(g)+ %Oz(g) = H,0(g) (1.3)

1.3.2 Functions and Requirements

In general, R-PCECs mainly consist of three key components in sandwich-like structures,
as illustrated in Figure 1.1, which are the dense electrolyte layer sandwiched between the
porous fuel electrode and air electrode on each side. Each component plays a crucial role during
the operation modes.

The intermediate electrolyte layer primarily transports protons inside but isolates the



combustion reaction between fuel and air gases on both sides. Therefore, excellent proton
conductivity and a pore-free structure are important indicators for the electrolyte layer.
Additionally, the electrolyte layer must exhibit negligible electronic conductivity to prevent
current leakage, which otherwise reduces fuel conversion efficiency and Faraday efficiency.
Considering the relatively high ohmic resistance of electrolyte, fuel electrode-supported cells
are generally adopted to achieve thin electrolyte film and reduce the overall ohmic resistance.

For the fuel electrode, it serves as the site for fuel oxidation/reduction, thus possessing
excellent electrochemical catalytic activity for these reactions is crucial to deliver high
performance. Furthermore, the electrochemical reactions conducted involve three phases
which are electrons, protons, and gas. Therefore, the fuel electrode needs to have good
electronic conductivity (e conductivity), the ability to generate protons and reduce protons
(surface characteristics), proton transport capability (H" conductivity), as well as good gas
diffusion capability (porous structure). Additionally, since the fuel electrode typically serves as
the support layer of the whole cell, it also requires a certain level of sintering mechanical
strength.

Like the fuel electrode, the air electrode also requires a porous structure and excellent
electronic conductivity to facilitate the oxygen mass transport and electrons migration.
However, the air electrode undergoes ORR/OER, thus good bifunctional catalytic activity for
ORR/OER is essential to achieve high performance.

Meanwhile, to ensure excellent stability of R-PCECs, each component needs to maintain
high thermal and chemical stability. Specifically, the fuel electrode needs to ensure stability in

high temperature and reducing atmospheres, exhibit good carbon resistance when the feed gas



contains carbon fuels, and prevent the occurrence of sulfide poisoning. The air electrode should
keep stable in oxidizing atmospheres and demonstrate certain resistance to CO> during long-
term operation. The electrolyte layer also needs to ensure stability simultaneously in high-
temperature oxidizing-reducing atmospheres. Furthermore, due to vaporized gaseous Cr
species (e.g., CrOz and CrO2(OH)) generated from the oxidation of chromium scale of the
metallic interconnect in the stack system, the electrodes and electrolyte need to resistant these
Cr species!!?). Additionally, the stability between components is also important, including the
adapted thermal expansion coefficient to ensure a robust interface state, avoiding adverse
thermal chemical and electrochemical reactions between components (e.g., phase separation,

cation diffusion), and ensuring sufficient mechanical strength of the assembled cells.
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Figure 1.1 Schematic diagram of R-PCECs in fuel cell and electrolysis operation modes.



1.4 Research Objectives

To achieve stable and efficient energy conversion and storage in R-PCECs, the
construction of air electrodes with high ORR/OER catalytic activity and stability is of
paramount importance. Building on the fundamental physicochemical properties required, this
research seeks to address the critical deficiencies inherent in current air electrode materials by
employing simple yet effective strategies, which are proposed in this thesis.

Firstly, a practical approach of strategic anion engineering is proposed on the oxygen site
of air electrode materials. By introducing different electronegative elements (F/CI) to weaken
metal-oxygen bonds (M-0O), the oxygen chemical environment of the electrode material is
altered, thereby promoting surface oxygen exchange and O?>/H" bulk migration. The resulting
Bao 5Sr0.5C00.8Fe0.202.9.6F0.1 electrode exhibits enhanced proton uptake/mobility and catalytic
activity for ORR and OER, with improved stability.

In addition to the bulk triple-conducting capability, the surface of the electrode material is
also of critical importance, as it serves as the active reaction site for gas conversion and product
desorption during the electrode reactions. Therefore, building on the first research indicating
that fluoride ions, due to their relatively large electronegativity, significantly weaken metal-
oxygen bonds within the lattice, another strategy of simultaneous bulk and surface modification
is identified to improve R-PCEC’s electrochemical performance. Specifically, this strategy is
designed to expedite the ORR/OER electrocatalytic activity of air electrodes exhibiting triple
(O*, H', e) conductivity. In this way, the designed air electrode nanocomposite-
Ba(Coo.4Fe0.4Z10.1Y0.1)0.95N10.05sF0.102.9-5 demonstrates remarkable ORR/OER catalytic activity

and exceptional durability in R-PCECs.



Moreover, achieving optimal electrochemical performance necessitates a well-defined
interface between air electrode and electrolyte, which not only mitigates interfacial impedance
but also ensures thermodynamic stability over extended operational durations and varying
testing conditions. Meanwhile, the catalytic stability of materials under elevated vapor pressure
conditions is also essential, as it substantially improves the electrolysis efficiency of R-PCEC
in EC mode, thereby facilitating the production of a greater yield of green hydrogen. Therefore,
by applying the strategy of integrating one-pot in situ bulk-phase self-assembly and anion
engineering, another novel Co/Sr free air electrode bifunctional catalysts,
Ba(Zro.1Ceo0.7Y0.1Ybo.1)0.4Fe0.602.9-5F0.1, is well designed with reduced coefficients of thermal
expansion, superior triple-conducting properties and enhanced resistance to steam.

By continuously optimizing multiple modification strategies, we have step by step
synthesized a nearly ideal nanocomposite air electrode, thereby realizing a gradual and

sustained improvement from electrocatalytic activity to long-term stability.

1.50utline of This Thesis

This thesis presents straightforward yet effective strategies for designing highly active and
stable air electrodes for R-PCEC technology. It is structured into seven chapters, each
addressing specific aspects of the research, as outlined below:

Chapter 1: Introduction. This chapter provides an overview of the background, advantages,
and fundamental principles of R-PCECs, highlighting the significance of this technology in the
context of sustainable energy solutions. It also delineates the research objectives, outlining the
aims, scope, and innovative contributions of this thesis.

Chapter 2: Literature Review. This chapter comprehensively reviews the development of
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air electrodes for R-PCECs, focusing on their underlying mechanisms, material compositions,
and fabrication techniques. By categorizing materials based on their reaction mechanisms and
ion migration pathways, coupled with various fabrication methods, this chapter critically
analyzes the current state of R-PCEC technology and identifies key challenges associated with
air electrodes.

Chapter 3: Methodology. This chapter details the experimental methods employed for the
preparation and performance characterization of air electrodes and their integration into R-
PCECs. It encompasses materials synthesis, cell fabrication, bar sample preparation,
characterization techniques and electrochemical measurements, providing a robust foundation
for the subsequent research chapters.

Chapter 4: Unlocking Triple Conductivity in Air Electrodes via Anion Engineering. This
chapter explores the impact of anion engineering on the performance of air electrodes.
Specifically, it demonstrates how tuning the M-O bonds in Bag 5Sro.5Co0.8Fe0.2035 (BSCF)
perovskite oxides through the doping of electronegative anions (F~, CI'), creating a more active
oxygen chemical atmosphere, thereby enhancing its triple conductivity.

Chapter 5: Dual-Anion Engineering Coupled with In Situ Exsolution for Simultaneous
Bulk and Surface Modification. Building on the findings of Chapter 4, this chapter introduces
a dual modification strategy involving synergistic bulk and surface modifications. By
simultaneously regulating bulk-phase M-O bonds and facilitating the in-situ formation of
surface metal oxide (MO) nanocatalysts, a novel bifunctional air electrode material,
Ba(Coo.4Fe0.4Z10.1Y0.1)0.95N10.05F0.102.9-5 (N-BCFZYNF), is synthesized. This material exhibits

exceptional electrochemical performance in both FC and EC modes.



Chapter 6: Concomitant Activity-Stability Enhancement via Anionic Control and
Multiphase Bulk Self-Assembly. This chapter focuses on the development of a series of
nanocomposite materials by integrating one-pot in situ bulk-phase self-assembly and anion
engineering to improve vapor tolerance and thermal compatibility. Additionally, the synergistic
effects of attenuated M-O bonds through anion engineering and improved triple conductivity
via bulk self-assembled dual nanophases structure are shown to significantly enhance the
electrochemical performance and stability of these nanocomposite electrodes.

Chapter 7: Conclusions and Perspectives. The final chapter summarizes the key findings
of the thesis, emphasizing the advancements made in the design and optimization of air
electrodes for R-PCECs. It also proposes future research directions to address remaining

challenges and further improve the performance and durability of R-PCEC air electrodes.
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CHAPTER 2 Literature Review- Air Electrode

To elucidate the current challenges and progress of air electrodes used for R-PCECs, this
literature review provides a comprehensive summary of recent studies. Overall, this chapter
systematically elucidates the evolution of air electrodes through a rigorous examination of their
theoretical foundations, material selection strategies, and advanced modification techniques.
By integrating these dimensions, the discussion aims to uncover their potential applications

and provide insightful projections for future research trajectories in this field.

2.1 Mechanism

2.1.1 Reactions Mechanism

The different ORR paths for the typical air electrodes with mixed O*/e” conductivity
(MIEC) and triple oxygen ion-proton-electron (O*/H'/e’) conductivity (TIEC) are
summarized!!!""*], as shown in Figure 2.1, and the following detailed elementary sub-steps

displayed in Equations 2.1-2.15.

(@) 0: ® (b) 0@
O (ad) .,/ 0 @
o (ad)./ 0 o RS 0 ad) 0; (a) 0:60)

O (bulk) ‘ [ o- (IPB o (h%
or (adﬁ .JOZ_ ol o> (:h. ‘ J_/"

_ 0 (TPB 0% (bulk)
O (TPB) @ — i ..‘_,v‘ H,0(g) %.‘4_ _’\.I/ ./i'__,v‘ H,0(g)
+ + ! t

Electrolyte i i Electrolyte d
.H* .H+ .H+ . H
MIEC TIEC

Figure 2.1 The detailed elementary ORR steps for (a) MIEC and (b) TIEC conductors applied
as R-PCECs’ air electrode.

Initial steps:

02(g) — Oz, ad (surface) (2.1)
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02, ad (surface) — 2044 (surface) (2.2)
Surface path (MIEC):
Oad(surface) + e— O, (surface) (2.3)
{0, (surface) — O, (TPB), O, (TPB) + e— O* (TPB) } (2.4)
{0, (surface) + e— O (surface), O (surface) — O* (TPB) } (2.5)
Bulk path (MIEC):
Oad(surface) + e— O, (bulk) (2.6)
O, (bulk) + e— O (bulk) (2.7)
OZ%(bulk) — O* (TPB) (2.8)
TPB (MIEC):
H' (TPB) + O* (TPB) — OH" (TPB) (2.9)
Surface path-TPB (TIEC):
Oad(surface) + e— O, (surface) (2.3)
{0, (surface) — O, (TPB), O, (TPB) + e— O* (TPB), O* (TPB) + H" (surface) — OH"
(TPB)} (2.10)
{ O, (surface) + e— Oy (surface), H' (surface) — H' (TPB), O (surface)+ H* (TPB) — OH"
(TPB)} (2.11)
Bulk path-TPB (TIEC):
Oad(surface) + e— O, (bulk) (2.6)
O, (bulk) + e— O (bulk) (2.7)
H" (surface) — H' (bulk, TPB) (2.12)

OZ%(bulk)+ H* (bulk, TPB) — OH" (TPB) (2.13)
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Final steps:
H' (TPB) + OH (TPB) — H>O (TPB) (2.14)
H>O (TPB) — H20 (g) (2.15)

For MIEC-type air electrodes, the ORR processes primarily encompass oxygen adsorption
and dissociation (2.1, 2.2), the subsequent generation and diffusion of active oxygen ions (2.3-
2.8), and the concurrent generation of water at the TPBs coupled with surface dissociation (2.9,
2.14, 2.15). Similarly, the OER processes can be regarded as the reverse of these elementary
sub-steps. These active oxygen ions, once generated, can traverse to the active reaction site via
both surface (2.3-2.5) and bulk (2.6-2.8) transport pathways. As illustrated in Figure 2.1a, the
TPBs are conspicuously confined to the interface between the air electrode and the electrolyte.
Conversely, TIEC-type air electrodes introduce additional complexity to the electrochemical
reaction due to their augmented proton transport capacity (Figure 2.1b). Specifically, the active
oxygen ions possess the capability to selectively partake in electrode reactions with protons
traversing the membrane, leading to the direct generation of water either at the electrode surface
or within the bulk phase, followed by subsequent dissociation processes. Leveraging these
expanded reaction sites, the TPBs of TIEC-type air electrodes extend across the entirety of the
electrode surface and bulk phase, thereby significantly enhancing electrode ORR/OER Kkinetics.
Accordingly, it is imperative to integrate proton conductivity into R-PCECs air electrodes in
accordance with the elucidated reaction mechanism!'#!,

2.1.2 Proton Conduction Mechanism

As previously mentioned, the proton conductivity exhibited by TIEC air electrodes is

pivotal in attaining elevated catalytic activity for ORR/OER. Hence, a thorough comprehension
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of the proton conduction mechanism is imperative for the rational design of optimal air
electrodes. Fundamentally, protons are incapable of occupying discrete sites within the crystal
structure of perovskite oxides; instead, they tend to form bonds with other anions, primarily in
the form of hydroxide defects (OH-)!'> 18], Moreover, the high proton conductivity necessitates
meticulous consideration of both the generation and migration of these hydroxide defects.

To date, three possible mechanisms for proton uptake in perovskite oxide at wet

atmosphere have been proposed!!”), as shown in in Equations 2.16-18 and Figure 2.2.
(1) Hydration: 0§ + Vg + H,0 < 20Hg (2.16)

(2) Hydrogenation: H,0 + 20§ + 2h- = 20H, + %02 (2.17)

(3) New hydration: Mn(Il);;, + Vg + Op + H,0 = Mn(IV)y,, + 20Hp (2.18)
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Figure 2.2 Three mechanisms for proton uptake!!’l: (a) hydration mechanism; (b)
hydrogenation mechanism; (c) new hydration mechanism.

The hydration reaction (Equation 2.16 and Figure 2.2a) delineates the proton uptake

process by which a water molecule decomposes into a proton (H") and a separate hydroxide

ion (OH"). Subsequently, the generated H" will combine with surrounded lattice oxygen (0g)

to form the OH- at the corresponding lattice oxide ion site, while the OH™ will occupy the
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oxygen vacancy (Vg) site. This mechanism emphasizes the crucial role of lattice oxygen and
oxygen vacancies in perovskite oxides in proton absorption. The rate of the hydration process,
crucial for absorbing vapor from the surrounding environment, profoundly reflects the
concentration of protons (expressed as Cu) incorporated into the material.

Another conceivable pathway for proton uptake, as described by Equation 2.17 and
depicted in Figure 2.2b, involves the hydrogeneration reaction. In this process, protons are
assimilated while releasing oxygen through the interaction between two lattice oxygen atoms
and steam, resulting in the depletion of holes within the oxides. This phenomenon is inherently
favorable for perovskite oxide air electrodes possessing ample holes. Furthermore, this
mechanism suggests that the concentration of lattice oxygen and holes may substantially
influence the Cy within the material, whereas the concentration of oxygen vacancies may not
play a significant role.

A recent proposal elucidated a third plausible pathway for proton uptake, which emerged
from studies conducted on the air electrode material Lag7Sro3MnQOz9s (LSM) oxide. As
articulated by Equation 2.18 and Figure 2.2¢, this novel hydration reaction is propelled by the
coupling of the attraction between V3 and H>O molecules, alongside carrier exchange
involving oxygen holes (Oy) and metal ions. Specifically, the OH™ produced from H>O
decomposition will occupy the Vg site, thereby inducing the oxidation of adjacent Mn cations
within the LSM oxide lattice. Simultaneously, the Oy site is substituted by the single H' to
maintain electrical neutrality. This reaction presents heightened complexity due to the
involvement of redox-active metal ions in conjunction with a substantial quantity of both Vg

and Op.
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Figure 2.3 The mechanism for protons conduction: (a) Vehicle mechanism and (b) Grotthuss
mechanism. Reproduced with permission!!®. Copyright (2008), American Chemical Society.
(c) the sub-steps for Grotthuss mechanism. Reproduced with permission!?l. Copy right (2020),
Elsevier.

In addition to proton generation, the mechanisms governing proton transport are also
imperative. Currently, the ehicle and Grotthuss mechanisms, as proposed by Kreuer et al.?%]
are widely accepted to describe the proton migration process. In the vehicle mechanism (Figure
2.3a), oxygen ions serve as carriers to facilitate proton transport by forming OH™ species within
the perovskite oxide lattice. This mechanism implies that the migration rate of protons is
contingent upon the diffusion rate of oxygen ion carriers. Consequently, proton conduction via
this mechanism necessitates a relatively high activation energy (Ea, exceeding 0.4 eV) due to
the limited mobility of carriers resulting from their larger size.

On the other hand, the Grotthuss mechanism (Figure 2. 3b) entails the migration of
protons or proton defects from one oxygen ion to another through the formation and cleavage
of O-H chemical bonds, resulting in a lower Ea value (< 0.4 eV). Thus, owing to the reduced
energy required for proton conduction, the Grotthuss mechanism is generally favored in proton-
conducting oxides. This mechanism entails two sub-steps for proton migration (Figure 2.3¢)

[19.211: (1) rotation, where the formed O-H bonds are oriented towards neighboring oxygen ions,
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and (2) hopping, where the rotated O-H bond is broken, allowing the proton to hop from the
parent site to another oxygen ion site via the presence of protonic defects. Numerous DFT
studies have reported proton migration barriers, revealing that the reorientation of protons
around the oxide ion to which they are bound typically exhibits a lower energy barrier than
proton transfer to a neighboring oxide ion, both in perovskite electrolytes and electrode oxides.

The calculated proton transfer barriers generally fall within the range of 0.25 to 0.5 eV222¢],

2.1.3 Oxygen Conduction Mechanism

The remarkable oxygen ion transport capacity holds significant importance for air
electrodes. Owing to the larger dimensions of oxygen ions, their transport barriers are
inherently higher compared to those of protons. Thus, a profound comprehension of oxygen
ion transport mechanisms is imperative to selectively optimize diffusion pathways, thereby
macroscopically accelerating electrode reaction kinetics.

Presently, three widely acknowledged oxygen ion transport mechanisms exist for oxides,
all determined by the nature of point defects within the systems: the interstitial, interstitialcy,
and vacancy mechanisms. In the interstitial mechanism (Figure 2.4a), oxygen ions located at
interstitial sites within the oxide lattice undergo thermal activation-induced jumps from one
interstitial site to an adjacent one, thus facilitating oxygen ion migration. Consequently, the
distance and pathway of interstitial ion jumps directly impact the rate of oxygen ion migration,
without the necessity for other lattice defects to partake in this process. Additionally, upon
completion of a single jump, there is no permanent displacement of other lattice ions from their
equilibrium positions. Conversely, the interstitialcy mechanism (Figure 2.4b) posits that

interstitial ions displace lattice ions from their equilibrium positions, prompting lattice ions to
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jump to adjacent interstitial sites. Both mechanisms underscore the pivotal role of interstitial
oxygen ions, which represent point defects in the lattice.

On the other hand, in the vacancy mechanism (Figure 2.4¢), oxygen ions transport by
jumping to a neighboring oxygen vacancy site within the lattice. Consequently, the existence
of vacancies is imperative for oxygen diffusion, and their concentration within the lattice
profoundly influences kinetics. Furthermore, it has been documented that oxygen ion transport
adheres to the vacancy diffusion mechanism in single-structure perovskites due to the close
structural arrangement of lattice sites, while oxygen interstitial diffusion mechanism occurs in
certain layered perovskites with a Ruddleson—Popper (R-P) structure due to the surplus oxygen

at the rock layer!?” 28],
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Figure 2.4 The Schematic diagrams of oxygen conduction mechanisms: (a) the interstitial and
(b) interstitialcy in R-P perovskite; and (c) vacancy diffusion mechanism in single perovskite.

2.1.4 Electronic Conduction Mechanism

The electronic conductivity in perovskite oxide stems from the polaron hopping
mechanism instigated by transition metal ions with variable valence anchored in the B-site.
This mechanism entails electron defects traversing between B-site cations and oxygen ions,

aligning with the Zerner double exchange process. Consequently, a heightened concentration
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of redox couples (variable valence metal ions in the B-site) theoretically increased electrical
conductivity, but it also depends on the specific lattice structure. For instance, the emergence
of oxygen vacancies or heterointerfaces in multiphase may serve as electron traps, precipitating
a decline in conductivity. The distinct conductivity profiles of various perovskite oxides can be
dissected using band theory, which delineates the distribution of electronic states or the density
of states (DOS), serving as pivotal descriptors for regulating diverse physical and chemical
properties both at the surface and within the bulk. Presently, the conductivity range of most
perovskite materials utilized in air electrode materials spans from 1 to 100 S cm™ at
temperatures ranging between 300 and 700 °C, which notably surpasses that of protons and

oxygen ions, particularly at lower temperatures.

2.2 Materials

2.2.1 Single Phase Air Electrode

The perovskite oxides have been widely used as promising air electrodes due to their
outstanding catalytic activity, fine adjusted compositions and structure, and compatible thermal
behavior. According to the composition of the specific perovskite oxide materials with high
oxygen ion and electron conductivity (partly with proton conductivity), the phase structure
includes three types: single (ABOs.s), double (AA'BB'O¢.) and R-P perovskite(An+1BnOzn+1+s),
the detailed structures are shown in Figure 2.5 and following part.

(1) ABOs.: In the context of air electrode materials based on single perovskite structure, the
A-site within their lattice typically accommodates alkaline earth or rare earth metal ions in
a 12-fold coordination and a valence of either +2 or +3, exemplified by Ba, Sr, Pr, La, and

Ca. Conversely, the B-site is commonly occupied by transition metal ions featuring a
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coordination number of 6 and a valence of either +3 or +4, including Co, Fe, Ni, Zr, and Y.
It is noteworthy that certain metal ions may exhibit higher valence states, such as Mo (+5
or +6), Nb (+5), and Ta (+4 and +5). Illustrated in Figure 2.5a, the schematic depiction of
the unit cell structure portrays a simple cubic arrangement. Oxygen atoms reside in the
face-centered positions of the cube, forming octahedral coordination with the B-site metal
ions. This structural configuration exhibits pronounced symmetry, thereby facilitating
expedited electron and ion transport within the bulk phase. Conversely, a reduction in the
symmetry of the lattice structure, as observed in orthorhombic or tetragonal perovskite
phases, engenders increased transmission distances, consequently impeding the efficient
transmission of ions and electrons!!®/,

(2) AA'BB'Ogs.5: The general composition of double perovskite structure is alternately stacked
layers along the c-axis direction in the form of ...|AO|BO2|A'O|BO2|..., with its unit cell
structure depicted in Figure 2.5b. Typically, the A-sites typically accommodate trivalent
lanthanide metal ions such as Pr, Nd, Sm, and Gd, whereas the A'-sites commonly host
divalent alkaline earth metal ions like Ba and Sr. Transition metal ions, like those found in
simple perovskites, predominantly occupy the B-sites within the lattice. Notably, in ordered
A-site double perovskite oxides, the larger ionic radius of A' ions tends to stabilize
structures with a coordination number of 12, while A-site lanthanide ions (or Y ions) tend
toward lower coordination numbers. Consequently, oxygen vacancies are primarily
concentrated within the AO layers, and upon heating, a transition from ordered to
disordered for oxygen vacancy occurs®’), thereby accelerating the rapid anisotropic

migration of oxygen ions across the ab plane. Furthermore, recent investigations suggest
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that the ordered arrangement of A-site cations in double perovskites can preserve higher
concentrations of oxygen vacancies while enhancing their basicity®”), thereby positively
impacting the hydration of protons in electrode reactions.

(3) An+1BuOsn+i1+6: For R-P-type perovskite oxides, it was first synthesized and named by S.N.
Ruddlesden and P. Popper in 1957. Specifically, the types of metal ions occupying the A
and B sites of this structure are like those in single perovskite-type oxides. It can be
conceptualized as comprising alternating layers of perovskite structure layers (ABO3) and
rock salt layers (AO) along the c-axis with the general formula of it is An+1BnO3n+1-, Where
'n' represents the number of octahedral layers in the perovskite-like stack. Notably, the
simplest structure is A2BO4+5, as depicted in Figure 2.5¢, wherein the lattice is constructed
using ABO;s perovskite layers sandwiched between AO rock salt layers. Besides, the mixed
ion-electron conductivity primarily mainly arises from the migration of interstitial oxygen
ions in the AO layer and the p-type electronic conduction of the ABO; layer*! 321,

Furthermore, higher-order R-P perovskites contain more NiOg corner-sharing octahedra,

providing additional conduction pathways and potentially exhibiting higher electronic

conductivity compared to low-order R-P materials!.

a) Simple perovskite  b) Layered perovskite c¢) Ruddlesden-Popper
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Figure 2.5 Typic perovskite oxides phase structures of air electrodes: (a) simple perovskite; (b)
double perovskite; (c) Ruddlesden-popper perovskite. Reproduced with permission.[?!]
Copyright (2019), Elsevier.

2.2.2 Single Perovskite Phase

In the nascent development of R-PCECs technology, the traditional R-SOCs air electrode
materials, including LaogSro2C00O3-5 (LSC), Smo.5Sr0.5C003-5 (SSC), Lao.sSr0.4Coo2Fe0s03-5
(LSCF), and BaosSro.5Co0.8Fe0203-5 (BSCF), were investigated as the initial air electrode
candidates due to the commendable oxygen ion and electron conductivity characteristics.
However, Han et al. confirmed that the systems of La;xSrxCoiyFeyOs5 (x =0.1-0.7, y = 0-1)
and Bao 5Sro.5Co1.yFeyOs.5 (y = 0.2-0.8) were difficult to be hydrated, and the Cy value was not
higher than 0.002 mol unit! at 600 °CP* 331 This intrinsic limitation in proton conductivity
hampers the kinetics of electrode reactions, thus resulting in suboptimal overall
electrochemical performance of R-PCECs. Consequently, extensive endeavors have been
directed towards augmenting the proton conductivity of the conventional air electrodes to foster
hydration/protonation.

In 2014, Poetzsch et al. found that Bao.5Sro.5Feo 8Zno203-5 (BSFZ), which can be construed
as a strategic substitution of Zn for Co within the BSCF material system, was a mixed triple-
hole, 0%, and H" conductor®’l. The hydration propensity of this electrode material was
experimentally corroborated through characteristic mass relaxation signals observed upon
reversible alterations in pH>O levels within the testing environment maintained at 400 °C
(Figure 2.6a). However, despite these advancements, under identical testing conditions, the
concentration of protonic charge carriers remained notably lower by 1-2 orders of magnitude
compared to the concentrations of oxygen vacancies and hole charge carriers, as depicted in

Figure 2.6b. Subsequently, the augmentative effect of zinc ions on proton conductivity was
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confirmed within the perovskite family (Ba,Sr,La)(Fe,C0,Zn,Y)0;5". This enhancement
primarily arises from the significant elevation of oxygen vacancy concentration, the presence
of a redox-inactive cation, potential local lattice distortions, and the reduced electronegativity
associated with Zn?". Conversely, the incorporation of Co ions at the B-site is observed to
detrimentally influence proton absorption due to the diminished basicity of oxygen ions
resulting from the strong covalent nature of Co-O chemical bonds, as shown in Figure 2.6c.
Moreover, this study also suggests that A-site Ba ions are more conducive to proton absorption
compared to other ions (Sr, La), owing to the lower electronegativity (Figure 2.6d). Ultimately,
the Bag.osLao.osFeosZno203.5 material exhibits the highest proton concentration, measured at

0.1 mol unit™! at 250 °C.
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Figure 2.6 (a) Exemplary mass relaxation curves at 400 °C; (b) Defect concentrations (% per
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BSFZ formula unit); Reproduced from Ref.*®) with permission from the Royal Chemical
Society. (c) Effect of Zn and Co substitution on the B-site; (d) Variation of La and Sr content
on the perovskite's A-site. Reproduced with permission.”! Copyright (2018), Wiley.

Furthermore, Tong et al. discovered that Zr-doped BaCoo4Feos035 perovskite oxide
(BaCoo.4Feo.4Zr0203-5, BCFZ) serve as highly stable and active oxygen permeation membranes
due to their elevated mixed oxygen ion and electron conductivity, coupled with outstanding

391 More importantly, this material exhibits stronger hydration

chemical and structural stability
capabilities compared to traditional LSCF, as evidenced by the reduced ASR values upon
introducing water vapor*’l. Consequently, when directly employed as air electrodes in proton-
conducting fuel cells, BCFZ yielded significantly enhanced electrochemical performance
compared to traditional MIEC electrodes. Subsequently, aiming to further enhance its proton
conductivity, considering the lower valence state of Y** compared to Zr*', Duan et al. partially
substituted Y** for Zr*" in BCFZ and designed a new class of air electrode, BaCoo.4Feo4Zro -
xYx03.5 (BCFZYx). Among the compositions investigated, BaCoo.4Feo.4Zr0.1Y0.103-5 (BCFZY)
exhibited the lowest ASR values and activation energy when the temperature down to 500 °C,
as well as an exceptional durability over 1100 hours*!. The 10% Y-doped BCFZY oxide
exhibited the highest proton conductivity (0.0032 S cm at 600 °C) approximately four times
that of the parent material BCFZ, while further incorporation of Y slightly decreases its
conductivity!*?l. Furthermore, its proton surface kinetics were significantly accelerated, as
evidenced by the kon-opchem Values obtained from a conductivity relaxation experiment by
switching atmospheric conditions from H>O to D-O. Since then, BCFZY is regarded as a
representative single perovskite phase air electrode with triple conductivity capabilities, and

extensive research based on it has been conducted.

To further fine-tune the triple-conducting properties, an A-site deficiency strategy was
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employed to fabricate new perovskite oxides, BaxCoo4Feo4Zr01Y0.103-5 (x = 1, 0.95, 0.9)143],
As a result of the higher concentration of oxygen vacancies and the enhanced oxygen-ion bulk
diffusion and proton hydration kinetics, obtained Bag9Coo.4Fe.4Zr0.1Y0.103-5 exhibited the
lowest ASR value (0.52 Q cm?) at 500°C. Furthermore, Shao et al. employed B-site doping to
enhance the triple conductivity performance of BCFZY, synthesizing a series of air electrode
materials, Ba(Coo4Feo4Zr0.1Y0.1)0.9sMo.0s03-5 (M = Ni, Mn, Zn, Cu)*¥. Based on conductivity
relaxation experiments and oxygen and hydrogen permeation tests, it was demonstrated that
Ni-doped BCFZY (Ba(Coo.4Fe04Zr0.1Y0.1)0.95Ni0.0503-5) air electrodes exhibited enhanced
oxygen ion and proton transport characteristics and surface exchange kinetics, thereby
displaying enhanced ORR activity, with the ASR value decreased from 1.75 to 1.50 Q cm? at
550 °C. Additionally, partial doping of the BCFZY parent lattice with lower valence state Mg?"
(Ba(Coo.4Fe04Zr0.1Y0.1)0.9sMgoos Oss) and Zn** (BaCooaFeoaZro1Yo.1xZnx035) were also
demonstrated effectively to improve its triple conductivity characteristics!*> 4], Interestingly,
despite the lower electron conductivity of BCFZY and its modified samples, which varies from
1to2 S cm™ at 600 °C, their electrochemical performance remains stratified. This implies that
air electrodes may do not necessarily require a very high hole conductivity, but rather,
achieving a balance between ion and hole conductivity and catalytic activity is more
meaningful.
2.2.3 Double Perovskite Phase

The cation-ordered double-perovskite structures have garnered significant attention owing
to their facilitated oxygen ion diffusion, accelerated surface oxygen exchange, and heightened

electrical conductivity at lower temperatures*’). Additionally, as indicated by Grimaud et al.!*?],
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these layered perovskite materials demonstrate improved proton-conducting properties to some
extent. Therefore, layered perovskites are considered promising candidate materials for air
electrodes in R-PCECs.

Currently, the most commonly used double-perovskite phase for R-PCECs is
PrBao 5Sr0.5Co1.5Fe050s+5 (PBSCF), originating from NdBag sSro5Co15Fe0 505+ (NdBCSF)
oxide reported by Kim in 2014*°1. The PBSCF air electrode was developed as an air electrode
since the Pr analog offers higher electronic conductivity than Nd in the layer perovskite
structure?®). Moreover, PBSCF exhibited excellent ORR/OER catalytic performance when it
was exposed to steam atmosphere. As shown in Figure 2.7a %, the Cy values determined by
the difference H>O uptake thermogravimetric profiles on cooling in dry and wet air ranges from
3.5 mol % at 200 °C to 1.7 mol % at 600 °C, which is much higher than that of BCFZ (0.5 mol%
at 400 °C) and BCFZn (1.5 mol% at 350 °C). The higher proton concentration observed in
PBSCF can be ascribed to its lower hydration entropy of -63 J mol™! K! compared to -103 +
5Jmol! K in BCFZ and -140 + 30 J mol™! K*!, respectively (Figure 2.7b), enabling PBSCF
to maintain elevated proton levels under high-temperature conditions. Specifically, the proton
solubility for the PBSCF was directly observed through dynamic secondary ion mass
spectrometry and time-of-flight secondary ion mass spectrometry®!l. The depth profile (~3.5
pm) and 3D map (50 x 50 x 1 um3) of 2D element for PBSCF bulk in D,O-humidified air
confirmed that the protons were spatially uniform distributed without any segregating in a
specific region (Figure 2.7¢) P!, From the returned relativity precise values of o determined
by the conductivity change, it is confirmed that the proton uptake in PBSCF mostly occurred

by the hydration reaction at 400—700 °C. Despite the proton uptake mechanism, the migration

27



kinetics of these protonic defects during hydration/dehydration is also investigated by
employing the isotope exchange diffusion profile (IEDP) method, in which deuterium was used
as a tracking indicator of proton diffusion via time-of-flight secondary ion mass spectrometry
(ToF-SIMS), as shown in Figure 2.7d"2!. The surface exchange coefficient (k1) and diffusion
coefficient (D) of protons were determined in the value of 2.60 x 107 cm s and 1.04 x 107
cm? 57! at 550 °C, respectively, which much higher than most reported air electrodes (Figure
2.7e). These results robust confirmed the excellent triple-conducting prosperities of PBSCF
family materials, which offers a great promising candidate to applied as the air electrode for R-
PCECs device. Surely, it is more beneficial for its actual application if the high TEC was
reduced and the undesired elements segregation and heterophane generation conducted in CO>

or H>O containing atmosphere.
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Figure 2.7 (a) thermogravimetric profiles on cooling in dry and wet air and implied proton
concentration; (b) summarized entropy values for different air electrodes; Reproduced with
permission.’% Copyright (2018), Springer Nature. (c) 3D map of °D distribution; Reproduced
from Ref.°!! with permission from the Royal Chemical Society. (d) Schematic illustration of
preparation and incorporation of D,O for the ToF-SIMS measurement; (¢) Comparison of D'y
of the PBSCF with other representative MIEC materials. Reproduced with permission.[®?]
Copyright (2021), Wiley.

2.2.4 R-P Perovskite Phase

The perovskite and rock-salt slab arrangement in R-P oxides facilitates anisotropic
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transport of charge carriers, including O* and proton defects®>->%], which different from the
migration mechanism observed in conventional perovskite oxides, wherein oxide ions traverse
pathways connect oxygen vacancies. In R-P perovskite oxides, particularly those featuring an
excess of oxygen (as commonly encountered in the n=1 referred as KoNiFy4 structure),
interstitial oxide ions are accommodated within the rock-salt layers®! 33, This arrangement
facilitates rapid and anisotropic conduction of oxide ions through a push-pull mechanism
within the rock-salt layers, holding the potential to accelerate kinetically limited ORR/OER
electrochemical processes, particularly at lower operating temperatures. Consequently, R-P
type perovskite oxides emerge as highly promising candidates for application as air electrodes
in R-PCEC:s.

Initially, the excellent hydration and protonic defects transports ability were demonstrated
in the PrxSrxNiOs:s (x<0.50) oxides with the K,NiFs structure (Figure 2. 8a-b)P7l.
Considering the potential detrimental effects of Sr** incorporation on hydratable characteristics
and the overall stability of the material, ProNiO4+s has been selected for actual utilization,
showcasing commendable chemical stability and outstanding electrochemical
performance(0.06 Q-cm? and 0.82 W-cm 2 at 650°C) %), Furthermore, in the Ln; 2Sro.sNiOs+s
(Ln = La, Pr) system, different A-site cations also exert an influence on the catalytic activity of
the air electrode reaction. Specifically, compared to Pri2Sr0.8NiO4+s, La12Sr0.sNiO4+s exhibits
higher electrochemical performance in both FC and EC modes®®. This disparity is likely
attributed to the lower electronegativity of La*" compared to Pr** and the different oxygen
chemical environment due to the different for La bad Pr-based R-P oxides, which may

adversely affect proton/oxygen absorption and transport capabilities®®. Besides, the

30



introduction of Fe ions into the B-site of this oxide can further enhance its catalytic
performance, as evidenced by Lai 2SrosNio 6Fe 4045,

Furthermore, the layered architecture inherent to R-P type oxides imparts unique cation
coordination environments and distinct manifestations of anion defects!®!: ¢, Modulating the
number of layers, denoted as 'n', imparts changes to the dimensional characteristics of the
layered structure, thereby expanding the chemical diversity within the realm of R-P perovskites.
Consequently, variations in stoichiometry are observed; for instance, low n-value R-P oxides
tend to exhibit a prevalence of interstitial oxygen over oxygen vacancies, while high-order R-
P oxides typically manifest oxygen-deficient configurations. Experimental investigations and
theoretical analyses corroborate the notion that higher-order R-P oxides exhibit enhanced
facilitation of oxygen ion and proton transport within the lattice structure!®*. Moreover, they
demonstrate heightened chemical and thermal stability, attributes conducive to augmenting
catalytic performance of air electrodes¢3-%],

A novel double-layer R-P oxides with the composition of Pr,.BaNiMnO7-; (PBNM) was
reported as a preeminent highly active low-temperature air electrode!®. In the selected
Pr3Ni>O7 system, simultaneous introduction of Ba®" into the A-site and Mn**/Mn*" into the B-
site serves to augment both stability and catalytic performance. Moreover, significant water
intercalation, alongside potential proton defects, has also been identified in the double-layered
R-P oxide Sr3Fe>O7-5 (R-P-SF), resulting in the formation of hydrated derivatives under humid
conditions!®!. In response, Lu et al. pioneered its utilization as an air electrode, substantiating
its proficiency as an effective oxygen ion-electronic conductor in dry atmospheres through EIS

results. Furthermore, employing first-principal calculations based on DFT methods, R-P-SF
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was found to possess a low proton formation energy (~-0.23 eV) and a low proton migration
energy (~0.62 eV) in humid atmospheres'®”. However, R-P-SF exhibits chemical instability in
atmospheres involving Lewis acids (steam/CQO>) due to the high basicity of Sr. Consequently,
the introduction of the lanthanide element Eu in partial replacement of Sr in the A-site of R-P-
SFO was proposed to mitigate this basicity at the cost of oxygen vacancies. To address this
vacancy, Co was partially substituted for Fe, yielding SrEuxFe;8Co0207-5 (SEFC), as
illustrated in Figure 2. 8c-d'*®!. By employing the SEFC air electrode, the R-PCEC button
demonstrated smooth transitioning between FC and EC modes without no discernible
degradation over a 135-hour long-term test.

Recently, Ni et al. devised a method involving the concurrent introduction of A-site
deficiency and partial Nb-substitution to synthesize Sr2sFeisNbo207-5 (D-SFN)). This
approach effectively restrained the formation of the secondary phase Sri3Fex(OH)iz, thus
stabilizing the lattice structure. Additionally, partial Sr defects were intentionally introduced to
elevate the concentration of oxygen vacancies. The resulting D-SFN air electrode exhibited
markedly heightened electrocatalytic activity and stability (Figure 2. 8e), demonstrating
remarkable resilience under both FC and EC modes, including their switching mode. Moreover,
three-layered RP oxides also serve as promising candidates for R-PCEC air electrodes. For
instance, a novel single-phase air electrode, Sr3EuFes.xCoxO10-5 (3-SEFCx, x = 0.0, 0.5, 1.0,
1.5), was synthesized through a co-doping approach involving Eu and Co (similar to the SEFC

air electrode)!’l.

This electrode demonstrated elevated oxygen non-stoichiometry and
favorable structural thermal stability.

The tunability afforded by the composition and structure of R-P perovskites engenders
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unique electronic configurations and an array of captivating physicochemical properties
unattainable by traditional perovskite compounds or many other crystalline metal compounds.
Thus, this presents promising avenues for the strategic design of electrocatalysts based on the

distinct chemical, structural, and electronic attributes inherent to R-P perovskites.
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Figure 2.8 (a) Schematic representation of the oxygen reduction and formation of water for
TCO; (b) weight change measured at decreasing temperature for ProNiO4+5 under air containing
0.002 up to 0.095 bar H2O; Reproduced from Ref.[*”] with permission from the Royal Chemical
Society. (c) the design sketch from R-P-SF to SEFC; (d) the performance for SEFC air electrode;
Reproduced with permission.[®®) Copyright (2018) American Chemical Society. (e) the ASR
values for SF, SFN and D-SFN air electrodes. Reproduced with permission.[”! Copyright
(2024), Springer Nature.

2.3 Modification Strategies

Due to the challenges posed by homogeneous oxides, achieving a balance in triple-
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conducting, stability, and catalytical performance can be difficult. For instance, most high-
performance MIECs often exhibit proton blocking and limited proton absorption and transport
capabilities, some excellent proton conductor electrolyte phases may lack sufficient
electronic/oxygen ion transport capabilities, and some triple conducting oxides exhibit
unsatisfied catalytical activity. Consequently, there is a need to fabricate composite electrodes
with coexisting phases possessing different functionalities to simultaneously achieve optimized
properties.

2.3.1 Mechanical Mixing

Mechanical mixing is a physical treatment technique that is commonly employed for
composite electrodes due to its cost-effectiveness and simplicity. This method involves
minimal alteration to the sample composition while allowing for particle size reduction to the
nanoscale (Figure 2.9a). This reduction is achieved by controlling parameters such as milling
speed, dwell time, ball-to-powder ratio, and milling media, ensuring thorough grinding of bulk
samples.

In the early stage, the composite air electrode was commonly fabricated by mixing a
MIEC and a protonic conductor via mechanical milling since the limited proton conductivity.
One of the earlies electrodes reported was Smo.5Sr0.5C003-5 (SSC) mixed with a proton
conductor of BaCeosSmo203-5 (BCS20)!"!. The highest performance was achieved when the
content of SSC reached approximately 60 wt%. In addition, SSC was also used to mix with
some other proton-conducting phases, such as BaCeo5Zr03Y0.16Z10.0403-5"%, BaZrosY020325
(BZY20)*) and Ba(Zro.1Ce0.7Y0.2)O03-5"%.. Similar trend was observed in Cao3Y07Feo5C00505-

s-BaZro1Ce07Y0203 (CFYC-BZCY)" composite air electrode (Figure 2.9b, c¢). The
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electrochemical performance varies from 277 to 445 mW cm at 600 °C due to the different
proton conductors and mixing ratio. As another classic MIEC material, LaxSrixCoyFe1.yO3-5
family oxides has also been widely utilized as the primary phase of proton-conducting
composite air electrode, such as Lag ¢Sro.4Co00.2Fe0.803.5 (LSCF) - BaCeo.9Ybo.103-5 (10YDBC)
[76] LSCF - BaCeosY01035 1, LSCF-Ba(Zro.iCeo7Y02)03-s (BZCY)®. and
Lao6Sro4CoxFe1x0s5 - BaZrosYbo2035 (BZYb)). These air electrodes exhibit enhanced
electrode catalytic performance compared to single-phase MIEC electrodes due to the
additional proton conductor. Besides, the most popular MIEC air electrode,
Bao.5S10.5Co0.8Fe0203-5 (BSCF), is often applied to fabricate composite air electrode. Similar to
SSC and LSCF oxides, BSCF was used to mix with the proton conductor to enhance the
hydration and proton mobility ability to extend the TPBs of the electrodes, which can be
evidenced in BSCF-BaZro.1Ce0.7Y020:-5*%, BSCF-BaZro1Ce07Y0.1Yb0.103-5 (BZCYYDb)B!,
BSCF-BaZro65Ce020Y0.1503%2!. In addition to the typic single perovskite oxides, the double
and R-P type perovskite oxides and their novel derivative were also used to fabricated
composite air electrode via ball mixing, like PrBag oCao.1C02-xZnxOs:+5 (x<0.2) — BZCYYb®3],
Nd(Bao4Sr04Ca0.2)Co1.6Fe04O0si5 - BZCYYDPY, SroFe1sMoosOgs-5 - BaZro.1Ceo.7Y 020355,
PraNiOu+s- BaZro2Ceo.6Y 020351, LaaNijxCuxOar5(x<0.4) - BaCeo 5Zr03Dy0203-5%".
Furthermore, triple-conducting air electrodes can also be synthesized by combining other
different perovskite oxides. For example, a composite oxide formed by mechanically mixing
SSC and SmBaCo0205+5 (SBC) has demonstrated enhanced oxygen reduction capabilities and
structural robustness!®). Additionally, inspired by the observation that isolated boron species

in borosilicate form a -B[OH...O(H)-Si]» structure, which efficiently activates molecular
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oxygen and propane to promote dehydrogenation, the surface of the air electrode can be

(891 By mechanically ball-milling

modified with boron species to enhance surface proton acidity
a trace amount of boric acid (0.5 at.%) with PrsNizO10+5 (PN), a 0.5B-PN composite air
electrode was successfully prepared®®). DFT calculations indicated that boron effectively
reduces the formation energy of oxygen vacancies. Furthermore, the introduction of boron on
the surface significantly enhances the CO; resistance, surface hydration capacity, and Brensted
acid site (BAS, -OH) content of the PN material, thereby boosting the surface ORR kinetics
and stability (Figure 2.9d, e). At 600 °C, the maximum power density of a cell using the 0.5B-
PN air electrode was 149.5% higher than that of a cell using the PN air electrode.

These findings underscore the efficacy of mechanical mixing as a straightforward and
efficient approach for fabricating triple-conducting composite electrodes. However, the
thermodynamic and electrochemical attributes of the resulting composite electrodes are
markedly contingent upon the specific physicochemical properties of the constituent phases
chosen and their synergistic blending effects. This is corroborated by the varied electrochemical
performances and thermal expansion observed across diverse composite electrode formulations.
Thus, meticulous selection of phase compositions and proportions, coupled with judicious
control of milling parameters such as rates and durations, is imperative to engineer composite

electrodes via mechanical mixing, as these critical parameters exert significant influence on the

ultimate performance of the composite electrode.
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Figure 2.9 (a) A schematic sketch of high energy ball-milling treatment; (b) the schematic
diagram of the oxygen diffusion and transfer on CYFC air electrode and (c) ASR values for
CYFC and CYFC-BZCY; Reproduced with permission.”” Copyright (2019), Elsevier. (d)
Gibbs free energy required for the ORR process on PN and 0.5B-PN surfaces; (e¢) Schematic
diagram of activation of the PN surface by B. Reproduced with permission.”®! Copyright
(2023), American Chemical Society.

2.3.2 Impregnation Modification

In contrast to conventional mechanical mixing approaches, impregnation entails
dispersing nano-catalysts onto a pre-prepared scaffold to create composite electrodes.
Specifically, the process involves infiltrating a porous framework with a precursor solution,
succeeded by thermal treatment to convert the precursor into the corresponding phase or
composition on the surface. Simultaneously, the morphology of the impregnated coating can
be tailored by the interplay of metal ion adhesion within the precursor solution and the capillary
forces of the substrate®!l. These surface nanoparticle coatings exhibit efficient catalytic activity
and stability, thereby significantly enhancing the surface microstructure of the porous

framework through the nano-size effect, thereby augmenting its surface area to expand the
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[2.931 Moreover, impregnation

triple-phase boundary and enhance surface exchange kinetics
coatings can introduce additional nanophases, significantly amplifying the conductivity of
porous frameworks. For instance, impregnating a nano-mixed oxygen ion/electron phase into
a porous proton-conducting phase electrolyte scaffold or impregnating a proton-conducting
phase onto a mixed oxygen ion/electron conducting phase scaffold effectively constructs highly
efficient and stable triple-conducting composite air electrodes®!. Lastly, impregnation can
introduce stable materials into the electrode, enhancing its long-term stability and resistance to
performance degradation®> %!,

Infiltrating traditional mixed oxygen ion/electron conductor materials into proton-
conducting phases stands as a prevalent methodology for crafting triple-conducting air
electrode. For instance, when BaogosLaoosFeosZno20s3-s is infiltrated onto a BZCYYDb
scaffold”®”), the resulting nano-structured active layer, endowed with commendable proton
conductivity and electrocatalytic prowess, effectively enlarges the proton-accessible area at the
electrode/electrolyte interface, thereby showcasing augmented ORR kinetics. Another
composite air electrode, which is prepared by impregnating BCFZY into a porous
BaCeo.6Z103Y0.103.5 proton conductor carrier (Figure 2.10a, b), also exhibited superior
electrochemical performance compared to the single-phase BCFZY electrode, evidenced by
the lower ASR value of the assembled symmetrical cell*!.Considering the superior oxygen ion
transport capability of R-P-type perovskites, (Pro.9Lao.1)2(Nio.74Cu021Nbo.0s)O4+5 (PLNCN)-
infiltrated BaZro.1Ceo.7Y0.203-5 air electrode has been developed. Benefiting from the enhanced

oxygen surface exchange process, the overall electrode reaction kinetics were accelerated with

optimized loading (46.1 wt%)""®]. Similarly, the composite electrode fashioned by infiltrating
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sub-100 nm BaosGdogLag7C0206-5 (BGLC) nano catalysts onto a porous BaZrosY0203-5

backbone manifests robust OER electrocatalytic activity®!

, registering an ASR value of merely
2.87 Q cm? at 500°C. Moreover, upon transforming the surface impregnation layer into
LaCoO5!!%, the electrocatalytic performance undergoes further enhancement, yielding an ASR
value of only 2.18 Q cm? at 500°C, and ensuring sustained operation for 900 hours under a 10%
humidity air.

Moreover, recent findings have demonstrated that depositing perovskite nanoparticles
onto the surface of mixed oxygen/electron ion conductor frameworks can effectively enhance
catalytic activity. By impregnating BaCoO3.5 (BCO) nanoparticles onto conventional LSCF air
electrode surfaces!'%!, the kinetics of the surface oxygen exchange process catalyzed enabled
by BCO are further augmented, leading to notable improvements in the electrochemical
performance and durability of BCO-LSCF. DFT calculations have revealed that BCO
nanoparticles preferentially deposit by binding with Fe ions on the surface of LSCF (lattice
plane: 001), thus utilizing Co ions as active oxygen adsorption centers on LSCF with an energy
barrier of -0.81 eV. Furthermore, impregnating ProsBaosCoOs-5 (decomposes into Pri.
xBaxCo0;3.s and BCO phases) onto the surface of LSCF has also significantly enhanced its
ORR/OER catalytic performance!!??!,

Additionally, perovskite nanoparticle coating can also be sued to suppress segregation
trend of the A-site elements in the perovskite oxide backbones. For instance, given the fact that
the PBC oxides with favorable ORR/OER catalytic activity often suffer from Ba-enriched
surface segregation, leading to faster degradation under high steam containing atmosphere. A

fluorite structure nano catalyst of Pro.1Ce0.9O2+5 is coated on a PBC surface to fabricate a
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composite air electrode!!%*!

, resulting an enhanced the ORR/OER catalytic activity and
durability due to the coating layer provided more active reaction sites and prevent the
segregation of Ba. Moreover, due to the Cr-containing metallic interconnects can degrade the
performance of Ba/Sr-containing electrodes by forming SrCrO4, BaCrOs, or BaCr204 on the
electrode surface!'% a Ba/Sr-free catalyst coating-ProoFeo7Co0303 (PFC) was applied to the
surface of the PBSCF electrode to enhance ORR activity and Cr-poisoning tolerance (Figure
2.10c- e)'%!. Similarly, to enhance the surface oxygen exchange process and tolerance against
steam and COz of the BaCeo.5Pro3Y0203-5 (BCPY) support, the catalyst PrNip.sC00.503 (PNC)

1051 PNC exhibited superior catalytic performance

was coated by infiltration (Figure 2.10f- i)l
and excellent tolerance against steam and CO, due to its high ionic-electronic (H'/O*/e")
conductivity and absence of alkaline earth metals. CO,-TPD and EIS results indicated that the
PNC-BCPY showed the lowest CO> absorption and a slight increase in ASR value in a CO»-
H>O-containing atmosphere, mainly due to the effective coverage of the alkaline earth metal
(Ba) in BCPY by PNC.

It is worth noting that the impregnation process cannot control the size and uniform
distribution of nanoparticles on the scaffold. Additionally, the adhesion between the
impregnated layer and the scaffold may be compromised by differences in TEC and
electrochemical reactions, leading to delamination. These issues inevitably result in reduced
electrode performance and limited long-term stability. Furthermore, the high-temperature re-
sintering after impregnation and the multiple impregnation steps needed to achieve the desired

loading significantly increase both economic and time costs, while also introducing defects and

damage to the material's structure and composition. In conclusion, while the impregnation
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method can enhance electrode performance, it still presents significant challenges and

shortcomings that need to be addressed.
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Figure 2.10 (a) Fabrication process of infiltrated air electrode; (b) corresponding SEM images
of infiltrated composite air electrode; Reproduced with permission.*!! Copyright (2015), The
American Association for the Advancement of Science. (¢) schematic illustration of the fuel
cell and air electrode in the presence of contaminants (Cr and steam); (d) Raman spectra of
bare PBSCF and infiltrated PBSCF electrodes after exposure to wet air with direct Cr alloy
contact; (¢) minimum energy pathways of the transformation of CrOs to CrO>(OH);
Reproduced with permission.') Copyright (2022), Wiley. (f) Crystal structures of parent
BCPY and infiltrated PNC; (g-1) SEM images of bare and infiltrated electrodes. Reproduced
with permission.'! Copyright (2023), Elsevier.

2.3.3 Core-shell Microstructure

The Core-shell architecture, which means incorporating additional phases as the shell to
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cover the core material, also plays an important role in fabricating composite electrodes via
modifying the surface properties. By incorporating a shell structure on the electrode surface,
which functions as a nano catalyst or protective layer, the reactive surface area of porous
microstructure air electrode materials (core) can be significantly enhanced, leading to improved
stability against H,O, CO,, and Cr!'%l. Furthermore, when an adequate amount of shell
nanoparticles with superior mixed ionic/electronic conductivity forms a continuous charge
transport pathway, the electronic and ionic conductivity of the nanocomposite electrode is
markedly increased. This heterojunction structure also facilitates grain refinement, preventing
excessive agglomeration of internal nanometal particles during high-temperature sintering!'?”!.
These beneficial effects contribute to the development of nanocomposite air electrodes with
exceptional electrocatalytic activity and stability.

Many studies have demonstrated that the synergistic effects of core-shell heterostructure
exhibit a higher electrochemical performance than the bare air electrode material %1%, For
instance, shaped coatings are used to inhibit the thermal expansion of grains and the chemical
reaction between pollutants to improve the stability of electrodes!!'!). Based on these
conclusions, a triplet conductive air electrode material with a core-shell structure by
impregnating Co onto BaZro4Ce4Y0.203-5 (BZCY) supports was prepared. The core is BZCY
framework, and the outer shell layer contains cubic phase Ba(Zro.4Ceo.4Y0.2)1-xCoxO3.5, cubic

(191 This electrode displayed a good

spinel phase Co304 and cubic fluorite phase (Ce, Zr, Y)O2
match with the electrolyte and exhibits stable and efficient ORR catalytic performance in an

aqueous atmosphere. In addition, the LSCF (surface layer)-LSM (core) composite electrode

with core-shell structure was also synthesized!'®®!. In addition, Li et al.!''%! studied a composite
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electrode with a modified LaxNiOa.+s shell structure on a PBSCF support (core layer) and found
that the surface of this core-shell structure is rougher, which provides more activity for the
cathode surface reaction. At the same time, the alkaline-earth element-free nature of the LaNi
layer alleviates the performance degradation of the electrode due to pollutants.

Moreover, considering that perovskite SrFeOs.s has higher oxygen ionic and electronic
conductivity, while the R-P type Sr3Fe;O7.5 shows potential for proton conducting ability due
to its unique layered structure, a strategy was proposed to create a heterostructure junction by
partially converting SrFeooNbo 1035 (SEN113) to Sr3Fei.sNbo207.5 (SFN327) on its surface to
fabricate a core-shell microstructure (Figure 2.11a)!''2l. Specifically, the prepared SFN113
powder was mixed with Sr(NO3)> at a mass ratio of 1:0.4 in a solution using urea as a chelating
agent, Triton X-100 as a dispersant, and deionized water as the solvent. The Sr-species on the
SFN113 surface can react with its bulk to in-situ generate R-P type SFN327, forming a
heterostructure triple-conducting air electrode with an SFN113 core and a tetragonal SFN327
shell through sintering at different temperatures. Similarly, the core-shell was also observed in
the Ba(Coo.4Feo.4Z10.1Y0.1)0.9Al0.1035 (BCFZYA) (10%Al doped BCFZY) air electrode due to
the rearrangement of atoms in the several nanometer depth surface regions (Figure 2.11b, ¢)!!!3],
Interestingly, perovskite oxide electrode materials can develop in situ double-shell structures,
enhancing electrocatalytic performance beyond the typical single-shell configurations. For
instance, the KoNiFs-type Lai 2SrosNio.sMno.sO4+5 (LSNM) air electrode, when annealed in air
at 1200°C, forms a dual-layer shell structure featuring a B-site deficient LSNM and a new
perovskite phase on its surface!!'#!. This distinctive tri-layer architecture (core-shell B-shell A)

arises from concurrent atom rearrangement and dopant segregation during calcination (Figure
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2.11d), driven by the elastic and electrostatic interactions of the dopant with the surrounding
lattice in the perovskite-related R-P phase oxide LSNM!!!>-17] Cation segregation occurs
within a 4.5 nm depth surface region (Figure 2.11e), while segregated atoms (La, Sr)
accumulate within a 2 nm depth surface region, resulting in a bi-shell microstructure.
Simultaneously, the B-site deficient perovskite LSNM-B in the B-shell offers substantial
capacity for accommodating oxygen species and electron mobility, promoting efficient oxygen
charge transfer (Figure 2.11f, g). These attributes are highly advantageous for oxygen related
reactions.

Although two-phase air electrode materials with a core-shell structure have the above-
mentioned advantages due to the protective layer on the surface, it cannot be ignored that the
rate-controlling step of the ORR/OER is still mainly limited by the gap of charge transfer sub-
step between the electrode bulk phase and the core-shell layer. How to effectively reduce the
interphase charge transport resistance is still a key issue in the modification of air electrode
materials using core-shell structures. At present, researchers mainly improve the charge transfer
step by reducing the thickness of the core-shell layer, such as combining multi-step penetration

methods to control the thickness of the core-shell layer!!!!,
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Figure 2.11 (a) The schematic diagram of the core—shell structure SFN113@327; Reproduced
with permission.!'"?! Copyright (2021), American Chemical Society. (b) The enlarged core-
shell surface region at the air electrode/electrolyte interface; (c) HR-TEM image of the core-
shell structure for BCFZYA ai electrode; Reproduced with permission.!''*! Copyright (2023),
Elsevier. (d) Schematical diagram and (¢) HR-TEM of the core/bi-shell structure for LSNM air
electrode; (f) the formation energy of oxygen vacancies comparison of LSNM-A in A-shell,
LSNM-B in B-shell, LSNM in C-core and the proton rotating and jumping energy barrier; (g)
the phase conversion process for core-bi-shell structure for LSNM material. Reproduced with
permission.[!'¥ Copyright (2023), Elsevier.

2.3.4 Self-assembly Strategy

Self-assembly refers to the process whereby a disordered system spontaneously forms an
organized structure through interactions among its fundamental building blocks, such as
attraction, repulsion, and chemical bonding, without external intervention!!'®! . This technique
promotes the development of nanocomposite materials with multifunctional features through

precise design and control of their properties. For composite electrodes, the one-pot synthesis



method is a crucial self-assembly strategy for obtaining nanocrystalline phases with
complementary functions!!!”). During this process, all components are synthesized
simultaneously within the same reaction environment without additional treatment. The
interactions between different phases can generate enhanced contact and smaller particles,
ensuring intrinsic chemical cooperation among the components, uniform distribution,
expanded heterointerfaces, enhanced three-phase boundaries, and robust interfacial
cohesion!2],

Self-assembly technology is commonly employed to fabricate nanocomposite electrodes
that possess both proton/electron-conducting phases and oxygen ion/electron-conducting
phases to ensure the high triple conductivity. For example, BaCo¢.7(Ce03Y0.2)0303-5 (BCCY)
will spontaneously reconstructs into a Ce-rich H/e” conducting phase close to BaCepsY 02035
(P-BCCY) and a Co-rich O*/e” conducting phase close to BaCo00.9(Ceo.sY02)0.103-s (M-BCCY)

1211 Furthermore, these two phases are well-mixed

after one-pot sintering (Figure 2.12a- c)!
and intimately connected within the micrometer-sized grains (0.5-1.0 um) at the nanoscale (P-
MCCY-155.2 nm and M-BCCY-132.8 nm). Such nanocomposite also holds a high triple
conducting capability. Moreover, when the Ce was totally replaced by Zr for BCCY, the
nanocomposite BaCoo.7(Zr08Y02)0303-5 (BCZY) will self-assembled into three functional
phases: a major cubic Co-rich phase (59.4 wt%, space group: Pm-3m), a minor cubic Zr-rich
phase (35.6 wt%, space group: Pm-3m), and a very small amount of hexagonal Co-rich phase
(5.0 wt%, space group: P63/mmc) (Figure 2.12d- f)['?2. The catalytic activity and stability are

enhanced due to the strongly interacting interface introduced by the interdiffusion of Co and

Zr ions. Similar phenomena have been observed in cobalt-free materials, as the nanocomposite
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electrode BaCexFe1.xOs-5 (x = 0.36, 0.43, and 0.50) self-assembles into two phases after high-
temperature sintering: the cubic perovskite (CP) and orthorhombic perovskite (OP)

structures!'??

1. The CP phase BaFeOs.s demonstrates high oxygen ion permeability and electron
conductivity, while the OP phase BaCeOs.; acts as a proton conductor. The self-assembled
CP/OP mixture can be controlled by adjusting the Ce/Fe ratios to tailor the in-situ
heterojunction structure and triple conductivity. Furthermore, the nominal composition BaCe:-
x+02)FexY 02035 (0.1 <x<0.6) with Y substituting for Ce also self-assembles to form a Fe-rich
cubic phase and a Ce-rich orthorhombic/trigonal phase via one-pot sol-gel method (Figure
2.12g- i)l!2*]. The proton concentrations of the two-phase composite BaCeo4Fe4Y0203-5 in 17
mbar pH2O reached 1.4 mol% due to the suitable ratios of different phases. Similar trend was
also in the optimized BaCeo.16Y0.04F€0.803.5 nanocomposite electrode, which were composed
of a cubic BaFex(Ce/Y)1-x03.5 phase (Pm-3m, 98.6wt%) and orthorhombic Ba(Ce/Y)<Fe1-xO3-5
phase (Pmecn, 3.4wt%)!!%5]. Additionally, both Ce-Zr and Co-Fe contained nanocomposite-
Ba(CeCo)o.4(FeZr)o.1035 (BCCFZ) will also conducted self-construction process, and the 40wt%
mixed ion and electron-conducting phases of BaCo1-(x+y+z)CexFeyZr;03.s (M-BCCFZ, Pm-3m)
and a dominant (60%) proton-conducting phase of BaCej.(x+y+»CoxZryFe, 035 (H-BCCZF)

1261 This low-cobalt-content self-assembled cubic-rhombohedral nanocomposite

were formed!
material exhibits suitable triple-conducting properties with a low enthalpy of protonation of -
30 + 9 kJ mol™! and a low TEC of 9.6 x 10°° K'!. Such phases separation may derive from the
significant differences between the B-site (Ce/Zr and Co/Fe) ionic radiil'?¥, this leads to

automatic restructuring within the of the parent lattice to achieve a thermodynamically stable

structure.
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Figure 2.12 (a) The electrode reaction processes for self-assembled nanocomposite electrode;
(b) refined XRD profiles and (c) HR-TEM image of one-pot synthesized composite;
Reproduced with permission.'?!! Copyright (2019), Elsevier. (d-e) Schematic diagram of
hydrated electrode interface and (f) hydration energy of BCCY and BCZY electrodes;
Reproduced with permission.['??] Copyright (2023), Elsevier. (g) comparison of the proton
concentration of two-phase nanocomposites; (h) lattice parameters as functions of the Fe and
Ce contents; (i) the phase diagram shows the miscibility gaps. Reproduced from Ref.'?* with
permission from the Royal Chemical Society.

2.3.5 In-situ Exsolution Strategy

Exsolution is a controlled phase separation technique used to uniformly grow
nanoparticles on a support, with perovskite oxides often serving as host materials due to their
stability under redox conditions and high temperatures, as well as their ability to be doped and
maintain non-stoichiometry. These nanoparticles (NPs), dispersed across the surface of oxide

supports, significantly enhance catalytic activity through improved surface and interface

48



properties, such as increased active surface area and phase boundaries. Additionally, exsolved
nanoparticles are strongly anchored to the oxide support, creating robust particle-substrate
interactions. This anchoring results in exceptional resistance to agglomeration, carbon coking,

and sulfur poisoning, enabling long-term stable operations!!?7-130]

. However, exsolution
primarily occurs in reducing atmospheres (e.g., H2) and, in oxidizing environments like the air
electrode working atmosphere at high temperatures, these nanoparticles may gradually re-
dissolve into the parent lattice, raising stability concerns for air electrode materials. Therefore,
efforts are ongoing to identify suitable driving forces for the evolution and develop stable
nanoparticles that can withstand wet air conditions to fabricate the nanocomposite air electrode
for R-PCECs.

Utilizing H,O as a mediator to induce the in-situ formation of active catalytic
nanoparticles has demonstrated significant potential for enhancing electrochemical reactions.
For example, when the highly moisture-tolerant layered perovskite oxide PrBao.sCao2C0205+5
(PBCC) is exposed to wet air (3 vol% H»O-air), Ba ions segregated by H>O spontaneously
combine with Co ions from the host oxide through topotactic cation exchange, resulting in the
in-situ generation of BaCoQOs.5 (BCO) catalysts on the bulk PBCC!3! 1321 This process leads
to a heterogeneous catalyst-coated surface, as evidenced by the SEM, TEM, EDX and Raman

131, 132]

profilometry of the protonated PBCC samplel Furthermore, the oxygen surface

exchange kinetics are significantly improved due to the lower activation energy required for
BCO nanoparticles (0.60 eV versus 1.42 eV), as revealed by DFT calculations!!*!l. BCO
nanoparticles stands out as a superior catalyst particle, maintaining stability in high steam and

132

CO> atmospheres, and ensuring robust performance in both FC and EC modes!'*?!. The in-situ
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exsolution of BCO NPs was also observed in a PrixBaxCoOs.s thin film coated

(Lao.6Sr0.4)0.95C002Fe0503-5 (LSCF) air electrode exposed to high concentrations of water!!??],

This heterogeneous catalyst coating significantly enhanced the electrocatalytic activity and

stability of the LSCF electrode, attributed to improved surface oxygen exchange, rapid proton

diffusion, and efficient H>O and O> dissociation on the catalysts, as confirmed by DFT analyses.
Similarly, PrBaCo1.6Feo2Nbo.2Os+5 (PBCFN) can interact with steam to generate Nb-deficient

particles PrBaCoi¢Feo2Nbo2xOs:s on its surface!!'*3). SEM images of the PBCFN electrode

before and after testing revealed the presence of these nanoparticles, confirmed by HAADF

TEM results, which indicated they are Nb-deficient and provide more active reaction sites in

wet air. Comparable Nb-deficient NPs were also formed on the Bag.9Coo.7Fe0.2Nbo.103.5 (BCFN)
air electrode skeleton via a water-promoted surface restructuring process!!*¥. Calculations of
segregation energy (Esegt) for co-dopant cations and their interaction with steam indicated a

segregation order of Co > Fe > Nb, leading to Nb-deficient NPs.

When a novel air electrode material, BaixGdo.sLao.2xC0206.5 (BGLC), was used in R-
PCEC in electrolysis mode at 600 °C under 1.5 bar of steam for 72 h, partial substitution of Ba
with La (x < 0.5) resulted in two phases: double perovskite and hexagonal BCO!3!, Indeed,
XRD analysis showed that BGLC with 50% Ba substitution (x = 0.5) remained stable under
these conditions, without BCO precipitation. These findings may suggest that both high steam
concentrations and the unique lattice structure (segregation cations and its interaction with
neighboring atoms and oxygen vacancies) contribute to in-situ exsolution of NPs. Another
sample consisting of this is the A-site doping air electrode. Specifically,

BaCoo4Fe04Zr018Y0.02035, a well-known TCO air electrode, remains stable in wet air.
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However, partial replacement of Ba with monovalent alkali metals (Li, Na, K) to fabricate
Ko.05Ba0.95C00.4Fe0.4Z10.18Y0.0203-5 (KBCFZY) led to the exsolution of BaOx on the surface in
humidified air (Figure 2.13a- ¢)!!*¢]. This exsolution is caused by the formation of barium and
oxygen vacancies facilitated by A-site acceptor doping, and DFT results showed a decrease in
oxygen vacancy formation energy from 0.10 to -0.20 eV after K-doping. Additionally, water
vapor likely contributes to this process through hydration and hydrogenation reactions that
redistribute holes and redox-active elements, triggering BaOx exsolution via lattice cation
vacancy formation. Additional factors such as relaxation of lattice strain and defects’
interactions may also contribute. Moreover, the highly basic BaOx phases can act as catalysts
for acid-base reactions, particularly hydration, enhancing the electrode's activity by facilitating
proton incorporation. One more similar instance of water-mediated exsolution involves Ag-
doped BaCoo4Feo4Zr01Y0.1035 (BCFZY-Ag)!'*7. To be specific, when exposed to a humid
atmosphere, the redox-active elements (Ag" in this case) in protonic conducting oxides react
with water through hydrogenation, consuming electron holes generated by the exsolution
process (Figure 2.13d, e). This promoted the exsolution of Ag" with extreme reducibility,
resulting in in-situ formation of Ag nano catalysts on the BCFZY surface without additional
treatment (Figure 2.13f). Notably, unlike other metal oxide catalysts with generally low
electronic conductivity and thus slow down the charge transfer process on the electrode surface,
Ag remains outstanding electronic conductivity facilitates charge transfer on triple-conducting
electrodes. Furthermore, it is stable under high oxygen partial pressure conditions and

maintains excellent gas absorption/desorption and anti-poisoning properties, resulting in the
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Ag-BCFZY air electrode exhibiting robust dual catalytic performance and stability for both

ORR and OER processes.
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Figure 2.13 (g) reaction mechanism of ABCFZY in humidified air; (h) BaOx exsolution onto
KBCFZY (FE-SEM, TEM, HR-TEM and FFT pattern) and the mapping results; (i) the DFT
calculated oxygen vacancy formation energy; Reproduced from Ref.!**] with permission from
the Royal Chemical Society. (j) Schematic diagram of water-mediated ex-solution; (k) water
uptake and thermogravimetric profiles of dense BCFZY-Ag pellets; (I) HRTEM image of

exsolved Ag nanoparticles, (inset) magnified image. Reproduced from Ref.l

permission from the Royal Chemical Society.
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CHAPTER 3 Methodology

3.1 Materials Synthesis

3.1.1 Electrolyte and Air Electrode

The nominal electrolyte and air electrodes powders are prepared through the method of

1381 Taking the synthesis of the electrolyte material

sol-gel EDTA-citric acid (CA) complexing!
BaZro.1Ce07Y0.1Yb0.103-s (BZCYYD) as a case, the corresponding metal ions from the
perovskite oxides, Ba(NO3)2, Zr(NO3)2, Ce(NO3)3, Y(NO3)3, Yb(NO3)s,are accurately weighed
according to the stoichiometric ratio of the chemical formula. Subsequently, they are dissolved
in deionized water at 80 °C with thorough stirring to ensure complete dissolution. Citric acid
and EDTA are then added in a ratio of metal ions: citric acid: EDTA = 1:2:1, and the pH of the
solution is adjusted to approximately 7 using ammonia solution to achieve complete chelation
of the metal ions. The solution is further subjected to rapid stirring and heating until the solvent
is completely evaporated, resulting in the formation of a gel-like substance. This gel is
transferred to an oven and dried at 170 °C for 10 hours to obtain the precursor. Following this,
the precursor is transferred to a high-temperature furnace and calcined at 1050 °C for 5 hours.
Upon annealing, the desired electrolyte powder sample is obtained.

Regarding the air electrode material, the synthesis process is like the electrolyte powder
synthesis process. It simply requires changing the specific metal nitrate salts according to the
designed material for the air electrode.

3.1.2 Fuel Electrode

The fuel electrode utilized in our R-PCEC fabrication comprises NiO-BZCYYDb,

synthesized via the following procedure. Firstly, ultrafine NiO and pre-prepared BZCYYb
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powders are meticulously weighed in a ratio of 6.5:3.5. Subsequently, 10% starch is added as
a pore-forming agent along with 30 ml of anhydrous ethanol serving as the solvent. The
resulting solution is subjected to milling in a high-energy ball mill at a rotational speed of 400
revolutions per minute for a duration of 2 hours to ensure thorough mixing. Following milling,
the solution is dried in a 120°C oven until a dry powder residue is obtained, constituting the
finalized fuel electrode material. Herein, The NiO, starch, and anhydrous ethanol utilized in

this process are all commercially sourced materials with a purity of 99.9%.

3.2 Cells Fabrication

3.2.1 Electrode Slurry

1 g of the phase-forming electrode powder was accurately weighed and combined with 10
mL of isopropanol, 2 mL of ethylene glycol, and 0.6 mL of propanetriol in a zirconia ball mill
jar. Subsequently, the mixture was subjected to grinding in a planetary ball mill at a rotational
speed of 400 rpm for a duration of 2 hours. Following this milling process, the resulting
electrode slurry was retrieved and prepared for subsequent utilization.
3.2.2 Symmetrical Cell

The fabrication of the symmetrical cell commences with the preparation of a dense
electrolyte substrate. This involves meticulously blending the BZCYYb electrolyte powder
with 1% NiO (utilized as a sintering aid), followed by compacting the resultant powder under
a uniaxial pressure of 250 MPa to attain the desired shapes. Subsequently, the formed
specimens undergo sintering in a muffle furnace at 1450 °C for 5 hours, with controlled heating
and cooling rates of 3°C/min and 5°C/min, respectively. After polishing the electrolyte disks

to achieve a smooth surface texture, the air electrode slurry is uniformly sprayed onto both
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faces of the electrolyte. During the spraying process, the electrolyte substrate is securely
positioned on a heating platform set to a temperature of 170 °C. Upon completion of drying,
the precursor material is transferred to the muffle furnace for additional sintering at 1000 °C
for a duration of 2 hours. Ultimately, silver paste is applied to both sides to serve as current

collectors, thereby concluding the meticulous preparation of the symmetrical cell samples.

3.2.3 Single Cell

The single cells fabricated in this research adopt a fuel electrode-supported structure to
mitigate the unfavorable impact of electrolyte ohmic resistance. Initially, 0.4 g of the prepared
fuel electrode powder was weighed and uniaxially pressed at 2 MPa pressure to form a compact
base. Subsequently, 0.015 g of electrolyte powder was evenly loaded onto this substrate,
followed by another co-pressing step at 4 MPa to create a half-cell configuration. This
precursor was then transferred to a muftle furnace and sintered at 1400 °C for 5 hours to
enhance its density and strength. Following this, the corresponding air electrode slurry was
applied onto the electrolyte layer surface using a spray gun at 170 °C. Subsequently, the sample
underwent co-sintering at 850°C for 2 hours in a high-temperature furnace to achieve a fully
integrated single-cell structure.

Prior to conducting tests on this single cell, it is essential to apply silver paste as current
collectors on the side of the air electrode. This completes the assembly of the single cell,

rendering it ready for testing.

3.3 Bar Samples Preparation

The block-shaped samples were intended for conducting tests on the electrical

conductivity relaxation and thermal expansion coefficient. The specific preparation procedure
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involved initially weighing 0.7 g of fresh air electrode powder into a mortar. Subsequently, 1
mL of polyethylene glycol was added to the mortar for thorough mixing. The resulting mixture
was then transferred to a split mold, where it was evenly spread and subjected to a pressure of
250 MPa to form a strip sample measuring 1.0*0.5*0.5 cm?’. Following this, the sample was
transferred to a muffle furnace and sintered at 1150°C for 5 hours to obtain dense strip samples

exhibiting a metallic luster.

3.4 Materials Characterization

To comprehensively investigate the various physicochemical properties of the modified
materials, a series of characterization methods were employed to provide accurate insights. X-
ray diffraction (XRD, Rigaku SmartLab 9kW) was utilized to examine the phase composition
of the synthesized materials, with refined results further confirming their composition content
and relevant lattice parameters by using the Opensource Fullprof Suite software. Scanning
electron microscopy (SEM, TESCAN MAIA) was extensively used to observe the
microstructures of both the prepared materials and the overall structure of the cells. High-
resolution transmission electron microscopy (HRTEM, America, FEI Tecnai F20) and its
mapping results were employed to analyze variations in the interplanar spacing at the nanoscale
and the distribution of constituent elements. Thermogravimetric analysis (TG, Germany,
Netzsch TG 209 F3 Tarsus) and temperature-programmed desorption (TPD) were employed to
analyze the oxygen vacancy concentration and lattice oxygen activity of the synthesized
materials at high temperatures. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific Nexsa) was employed to provide information on the types and valence states of

various elements on the material surfaces. Synchrotron radiation techniques were used to
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further explore changes in the chemical environment of the bulk materials, including
coordination environments, coordination bonds, coordination numbers, bond lengths, bond
angles, and valence states. The electronic conductivity relaxation (ECR) testing was employed
to characterize the surface exchange and bulk transport kinetic properties of oxygen ions or
protons in bulk samples under different conditions.

All spin-polarized DFT calculations for periodic material systems were performed with
the Vienna Ab initio simulation package (VASP) using the projector-augmented wave (PAW)
method. The exchange—correlation function was handled using the generalized gradient
approximation (GGA) formulated by the Perdew-Burke-Ernzerhof (PBE). An effective U value
of 4.0 eV for Fe and 3.3 eV for Co were determined using the Hubbard U model (DFT + U).
The van der Waals (vdW) interactions are described with the DFT-D3 method in Grimme’s
scheme. The interaction between the atomic core and electrons was described by the projector
augmented wave method. The plane-wave basis set energy cutoff was set to 500 eV. The
Brillouin zone was sampled with a 3 x 3 x 1 grid centered at the gamma (I") point for geometry
relaxation. All the slabbed models possessed a vacuum spacing of =15 A® sampled, ensuring
negligible lateral interaction of adsorbates. The bottom layers about half of the structure were
kept frozen at the lattice position. All structures with a dynamic magnetic moment were fully
relaxed to optimize without any restriction until their total energies were converged to < 1x10°

6 eV, and the average residual forces were < 0.02 eV/A.

3.5 Electrochemical Measurement

3.5.1 Symmetrical Cell
The polarization resistance of the symmetrical cells is measured by the electrochemical
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impedance spectroscopy (EIS) using Solarton 1260 and Solarton 1287 equipment within the

temperature range of 450-650°C. Nyquist plots were obtained under open circuit voltage (OCV)
conditions with a 20 mV AC amplitude in the frequency range of 10° to 10"! Hz. The gas flow

rate was maintained at 100 ml/min throughout the experiments. The testing atmospheres with

different oxygen partial pressures were achieved by adjusting the flow rate ratio of oxygen,

while varying water vapor pressures were accomplished by placing the bubbler at different

temperatures. After switching the atmosphere during the experiment, a waiting period of 2

hours was observed to ensure stabilization before conducting the tests.

3.5.2 Single Cell

The 1-V-p curves of the fuel electrode-supported single cells are obtained using a four-
probe configuration with the help of Keithley 2440 source meter equipment, covering the
temperature range of 450-650°C. EIS results were obtained using Solarton equipment to
determine the ohmic and polarization resistance with a 20 mV AC amplitude in the frequency
range of 10° to 107! Hz. During fuel cell operation, the fuel electrode side was supplied with
pure H» (50 ml/min), while the oxygen electrode was exposed to ambient air. In the electrolysis
operation mode, the hydrogen side continued to receive the same gas (dry hydrogen) as
mentioned in the fuel cell mode, while the atmosphere of the oxygen electrode was switched
to wet air (3% H0O-air) at a flow rate of 100 ml/min.

During the testing procedure, the temperature was adjusted at a rate of 2 °C/min, and the
system was allowed to stabilize for 30 minutes before conducting the tests. Similarly, when

switching between different atmospheres for testing, a waiting period of 1 hour was needed.
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CHAPTER 4 Unlocking Triple Conductivity in Air Electrodes via

Anion Engineering

4.1 Introduction

As mentioned in Chapter 1, the R-PCECs emerge as a promising candidate for energy
conversion and storage (Figure 4.1) due to the advantages of encompassing a reduced
activation energy for proton transport, decreased working temperature (promoting swift startup
and enhanced durability), elevated fuel utilization, and diminished cost!?>- 134 1391,

Up to now, extensive efforts have been devoted by researchers to find effective methods
to develop air electrodes with high triple conduction properties! %! 132 1401,

The state-of-art Bag.sSro.sCoosFe0203-5 (BSCF), as reported as a typic TCO, shows
excellent performance as an air electrode for SOFC but its performance for PCFC is low, partly
due to the low proton conductivity and sluggish ORR catalytic activity in a water-containing

(121, 141] Therefore, to further improve the

environment at intermediate temperatures
electrocatalytic activity of the BSCF perovskite oxide, A-and B-site cationic doping involving
the introduction of elements such as potassium (K), praseodymium (Pr), and phosphorus (P)
into lattice of based oxides has been employed to derive Bao.4Ko.1S10.5C00.8Fe0203-5 (BKSCF),
PrBaosSrosCo1.5Fe0sOs+s (PBSCF), and BaosSros(CoosFeo2)0.95P0.0sO35 (BSCFPO0.05)
functional air electrode materials with improved ORR/OERP® 42 1431 QOther peculiar air
electrode materials with H'/e/O* conduction properties have been substantially improved for
proton conducting oxides applications by doping either Zr, Ni, or Mg in their lattice as in the

case of SroFe; sMoo 56514, Lag sSr02C00;3-5 [1**land BCFZY!* %31 It should be emphasized

that the enhanced ORR/OER catalytic performance of these doped electrodes mainly due to the
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increased oxygen vacancy concentration and improved proton uptake and conduction
properties. In fact, in addition to cationic site substitution, anionic site doping has also been
considered as an effective way to tune the diffusion behavior of the conducting species in

[146-198] However, few related works have been reported

oxides to achieve desired characteristic
about the ORR/OER catalytic performance regulation of TCO air electrodes through anion
engineering.

Herein, we propose a practical approach of systematically introducing a small amount of
anion substitution on the oxygen site of a prominent air electrode material, BSCF, to achieve a
superior TCO air electrode. Through the utilization of different electronegative elements
(F>0?>CI"), the oxygen chemical environment within the material matrix was altered, leading
to the weakening metal-oxygen chemical bond and more high-efficiency O* /H" transport paths.
This modification promotes bulk migration ability of the electrode and significantly improves
its proton uptake and conduction performance under humidified conditions. The resulting
electrode, Bao.sSros5Co0sFe02029-5F01 (BSCFF) exhibits enhanced ORR/OER catalytic

activity, offering a rational design strategy for fabricating high-performance R-PCEC with

favorable operating stability.
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Figure 4.1 Schematic diagram of R-PCEC in fuel cell and electrolysis operation modes
4.2 Results and Discussion

4.2.1 Structural Evolution

As previously mentioned in chapter 3, the primary anion dopants (F~ and CI°) substituted
into the oxygen sites of BSCF was achieved through the partial replacement of the traditional
St (NO3)2 with SrF> or SrCl> compounds during the synthesis process. The remarkable stability

of SrF> or SrCl,, as shown in Figure 4.2, confirms the possibility of successful incorporation.
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Figure 4.2 The standard Gibbs free energy change (A®G, kJ-mol!) of reactions (a)
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2SrF2+02—2SrO+2F; and (b) 2StF2+0,—2SrO+2F,. The positively high value of (A°G)
means the reactions are hard to conduct, which indicates the doping F~ and CI" is stable in this
composite after high-temperature sintering.

Figure 4.3a- ¢ show the refined room temperature XRD patterns of BSCF, BSCFF, and
Bao.5S10.5C00.8Fe0.202.9-cClo.1 (BSCFC) after calcination for 1000 °C in ambient air. Figure 4.3d
compares the unrefined diffraction patterns of the BSCFF, BSCFC, and BSCF. The diffraction
peaks confirm that the anions (F~ and CI") were successfully incorporated in the lattice structure
of the BSCF without any impurity phase (such as StF> or SrClz secondary phases). The Rietveld
refinement results indicated that BSCF, BSCFF and BSCFC perovskite oxide all have a cubic
structure with a space group Pm-3m. From Figure 4.3d, the higher diffraction angle of BSCFF
from 30.7° to 32.5° indicate a contraction in its lattice size compared to BSCF while the shift
of the diffraction pattern of BSCFC to a lower diffraction angle confirms an expansion in its
lattice sizel'*”. This observed contraction and expansion in the lattice of BSCF could be
attributed to the smaller ionic radius of F~ (1.33 A) and larger ionic radius of CI" (1.81 A)
compared with O (1.40 A)!13% 151 This observed phenomenon was also corroborated with the
Rietveld refinements in Figure 4.3a- ¢. The lattice parameters of BSCF are a=b = c = 3.986
A while those of BSCFF and BSCFC were 3.977 A and 3.995 A, respectively. Considering the
reliability factors R, (unweighted) and Ry, (weighted profile factors Ry) are all around 10% of
these three oxides, the fitted results were very reliable, which illustrates a sound agreement
between the observations in Figure 4.3a- ¢ and Figure 4.3d.

The HR-TEM images of BSCF, BSCFF and BSCFC samples (Figure 4.3e- g) present the
arrangement of the crystalline fringes with the corresponding d-spacing (100 lattice plane
distances) estimated to be 3.987 A, 3.976 A, 3.997 A, respectively, which intimately agree with

the Rietveld results and the shifted direction of the diffraction peaks. The EDS mapping results
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in Figure 4.3h, i indicate that the anion elements (F and CI) and the other elements (Ba, Sr, Co,
Fe, O) were uniformly distributed in the lattice of BSCFF and BSCFC without any obvious
segregation. These results highly confirmed that the anion dopants F~ and CI” were well
incorporated into the oxygen site of the oxide lattice as targeted through the EDTA-CA

complexing sol-gel process for both BSCFF and BSCFC samples.
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Figure 4.3 The XRD Rietveld refinement proﬁles of (a) BSCF (b) BSCFF and (c) BSCFC
powders; (d) RT- XRD patterns of BSCF, BSCFF and BSCFC with a local enlargement; HR-
TEM images of (¢) BSCF, (f) BSCFF and (g) BSCFC samples; The elements distribution of (h)
BSCFF and (i) BSCFC.

4.2.2 Oxygen-related Chemical State

As the air electrode functional material of R-PCEC, the high ORR/OER catalytic activity
is closely related to the intrinsic oxygen environment in the lattice structure of oxygen
electrodes. Hence, the concentration of oxygen vacancies plays an important role in achieving
superb ORR catalytic performance. lodometric titration and thermo-gravimetric analysis were
carried out to determine the oxygen non-stoichiometry (0) of all the samples in room

temperature and high temperature, respectively. The results depicted in Figure 4.4a reveal a
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gradual reduction in the & value of the BSCF oxide samples, from 0.346 to 0.319, upon
successful incorporation of F~ and CI". This reduction indicates a decrease in the concentration
of oxygen vacancies. Such an effect is attributable to the electron-neutral rule, wherein F~ and
CI', with less negative charge, replace the O site. This replacement leads to a corresponding
reduction in the number of oxygen vacancies exhibiting positive charge characteristics!!>!1>%,
Additionally, anion dopants may also occupy the site of oxygen vacancies resulting in a

diminution, as shown in Equation 4.1 by Kroger—Vink notationl!>! 153 1541
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Figure 4.4 (a) The oxygen non-stoichiometry of the BSCF, BSCFF, and BSCFC samples at
room temperature; (b) Schematic diagram of substituted the O site of perovskite oxide with
F/Cl and generate highly active metal-oxygen bonds; (c¢) recorded TGA profiles under dry air;
(d) O>-TPD curves in the temperature range of 100 to 800 °C; (e) the comparison of fitted Dchem
and kenem values at various elevated temperatures; (f) the fitting ECR response curves at 650
°C; the XPS spectra of (g) O-1s, (h) Co 2p (yellow and green lines) and Ba 3d (blue lines); and
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(1) Fe 2p (green and blue lines).

Figure 4.4b exemplifies the mechanism of O site substitution in perovskite oxides with
F/CI in the lattice structure to achieve a highly active M-O bonds!'*”). The TGA curves
presented in Figure 4.4c demonstrate that the weight loss of BSCFF and BSCFC was greater
than that of BSCF within the elevated temperature range of 200 °C to 900 °C (solid line). This
indicates that approximately 10% more lattice oxygen is removed due to the anion doping, with
an increase from 1.94% to 2.18% and 2.25% for CI" and F~ doping, respectively. Moreover, by
combining iodometric titration and TGA analysis, the theoretically calculated oxygen non-
stoichiometry of the three samples (dotted line) revealed that BSCFF exhibited the highest
oxygen vacancies value at high temperature, although it was lower than that of the BSCF
samples at room temperature. Similarly, BSCFC displayed a similar trend, indicating that the
lattice oxygen in BSCFF/BSCFC was highly active at high temperature, which is beneficial for
oxygen absorption and O* generation and transport processes, leading to enhanced ORR
catalytic activity!!3). This is further supported by the O.-TPD profiles of the three samples
presented in Figure 4.4d, wherein the initial desorption temperature of BSCF decreased from
363.1 °C to 337.3 °C for BSCFC and 303.9 °C for BSCFF. The lower temperatures of oxygen
desorption are usually attributed to the valence change from tetravalent (Co*") to trivalent
(Co*)'] suggesting that the reduction of B-site transition metal ions was promoted, and
oxygen vacancy generation was much easier. These results preliminarily indicate that the
metal-oxygen bond was in a more activated state after anion doping, which contributed to the
acceleration of the ORR/OER of R-PCEC:s air electrodes.

The oxygen evolution kinetics were evaluated using ECR measurements, by normalizing

conductivity relaxation curves at different temperatures when the oxygen partial pressure was
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suddenly changed from 0.21 to 0.1 atm. These ECR response profiles provided important
indicators associated with the chemical surface oxygen exchange and diffusion characteristics
for BSCF, BSCFF, and BSCFC samples. Specific Dchem and kehem values were fitted (Figure
4.4e) to investigate the effect of F/CI" incorporation. After the successful incorporation of F/Cl1
in the O site of BSCF, the relaxation time was significantly reduced, as seen in Figure 4.4f.
For instance, the relaxation time is decreased from 1911 s for BSCF to 341 s for BSCFF and
706 s for BSCFC. This dramatic decrease indicated the acceleration of the surface exchange

44,157 Furthermore, the higher value of Dehem

and bulk transport process of oxygen after doping!
and kehem for BSCFF and BSCFC than that of BSCF confirmed this result. The specific Dchem
and Kehem values for BSCF were found to be 2.24x107 cm? s and 2.28 x10™* cm s™! at 650 °C,

1541 The corresponding values for

respectively, which were close to the literature values!
BSCFC and BSCFF were found to be significantly improved, at 5.31x107 cm? s and 5.40
x10* cm s™! (more than doubled) for Cl doping, and 17.4x107° cm? s™! and 19.1x10™* cm s™! for
F doping. Additionally, the lower activation energy value for BSCFF (79.17 kJ mol !, 81.59 kJ
mol™!) and BSCFC (82.55 kJ mol!, 83.34 kJ mol™!) compared with BSCF (92.08 kJ mol!, 93.14
kJ mol!) confirmed that the generation and surface transport of O-ions were prompted after
doping. The faster surface exchange and bulk diffusion steps of oxygen are beneficial for the
typical ORR/OER processes! > 143,

In general, the results (more oxygen vacancies generated at high temperature, lower
desorption temperature and significantly improved Dchem and kenem values) indicated that the

oxygen involved activities, such as the oxygen surface exchange and bulk oxygen transport

processes, were significantly accelerated after doping on the O-sites of BSCEF, thus exhibiting

66



enhanced ORR/OER catalytic performance. These changes were most likely resulted from the
altered O chemical environment and/or metal ions coordinated with it in the sample due to the
dopant substitution at the O site of the perovskitel!4 152 154 1581 ‘To gain further insights into
the variability, XPS characterization was performed on the samples. As seen in Figure 4.4g,
the binding energies of the lattice oxygen were 528.65 eV, 528.73 eV and 528.78 eV for BSCF.
BSCFC and BSCFF, respectively. This increase could be attributed to the fact that F~ or CI"
inclusion reduce the valence electron density of O*, weakening the chemical bonds between
A- or B-site metal cations and oxygen ions, and making the lattice oxygen more active, which
kept in line with the TGA and O»-TPD results in this work and other reported results!!*% 131,
Moreover, the chemical states and concentration of oxygen and B-site transition metals in these
three samples have also undergone corresponding changes, as shown in Figure 4.4h, i, further
indicating the presence of distinct chemical environments within the changed samples. For
instance, electronic structure information of Co/Fe ions indicated that the binding energy value
of Co ions (both Co*"/Fe*" and Co*"/Fe*") for BSCF was higher than that for BSCFC and
BSCFF, which further demonstrated that the Coulombic force between B site metal cations and
oxygen anions were weakened, and consequently, oxygen migration inside the bulk oxide as
well as the oxygen transfer kinetics in the oxide surface would be accelerated!!> 13+ 18] This
explains, at least in part, the improvement of Dchem and Kchem values of the F/Cl doped BSCF
air electrode. Notably, F-doping had a more obvious lifting effect compared with Cl-doping
due to the difference in electronegativity property between anionic dopants and oxygen!!43].
The incorporation of F (¥=3.98) has higher electronegativity than oxygen (y=3.44), while the

other Cl (x=3.16) is less electronegative, leading to a stronger ability of F~ to attract bonding
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electrons and increase the polarity of the metal-oxygen chemical bonds!!*® %), This can be
verified by the lowest binding energy of Co and the peak binding energy of oxygen for BSCFF.

Therefore, the BSCFF air electrode exhibits a more active oxygen chemical environment with

more efficient oxygen transport path and increased oxygen migration rate!'#® 132,
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Figure 4.5 Proton generation and mobility for BSCF, BSCFC and BSCFF samples: (a) the
different conductivity at various H>O partial pressure at 600 °C; (b) the delta conductivity
values (pH20: dry—10%) for three samples; (d) the typical ECR respond profiles and (e) the
comparison of fitted Dy, chem values shown in Figure 4.5d; schematic diagrams of (c) strong
H>O attraction and (f) higher H" migration properties of designed samples; Schematic
illustration of H" on Fe-O-Co in (g) parent BSCF and (h) BSCFF cell; (i) the O---H formation
energy and distance comparison for BSCF(F) samples.

4.2.3 Proton-related Chemical State

Excellent proton uptake and conduction capabilities are critical for oxide-based R-PCECs
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air electrode materials to attain favorable ORR/OER catalytic performance.

For the P-type conductor of BSCF based air electrodes, which contains abundant oxygen
vacancies and electron holes (h'), the intervention of protons is mainly through two forms of
hydration reaction (Equation 2.16) and hydrogenation reaction (Equation 2.17). As reported
beforel!®l, it appears that the hydrogenation reaction is the main mechanism of proton uptake
in p-type conductors. According to this mechanism, the proton incorporation process is
spontaneous when the oxide material contains an abundance of holes, which act as sources to
facilitate the conduction during the process, which can be confirmed by theories and previous
research results!!43: 144 160- 161l ‘However, it should be noted that this reaction generates proton
defects (OHg) at the cost of electron holes, which can result in a significant decrease in
conductivity. Therefore, changes in electrical conductivity can reflect the hydrogenation
reactivity of the sample in a humid atmosphere. To investigate the proton uptake properties of
different cathodes, the conductivity of three bar samples (BSCF, BSCFC, and BSCFF) was
tested at various H>O partial pressures in air at 600 °C (Figure 4.5a). The results showed that
the electrical conductivity of all samples decreased significantly with increasing water partial
pressure in the atmosphere, providing further evidence that proton absorption in BSCF-based
air electrode is carried out may through the hydrogenation reaction. Furthermore, it can be
tentatively concluded that the decrease in conductivity values for the three samples suggests
that, compared with the BSCF and BSCFC test samples, the conductivity reduction of BSCFF
is more pronounced. To better illustrate this change, the difference in conductivity between dry
air and air containing 10% water (AS) was selected for comparison (Figure 4.5b). It is evident

that the AS value of BSCF and BSCFC is 0.014 S cm’, while that of BSCFF increases
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significantly to 0.039 S cm™ under the same conditions, indicating that BSCFF has a strikingly
improved proton absorption capacity, producing more proton defects. This may be due to the
introduction of strong electron affinity of fluorine that enhances the basicity of the anions in
the perovskite lattice, and this active oxygen chemical environment is favorable for the
adsorption of water in the surrounding environment, thus showing enhanced hydrogenation!*”-
1581 In addition, as shown in Figure 4.5¢, the hydrogenation reaction may happen in the humid
atmosphere accompanied by hydration reaction which consumed the oxygen vacancies to
attach HoO and produced proton defects accordingly. As mentioned earlier, the higher
concentration of Vg, which are the H>O absorption sites of hydration, always have lower
hydration energy, indicating that it is more favorable for the formation of protonic defects in
fluorinated perovskites. It is worth emphasizing that the stronger H>O attraction ability
facilitates the progress of ORR/OER.

Beyond the stronger proton uptake ability, the fast proton mobility is another particularly
vital indictor for the choice of oxygen electrodes. Considering that the proton conductivity in
the air electrode material is several orders of magnitude lower than the electron conductivity,
it is difficult to accurately separate the proton conductivity from the total conductivity. Herein,
a prudent ECR repones method through uplifting the H>O partial pressure in testing atmosphere
was applied to determine the values of chemical diffusion coefficient (Du,chem) 0of proton to

[162] This is a feasible way to unravel the bulk diffusion of

assess the migration of the protons
H' in air electrodes by solving the Fick diffusion equations based on the mechanism that all

carriers (oxygen vacancies, holes, and proton defects) will be redistributed when introducing

more water in operational environment. As shown in Figure 4.5d, when the water partial
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pressure is switched from 0 atm to 0.1 atm at 600 °C, the electrical conductance of the BSCF
sample first experienced a short period of rising, and then subsequently decreased until
reaching a steady state, similar curve trends were also observed for BSCFF and BSCFC
samples. These interesting non-monotonic relaxation curves can be explained by the
phenomenon that the holes would redistribute accompanied by the proton transfer step (Figure
4.5)37-1621 During hydration or hydrogeneration process, the active O incorporation and bulk
diffusion processes would generate holes, as shown in Equation 4.2, while the H is converted
to H" by consuming a hole shown in Equation 4.3. This means that the active oxygen transport
process in the sample would produce more electron holes and lead to an increase in conductivity,
while the active hydrogen transport process would consume electron defects and lead to a
decrease in conductivity. During the ECR response process, oxygen bulk diffusion and proton
transport processes took place simultaneously, these two opposite effects on hole concentration
led to a non-monotonic variation in the conductivity when the atmosphere is suddenly shifted,
and similar results are also observed in the BCFZY, BSCFP0.05 and Sr2Fe1.sMoo.4Z10.106-5 air
electrodes! 43 144:162],
O* + Vg — 05 +2 h' (4.2)
OHp +h'— OHp (4.3)

Based on various ECR profiles showing conductivity variation as a function of elapsed
time with increasing pH2O, different parameters of Du chem Were determined and summarized
in Figure 4.5e. It can be clearly observed that BSCFF sample exhibited the highest Du chem
value, which was 5.11x10 cm? 5!, while that of BSCF sample was only 3.64x107 cm? s™!

under the same conditions, and it was even a little lower for the BSCFC sample. Such a

71



noticeable improvement of Dy chem manifested that the fluorinating BSCF perovskite oxide was
an efficient way to enable more rapid proton bulk diffusion process This may be explained
from several conveniences: Initially, owing to the increased electronegativity of fluorine, it
manifests a heightened affinity for bonding electrons, resulting in a notable reduction in the
electronic density surrounding adjacent oxygen atoms, thereby weakening the O---H
interaction. Furthermore, as illustrated in Figure 4.5g- i, the BSCFF sample exhibits a higher
positive formation energy for O---H chemical bonds when compared to the BSCF sample, as
determined through DFT calculations. This discrepancy implies that protons form a more
robust attachment to oxygen in the BSCF configuration compared to BSCFF, resulting in a
hard hopping process based on the Grotthus mechanism. Additionally, extended O---H
distances were also observed in fluorinated oxides, further underscoring the propensity for the
disruption of O---H bonds. In essence, the fluorinated system would require a lower energy
barrier for the displacement of protons from M-OH to an adjacent position [!%], Secondly, the
introduction of F element causes a certain degree of lattice contraction, which shortens the O-
O bonds distance along the intra-octahedron direction correspondingly. As previously noted,
the O-O bond distance is exactly the proton hopping gap from one oxygen site to another
neighboring oxygen ion site. Thus, the decreased hopping distance, meaning lower energy
consumption, can accelerate the proton conduction, as the activation energy of proton transport
is related not only to the proton reorientation energy but also to the proton hopping energy.
From this point of view, the introduction of CI element is unfavorable to proton hopping process.
Finally, the activation energy for proton conduction typically decreases with higher radius of

B-site elements since the larger acceptor helps in tilting the octahedra!®*. And the B-site metal
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ions in BSCFF have significantly more Co®" (0.61 A) ions with larger radius than Co*" (0.53
A), which is also beneficial to the proton transport process. Combined with these factors which
indexed a lower energy barrier and higher proton transfer property, it is foreseeable that the
fluorinated BSCF shows greatly improved proton chemical diffusion coefficient.

4.2.4 The Electrochemical Performance
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Figure 4.6 The electrocatalytic activity of three samples: (a) the typical Nyquist plots of
symmetrical cells at 600 °C in wet air; (b) the corresponding DRT analysis; (c) Arrhenius plots
in wet air; the DRT results in (d) wet N> and (e) 6%H>O-air atmospheres; (f) the summarized
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ASR values at different H>O partial pressure in air; (g) the Nyquist plots of BSCFF in different
oxygen partial pressure; (h) the summarized ASR values variation with various O, content; (1)
the DRT results in 5%0,+95%Nz; (j) the long-term stability of symmetrical cell with the
BSCFF electrodes.

The electrocatalytic performance of three electrodes were assessed in the BZCYYDb
proton-conducting electrolyte supported symmetrical cells with BSCF, BSCFC and BSCFF air
electrodes between 450 °C and 650 °C. EIS was used to compare the typical Nyquist plots in
humid air at 600 °C, as shown in Figure 4.6a. The BSCFF electrode showed the lowest ASR
value of only 0.12 Q cm?, whereas those of BSCF and BSCFC were 0.41 Q cm? and 0.23 Q
cm?, respectively.

To gain further insight into this noticeable improvement, the DRT technology was applied
by deconvoluting the corresponding EIS data to discriminate against a train of overlapping
electrode processes (Figure 4.6b). Four characteristic peaks were observed in the DRT plots,
denoted as three different segments according to the located frequency range: low frequency
P1 (LF, <10 Hz), intermediate frequency P2 and P3 (IF, 10-10° Hz), and high frequency P4
(HF, >10° Hz). Specifically, referring to previously reported DRT analysis results and their
corresponding peak patterns related to R-PCEC air electrode!®® 143 1651 a5 well as the actual
ORR and OER processes, these can be assigned to the electrochemical processes of gas
(O2/steam) conversion (P1), ions (H'/O*) transfer at the electrode bulk (P2 & P3), and
ions/charge transfer from the electrolyte to the electrode at the triple-phase boundaries (P4) [13*
1661 Figure 4.6b showed that all characteristic peak areas for BSCFF(C) reduced compared to
the pristine BSCF electrode, indicating that almost all interconnected sub-processes were

accelerated during the cathode electrochemical reaction. Therefore, it exhibited a lower

resistance for the whole oxygen reduction reaction.

74



In addition, the Arrhenius plots of the ASR values as a function of temperatures were
summarized and used to compared with other high-performance cathodes based on BZCYYDb
electrolyte supported symmetrical cells in wet air, such as BaCoo 4Fe0.4Zr0.1Y0.103-5 (BCFZY),
PrBaCo1.6Feo2Nbo.2Os+s (PBCFN) , BaCoo.4Feo.4Zr0203-5 (BCFZ) , LaosSro.4Coo2Fe0sOss
(LSCF) , barium cobaltite (BCO) coated LSCF , Sro.9Ceo.1FeosNio2035 (SCFN) , and self-
assembled BaCoo.7(Ce03Y02)0303-5 (BCCY) (Figure 4.6¢). The BSCFF cathode still exhibited
the smallest ASR value, and its Ea value was also significantly reduced in comparison with
other air electrodes, at only 0.90 eV. Therefore, it may be more conducive to the low-
temperature operation. These results preliminarily confirmed that a small amount of anion
doping in BSCF perovskite was an effective way to improve the catalytic performance of R-
PCEC air electrode, and the introduction of F had a more significant effect on improving the
electrode performance than CI due to the higher-level enhanced oxygen and proton involved
electrochemical reaction processes.

To further analyze the proton uptake and transport capabilities of the three electrodes in a
humid atmosphere, the ASRs and DRT (Figure 4.6d) plots were carried out in humid nitrogen,
eliminating the influence of O? diffusion, oxygen-related surface exchange, and O transfer

[167] The DRT analysis results showed that the enhancement of fluorinated BSCF can

processes
be attributed to faster H>O conversion (P1) and proton transfer (P2-P4) sub-steps, which consist
with the stronger water attraction and protons transfer ability mentioned in Figure 4.5.
Moreover, when the water partial pressure is increased to 6% H>O in air, the resistance of these

samples (Figure 4.6f) showed a different trend. Both the impedance BSCFC and BSCF grew

with amplitudes of 0.046 Q cm? and 0.059 Q cm?, respectively, while that of BSCFF decreased
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from 0.121 Q cm? to 0.115 Q cm?, which might be due to the different proton conductivity of

1681 From the Nyquist plots and corresponding DRT analysis results (Figure

these samples!
4.6e), it was because the remarkable accelerated water diffusion and consumption processes so
that the ORR was progressively enhanced even in higher water content and lower oxygen
levels!'®®l. This illustrated that outstanding formation and transfer of hydroxide defects of the
BSCEFF triple conducting oxide are highly valuable.

At the same time, to further investigate the influence of the oxygen concentration on the
reaction kinetics of different electrodes, we collected the EIS data (Figure 4.6g) of these
symmetrical cells in the different oxygen partial pressure and performed the DRT analysis
(Figure 4.6i). As expected, the ASR values for all electrodes increased abruptly with
decreasing oxygen partial pressure. And according to the corresponding DRT diagram, the
reduction of the oxygen partial pressure leads to a significant slowdown of each step reaction
process, especially the low-frequency (P1) associated with gas (O2) diffusion process and the
intermediate-frequency (P2, P3) related to oxygen surface exchange activation and bulk phase
transport process. However, as the comparison of ASR values (Figure 4.6h) for these samples
and the corresponding DRT results shown, the fluorinated BSCF still exhibited the lowest
resistance when the oxygen content reduced to only 5%, indicating that BSCFF electrode has
the strongest ability to utilize oxygen to participate in the ORR, which is benefited from its
abundant concentration of oxygen vacancies and weaker metal-O bonds!** 132],

To gain more understanding of the electrochemical reaction kinetics of the BSCFF air

electrode, the corresponding EIS curves and DRT plots under different water partial pressure

(pH20) and oxygen partial pressure (pO2) were applied to further demonstrate the elementary
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sub-step involved in the whole electrode reactions. As shown in Figure 4.7a, b, the ASR values
were lower in higher pH>0 and pO., which further indicates the excellent proton and oxygen
conduction ability of the BSCFF air electrode. As observed in Figure 4.7¢, the P4 (HF) and
P3(IF) were significantly reduced with the increased pH>O which prompts the formation and
transfer of hydroxide defects!'*?], suggesting that the P4 and P3 might be strongly associated
with the proton migration process from the electrolyte the electrode and the production of
hydroxide defects at the electrode bulk. In the meantime, the P1 (LF) was slightly dropped with
the increased pH>O, suggesting the P1 correlated with the steam mass diffusion process.
Moreover, the P2 shows a different change tendency, firstly declining and then increasing with
the increased pH>O. As the inlet water maybe consumes the concentration of oxygen vacancies
generated in the electrode material, the higher content of steam in the testing atmosphere can
lead to a detrimental effect on the oxygen transport process. Therefore, P2 can be linked with
the process of oxygen transport in the electrode bulk, which can be further illustrated by the
results of the various pO; effects on the electrode reactions displayed in Figure 4.7d. It can be
clearly seen that all peaks reduced with the higher pO2, which keeps consistent with some
previous reports!!33 1401431 ‘indicating that all peaks can relate to the oxygen-involved sub-steps
of electrode reactions. Combined with the location of the peaks (characteristic frequency), the
P1 (LF) may correspond to the oxygen gas diffusion process; the P2 (IF) was associated with
the oxygen transfer in the electrode bulk while the P3(IF) likely linked with the production of
the O%; the P4 (HF) may be related with charge transfer process involved in ORR processes.
In conclusion, the electrochemical processes corresponding to the characteristic peaks

observed in the DRT plots keep line with the mentioned analysis results (considering both the
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influence of pH>O and pOy).
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Figure 4.7 The comparison of (a, b) Nyquist plots and (¢, d) DRT plots of BSCFF air electrode
in different (a, ¢) pH20 and (b, d) pO2 atmospheres operating at 600 °C.

The EIS and DRT results all imply that BSCFF has superior electrocatalytic activity, and
the excellent catalytic performance can be operated in a long time, which can be confirmed by
the long-term stability of the symmetrical cell in humid air at 550 °C with a configuration of
BSCFFIBZCYYb|BSCFF (Figure 4.6j). After 160 h of operation, the evaluated ASR values
remained around 0.28 Q cm? without any significant degradation, implying a remarkable
stability of the BCSFF electrode on the BZCYYD proton-conducting electrolyte in water-
containing atmosphere. This electrode with efficient and stable electrocatalytic activity is very

suitable for use as an oxygen electrode based on proton conductor electrolyte cells.

4.2.5 Actual Electrochemical Performance in Different Modes

To verify the superior ORR catalytic performance of the BSCFF air electrode in FC mode,
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the NiO-BZCYYb anode supported single cells with BSCF, BSCFC and BSCFF air electrodes
were fabricated and tested. The typic i-V-p curves comparison of these cells, supplying pure
H: and air to both sides at 650 °C, are shown in Figure 4.8a. It is evident that the cell with
BSCFF electrode exhibited the highest peak power density (PPD) of 977 mW c¢m™, while the
parent perovskite BSCF cathode the chlorine BSCF electrode achieved only 657 mW ¢cm and
770 mW cm, respectively. Similar trends were observed in the detailed i-V-p curves recorded
at 600-450 °C (Figure 4.8b), further confirming the superior ORR catalytic activity of the
fluorine modified BSCF electrode. Remarkably, the PPDs of 668, 472, 303, 215 mW cm™ were
reached for BSCFF air electrode at 600, 550, 500 and 450 °C, respectively, and the
corresponding open circuit voltages (OCVs) all achieved above 1.05 V, indicating the
electrolyte film is dense which further illustrated by the SEM images. When compared to state-
of-art air electrodes reported, such as PrNiop.5C00.503.c (PNC), BaCo00.7(Ce0.8Y0.2)0303-5 (BCCY),
Sro9Ceo.1Fe0sNip203.5  (SCFN), SrEuzFei8C002075s (SEFC), Sr3Fe2O7.. (RP-SF),
(PrBao.sCao.2)0.95C0206-5 (PBCC95), BaCeo.sFeo3Bi0.203-5 (BCFBI), BaCoo.4Fe0.4Z10.1Y0.103-6
(BCFZY), the electrochemical performance of the prepared PCFC based on the fluorine BSCF
achieved a rarely high PPD (Figure 4.8c). The impressive performance can be related to the
enhanced oxygen and proton kinetic rate of transport and surface diffusion so that it showed
accelerated ORR catalytic activity which could be further demonstrated by the significantly
lower ASR value, that were only 0.08 and 0.19 Q cm? under OCV condition at 650 °C and 600
°C, respectively. To clearly highlight the operational stability of the BSCFF air electrode, the
long-term durability test of this single cell under a constant current density of 0.38 A cm™ at

550 °C was conducted (Figure 4.8d). It can be found that the cell voltage didn’t show
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detectable degradation and stabilized at around 0.78 V during the 60-h operation. At the same
time, the inset SEM image also identified that the BSCFF air electrode had good contact with
the electrolyte film without any breaks after the test, which suggested that the BSCFF air
electrode and BZCYYD electrolyte film had a good thermal expansion coefficient matching
and thermal stability.

Moreover, to confirm the excellent electrocatalytic activities of BSCFF air electrode in R-
PCEC mode, similar single cells with different electrodes were also prepared for
electrochemical reversibility measured. The i-V curves of R-PCEC with the parent BSCF air
electrode and the corresponding fluorine and chlorine BSCF air electrodes were obtained by
inletting the pure H> and 3% H>O-air to fuel and air electrodes, respectively (Figure 4.8¢). The
assembled R-PCEC operated in FC mode had lower power output than the proton ceramic fuel
cell due to the slight difference in cell preparation and the introduction of steam in the air

1671 1t can be clearly observed that when the reversible cells function in EC mode and

electrode!
the applied voltage was 1.3V for BSCFF electrode, the electrolysis current density could
achieve 950, 590, 316, 190 mA cm at 650, 600, 550 and 500 °C. The electrolysis performance
was higher than those of the BSCF and BSCFC air electrodes and exceeded many reported
state-of-art air electrode (Figure 4.8g) utilized in R-PCEC, such as Sro9Ceo.1Feo.sNio203-5
(SCFN), SrEwFei8C00207.5 (SEFC), SrEuwFe;O7-5 (SEF), Laj2SrosNiO4 (LSN),
Smo 5S10.5C003-5 (SSC), BaGdosLao2C0206-5 (BGLC) , PraNiOg+s (PNO). Furthermore, the
electrolysis operational stability test for this cell in EC mode was carried out at 550 °C. It can

be directly observed that the electrolysis performance of BSCFF kept stable without obvious

degradation under a constant electrolysis current density of -295 mA c¢cm?, which further
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demonstrated the superiority of BSCFF electrode.
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Figure 4.8 (a) The comparison of i-V-p curves for BSCF, BSCFC and BSCFF air electrodes at
650 °C; (b) the i-V-p curves for BSCFF at 450-650 °C; (c¢) PPDs comparison of PCFCs with
different electrodes; (d) durability of the single cell at 550 °C under a current density of 0.38 A
cm™; (e) the i-V curves of R-PCEC with dry H> and wet air (3% H>0O) as the reactant gas in
both fuel cell and electrolysis operations at 500-650 °C with BSCFF electrode; (f) operating
stability of R-PCEC at 550°C; (g) the current density comparison of R-PCEC at 1.3V with
various air electrodes; (h) continuous R-PCEC operation, cycling between EC and FC modes
at 550 °C; (1) schematic illustration of the ORR/OER processes for air electrodes.

To further confirm the feasibility of R-PCEC with this advanced BSCFF electrode, cell
reversibility was also evaluated by cyclic switching between the electrolysis hydrogen
production (-295 mA cm?) and power generation modes (295 mA cm) under different current
density conditions at 550 °C, and it has run stably throughout 11 reversible cycles within 44h
(2h each condition) without negligible performance degradation (Figure 4.8h). The reliable

conversion operation under different current densities strongly revealed that BSCFF air
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electrode has good durability and chemical stability, as well as excellent adhesion and
compatibility with the electrolyte. These results suggest that BSCFF is a potential air electrode

material for R-PCEC (Figure 4.8i) with high activity and durability.

4.3 Conclusion

In summary, the more active oxygen chemical atmosphere was achieved by tuning the
metal-oxygen bond of BSCF triple-conducting perovskite oxide via different electronegativity
anions (F°, CI) doping. The chemical properties of these samples were systematically
investigated, and all results revealed that an optimal F-dopant with greater electronegativity
enhanced the bulk oxygen/proton diffusion, surface oxygen exchange and proton uptake
characteristics, and benefiting from these positive effects, significantly accelerated the sluggish
ORR/OER kinetics of the parent BSCF air electrode, which ensuring the excellent
electrochemical performance of the BSCFF catalyst in both FC and EC modes. The PPD of the
single cell working in FC mode reached 977 mW c¢cm™ at 650 °C, and the current density of the
EC mode reached 950 mA cm at applied voltage of 1.3V. The cycle operation of power
generation and hydrogen production under different current densities was further demonstrated
the high adaptability and durability of the BSCFF catalyst assembled as the R-PCEC air
electrode. This approach, modulating the chemical bonding interactions based on anions-
doping in perovskite cathodes, offers a rational design for functional material to improve
electrochemical performance of energy storage and conversion devices based on proton
conductors, and has significance for the exploration of catalysts in other electrochemical

systems.
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CHAPTER 5 Dual-Anion Engineering Coupled with In Situ

Exsolution for Simultaneous Bulk and Surface Modification

5.1 Introduction

Currently, as a typic TCO widely applied in proton-conducting fuel cells, BCFZY is
regarded as a benchmark air electrode material since it possesses convincing ORR catalytic

(1691 Unfortunately, when it directly employed as the air electrode for R-

activity in ambient air
PCECs, like most TCO electrode materials, the ORR catalytic activity significantly diminishes
due to the impede oxygen ion/proton formation and transport capabilities, particularly in humid

(1391 Given this fact, extensive

conditions, leading to hindering OER catalytic activity as well
efforts have been devoted to finding effective technologies to enhance air electrodes with high
triple-conduction properties. Recent findings have aftirmed the efficacy of partial substitution
at the A-site of single-phase perovskite materials. A specific instance of this approach involved
the partial potassium (K) doping at the A-site to create BagoKo.1Coo4Feo4Zro203517%
Bao 4Ko.1S10.5C00 sFe0.203-5'*?, and Sr1.75Ko.25Fe1.sMoo.sOe-s' 7! air electrodes. Additionally, a
systematic exploration was conducted for different A-site element substitutions in the double
perovskite material (LnBaosSrosCoisFeosOsis (LnBSCF, Ln=Pr, Nd, and Gd))!'’?. All
modified materials showcased enhanced triple-conduction characteristics and proton
absorption capacity. Furthermore, successful investigations have also validated the
effectiveness of partial substitution at the B-site of single-phase TCO, exemplified by P
incorporating- BSCFP0.05!'*), Mg doping- Ba(Coo4Fe04Zr0.1Y0.1)0.05sMgo.0s03-5*), Ta

substitution- BaCoosTao203s!!"*, and Cs doping- PrBagoCso.1C020s:5'74  electrodes.

Remarkably, whether the modification is carried out at the A-site or B-site of traditional TCO
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air electrode materials, these methodologies are grounded in a robust theoretical framework:
regulating the M-O chemical bonds within the target lattice. This optimization process
enhances the Lewis acidity and defects (oxygen vacancies, proton defects) environment,
leading to accelerated ion transport and generation, particularly proton conductivity. The
robustness of these approaches is further corroborated by detailed DFT calculations and
experimental results reported elsewhere*” 191731 Indeed, directly modulating the anions in
perovskite oxides stands out as a more immediate and effective strategy for fine-tuning the M-

O chemical bonds within their latticel'>®

1. This method not only upholds structural integrity
through the support of A-site metal cations but also preserves the catalytic attributes of B-site
metal cations critical for electrochemical reactions, holding significant promise for crafting
catalyst materials that are both highly efficient and stable. Notably, considering the
electronegativity of fluorine (y = 3.98) surpasses that of oxygen (y = 3.44), and the valence
electron density of oxygen is lower than that of fluorine atoms, the introduction of fluorine is
anticipated to mitigate the coulombic forces between B-site metallic ions and oxygen ions.
Consequently, this adjustment weakens the M-O chemical bonds, thereby amplifying the
generation and migration capabilities of active carriers, as confirmed by the research work in
Chapter 4.

Moreover, in additional to the modification of the main phase, surface regulation has also
proven to be a highly efficient method for enhancing the catalytic activity of air electrodes!!”¢].
For instance, the incorporation of the heteroatom boron (B) onto the surface of Pr4sNizOio+s

through mechanical mixing has been demonstrated to enhance the concentration of surface

Brensted acid (-OH), thereby improving its surface electrocatalytic activity®”. Additionally,
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the introduction of nano-catalysts through impregnation, such as infiltrating BaCoO3_s on the
LSCF surface!!®!l coating Pro1Ceo902:5 on the PrBaCo,0s:5 surfacel!®], and dropping an
efficient catalyst PrNipsCoos503-5 (PNC) on the surface of BaCeosPro3Y0203-5 (BCPY)!%],
Notwithstanding these achievements, challenges include the uncontrollable appearance of the
electrodes, particularly under humid conditions, and the associated time-consuming and labor-
intensive preparation processes. Nowadays, a new focus in air electrode development is
creating stabilized materials through in situ formations/exsolution of active nanoparticles (NPs).
lustrative examples involve the in situ formation of GdxCoyO3.; NPs in a double perovskite
Bag sGdosxPro4Co2y0s:51%% in situ exsolved BaCoO;-s nanoparticles on the surface of
PrBag sCa02C020s5+5!'*], in situ generation of BaCeOs and CeO, double phases on the surface
of PrBag sCag2Fe1 sCeo206-5'%, and the surface generation of nanosized p-NaFeO, (NF) on
the electrocatalytically active NaySr,TiyFei4O3-s perovskite main phase!'”’l. Additionally, the
in-situ generation of metal oxide (MO) NPs on the electrode material surface has demonstrated
enhanced surface reaction activity. Critically, these nanoparticles resist reverting to the main
phase structure under oxidative conditions, thereby avoiding the loss of catalytic activity,
notable examples include NiO nanoparticles!! 7% 17],

Herein, we propose a novel strategy of concurrent introduction of nickel (Ni) ions with
highly catalytic active and fluorine (F) ions with greater electronegativity into both the B-site
and O-site of the parent BCFZY perovskite oxide to simultaneously enhance the bulk ionic
transport and surface electrochemical catalytic active sites of air electrode materials. Benefiting

from both the weakened M-O bonds in the bulk phase and the heightened catalytic active sites

of surface nano-particles MO, the modified air electrode exhibits high-efficiency bulk O* /H*
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transport paths and significantly improved rates of O /H" migration, along with enhanced
surface exchange kinetics. Therefore, the designed air electrode nanocomposite
Ba(Coo.4Fe0.4Z10.1Y0.1)0.95N10.05F0.1029.5 (N-BCFZYNF) presents a superior ORR/OER
catalytic activity in R-PCECs, providing a rational avenue for improving the high-performance

R-PCEC:s electrodes with favorable operational stability.

5.2 Results and Discussion

5.2.1 Bulk and Surface Microstructures

Herein, the cationic Ni** and anionic F~ were incorporated into the BCFZY perovskite
lattice through the introduction of nickel nitrate (Ni (NO3)>-6H20) and barium fluoride (BaF»)
compounds, respectively. Notably, the positively high value of Gibbs free energy of BaF»
ensures that F does not loss during the high-temperature sintering process!'¢?!, which confirms
the possibility of successfully incorporation of F- and Ni** at the same time. To identify the
effect of these introduced different ions substituted into the B-site and O-site of BCFZY, the
room temperature XRD patterns of the parent BCFZY and the targeted N-BCFZYNF powders
were observed, as shown in Figure 5.1a. The as-obtained BCFZY was found to show a single-
phase perovskite structure without impurity phase, while the synthesized N-BCFZYNF sample
exhibited a major perovskite phase and a minor NiO phase. This phenomenon may be attributed
to the introduction of fluorine with a higher electronegativity, resulting in the weakening of the
metal-oxygen bonds within the modified material lattice. This facilitates the selective
precipitation of Ni-O (with lower binding energy) from the parent material during the high-
temperature treatment process!!®® 811 Additionally, the higher diffraction angle of N-

BCFZYNF can be found in the enlargement XRD patterns from 36 ° to 45 °, indicating a
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contraction in its lattice size compared to the BCFZY-based lattice. Considering the larger ionic
radius of Ni?* (0.69 A) in comparison to other B-site metal ions in the host perovskite lattice,
coupled with the fact that F~(1.33 A) possess a smaller size than O? (1.40 A)*> 158 it is highly
plausible that, during the synthesis process, fluorine has successfully incorporated into the
lattice, while nickel may have been either limited or absent from lattice incorporation. This
observation partially accounts for the formation of a minor quantity of NiO phase for the N-
BCFZYNF sample. Additionally, the Rietveld refinement of XRD data of modified N-
BCFZYNF sample was conducted to further determine the degree of nickel exsolution, as
presented Figure 5.1b. A visual representation of the NiO content could be found and estimated
at 1.19%, implying that a significant portion of Ni precipitates from the host phase. Moreover,
as compared with the corresponding Rietveld result of parent BCFZY, the N-BCFZYNF oxide
exhibited a smaller lattice size while both samples show a cubic structure with space group
Pm-3m, which further keeps in line with the XRD patterns exhibited in Figure S.1a.
Considering the refinement parameters such as the reliability factors R, (unweighted) and Ry,
(weighted profile factors Rp) are all around below 15%, the fitted results were very reliable,

which illustrates a sound agreement between the observations in Figure 5.1 a, b.
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Figure 5.1 (a) The RT-XRD patterns of BCFZY and N-BCFZYNF with a partial enlargement;
(b) The XRD Rietveld refinement profiles of N-BCFZYNF with two phases; HR-TEM images
of (¢) BCFZY, (d-e) N-BCFZYNF samples; (f) The elements distribution of N-BCFZYNF
sample.

1

The formation of two phases oxide by introduction F~ and Ni*" at anion and cation sites
simultaneously was further supported by HR-TEM images as shown in Figure S.1c- e. The
crystalline fringes with the corresponding d-spacing (001 lattice plane) were estimated to be

4.14 A for BCFZY sample (Figure 5.1¢). However, the same d-spacing value for N-BCFZYNF
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sample was determined to be 4.07 A (Figure 5.1e) through the enlargement part of the particle
shown in Figure 5.1d, which intimately agree with the Rietveld results and the shifted direction
of the diffraction peaks. Moreover, Figure S.1e showed another diffraction planes with 0.247
nm for the 111-lattice plane of NiO, from which it is also obvious that these two phases were
connected to each other very well. Meanwhile, the EDS mapping results in Figure 5.1f
displayed that some Ni element aggregated while other metal element were distributed
uniformly in the single grain, which could be found more clearly in Figure 5.2a. On the
contrary, as shown in Figure 5.2b, the BCFZY sample exhibited a pure perovskite oxide, and
all elements were uniformly distributed without any obvious segregation. Additionally, the
anion element (F, O) also displayed the similar uniformly distribution, indicating the
successfully incorporation of F into the oxygen site as targeted. These results highly
demonstrated the existence of nanoscale NiO particles in the perovskite oxide and the anion

dopants were well incorporated into the lattice for the designed N-BCFZYNF sample.
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Figure 5.2 The elements distribution result of (a) the enlargement part of the images shown in
Fig 5.1 (f) and (b) BCFZY sample.

5.2.2 Oxygen Activity in Lattice
As an idea air electrode functional material for R-PCECs, the high ORR/OER catalytic
performance is strongly associated with the intrinsic oxygen chemical environment as well as

[175, 179] Therefore, to

the oxidation state of the transition metals at B-site of perovskite oxide
better comprehend the necessary modifications applied to conventional air electrodes and the
diverse chemical characteristics of oxygen and B-site transition metals exhibited by the target
air electrode, a detailed exposition has been schematically investigated. Figure 5.3a

exemplifies the mechanism of highly actively M-O generation and nanoscale MO catalysis in-

situ information through substituting the O-site and B-site of the parent oxide crystal structure
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with F-element and Ni-element['#]

. In further elucidating the impact of modification
technology on the oxidation state of B-site transition cations in the perovskite oxide, the
valence of Co and Fe in the bulk phases of BCFZY and the targeted N-BCFZYNF was
comparatively studied using X-ray absorption fine structure (XAFS). The X-ray absorption
near edge (K-edge) structure (XANES) results, depicted in Figure 5.3b, c, reveal a slightly
higher valence state of Co in the modified N-BCFZYNF sample compared to the raw BCFZY
sample, while the valence of Fe remains nearly constant. Given that the B-site dopant Ni
introduced into the lattice primarily exists in the form of second-phase MO, the observed
variations in the valence states of the transition metals are most likely attributed to the
introduction of F anions. In fact, besides forming bonds with metals by substituting lattice
oxygen sites, F anions may partially occupy oxygen vacancies bonding with transition metals,
leading to an increase in the metal valence state. Similar experimental results have also been

reported in other studies!!3 154

. Certainly, the minor B-site defects induced by partial
precipitation of Ni would also trigger a certain degree of charge compensation by other
transition metal cations at the B-site.

As previously discussed, the intrinsic oxygen chemical environment also contributes a lot
in achieving the outstanding ORR/OER catalytic performance. Considering the crucial role
played by the concentration of oxygen vacancies in air electrode materials, thermogravimetric
(TG) technology was carried out to determine the oxygen non-stoichiometry (8) of the
investigated samples at the intermediate operating temperature of the R-PCECs. The TG curves

in Figure 5.3d indicate that a more pronounced weight loss for N-BCFZYNF compared to

BCFZY sample within the elevated temperature range of 100 °C to 1000 °C (solid line).
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Specifically, the weight loss value for BCFZY is 1.67%, while that of N-BCFZYNF increases
to 2.03%. Based on the molecular weights derived from their respective chemical formulas, the
0.37% weight loss difference implies a deviation of 0.1 in the stoichiometric number of
oxygens. More oxygen vacancies generation, to a certain extent, implies that the crystal oxygen
in the improved air electrode material is highly activated at intermediate temperatures, which
is conducive to oxygen adsorption, oxygen ion generation, and bulk-phase conduction, thereby

[155]Simultaneously, the

accelerating oxygen kinetics and facilitating the ORR/OER processes
0,-TPD was conducted to evaluate the oxygen desorption properties of these materials over a
temperature range from 50 °C to 800 °C, and the profiles presented in Figure 5.3e. With the
rise in temperature, the perovskite oxide's active cations underwent thermal reduction, resulting
in a relatively lower oxidation state, and concurrently, oxygen was liberated from the crystal
lattice. Hence, the decreased initial desorption temperature from 323.1 °C for BCFZY to 303.9
°C for N-BCFZYNF demonstrated that the faster surface oxygen exchange kinetics and the
higher rate of oxygen migration within the perovskite lattice. To further get insights into the
variability, Ols XPS spectra for these samples were obtained. As depicted in Figure 5.3f, the
binding energies of lattice oxygen (O?") were measured at 528.37 ¢V and 528.67 eV for BCFZY
and N-BCFZYNF samples, respectively. This increase can be ascribed to the reduction in
valence electron density of O?~ in N-BCFZYNF due to the inclusion of F~, which weakens the
chemical bonds between A- or B-site metal cations and oxygen ions, rendering the lattice
oxygen more active. These findings align with the results obtained from TG and O-TPD in

158, 159

this work, and other reported results! 1. Moreover, one significant phenomenon that should

be clarified is that the N-BCFZYNF electrode material exhibits a discernibly higher
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concentration of oxygen components originating from bound water under identical conditions.
This observation may suggest a significantly enhanced capacity for water and proton
absorption capacity, thereby substantially improving the reaction kinetics of the R-PCEC air
electrode. In summary, the obtained results preliminarily indicate that the intrinsic oxygen
chemical environment becomes more favorable for the oxygen-involved R-PCEC air electrode
reaction processes after modification, potentially leading to improved catalytic activity.

To validate the suitability of the improved air electrode material as a superior
electrocatalyst for ORR, both samples were assembled into SDC electrolyte-supported
symmetrical cells as the air electrode. The electrocatalytic performance was assessed through
ASRs values determined by EIS techniques. As shown in Figure 5.3g, N-BCFZYNF had a
lower ASR value (0.085 Q cm?) compared to BCFZY (0.12 Q cm?) when operated at 600 °C
in dry air. Clearly, the improved N-BCFZYNF holds a much better ORR activity under the
same conditions, which is strongly associated with the enhanced state of the intrinsic oxygen
chemical environment as well as the oxidation state of the B-site cations as analysis previously.
Furthermore, the Arrhenius plots of the ASR values as a function of temperature range from
650 °C to 450 °C were summarized and displayed in Figure 5.3h. The targeted N-BCFZYNF
always occupies the lowest ASR values, indicating the best ORR catalytic performance
accordingly. These results affirm that the active M-O through incorporation of F~ and the
surface modification with MO nanoparticles through incorporation of Ni*" is a highly effective

strategy for enhancing the ORR catalytical performance of R-PCEC air electrode.
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Figure 5.3(a) Schematic diagram of substituting the O-site and B-site of the parent perovskite
oxide with F-element and Ni-element so that generated highly active M-O bonds and MO
nanoscale phase. The comparison of BCFZY and modified N-BCFZYNF samples: (b) the
spectra of Co K-edge XAFS and (c) Fe K-edge XAFS plots; (d) TG curves recorded at the
temperature range of 100-1000 °C in dry air; (e) O2-TPD profiles between 50 °C and 800 °C;
() the XPS spectra of O-1s; (g) the typic Nyquist plots of SDC-electrolyte supported cell at
600 °C in dry air; (h) Arrhenius plots of the ASRs of the SDC-supported symmetrical cell as a
function of temperatures in dry air.

5.2.3 The Triple Conductivity Properties

Exceptional triple conductivity (e”, O*, H") capabilities are critical for R-PCEC’s air
electrode to achieve the favorable ORR/OER catalytic performance at intermediate
temperatures. To explore the e migration prosperity, the electrical conductivities of BCFZY

and N-BCFZYNF air electrode materials were measured between 350 °C and 750 °C in wet air,
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and the recorded curves were shown in Figure 5.4a. Both samples displayed a typic p-type
semiconducting behavior, where the electrical conductivity increase with rising temperature.
Exactly, the BCFZY exhibited values ranging from 1.86 S cm™ to 1.07 S cm™!, whereas the N-
BCFZYNF demonstrated values of 1.51 S cm™ and 0.97 S cm’!, respectively. The higher
conductivities for BCFZY composite compared to N-BCFZYNF mainly resulting from the
higher concentration of the oxygen vacancies in the oxide and the interface regions between
the main cubic phase and NiO phase since they can acted as the scattering centers or random
traps for electrons, and similar results were reported for other air electrodes!’% 1821831,

For the air electrode material with triple conductivity property, one significant factor
affecting the ORR/OER Kkinetics is the oxygen surface exchange and bulk migration rate.
Herein, the oxygen incorporation kinetics were identified using the ECR measurements. These
ECR response profiles provided important indicators linked with chemical surface oxygen
exchange (kcnem) characteristics of the tested sample. Specific kenem values in temperature
ranging from 650 °C to 450 °C were summarized in Figure 5.4c and the normalizing
conductivity relaxation curves were shown in Figure 5.4b. It is evident that with the decrease
in test temperature, the time to reach a stable conductivity value (relaxation time) gradually
increases. More importantly, the modified N-BCFZYNF sample exhibits a shorter relaxation
time compared to BCFZY under the same conditions. For instance, as shown in Figure 5.4b,
the relaxation time for BCFZY is 453 s at 600 °C, while that of N-BCFZYNF is significantly
shortened to only 120 s, which preliminarily implies an accelerated oxygen incorporation
kinetic. Furthermore, it is confirmed by the larger kchem values obtained from fitting the

normalized conductivity relaxation curves. Specifically, the kehem values of BCFZY at 600 °C
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were fitted to be 5.53x10% cm s, while those indictors up to 1.91x10° cm s after
modification (Figure 5.4c). Additionally, the activation energy value of kchem values based on
operating temperature for N-BCFZYNF (0.36 eV) were lower compared with BCFZY (0.44
eV), confirmed that the surface generation and migration of O* were facilitated and thus
prompting the typical ORR/OER steps.

Considering the actual operating atmosphere of R-PCECs’ air electrode is humid air,
exploration of the oxygen surface exchange and bulk diffusion kinetic characteristics in wet air
is essential. Figure 5.4d illustrates the ECR response curves of the N-BCFZYNF sample in
both dry and humid air environment. It can be visually observed that the relaxation time
significantly increases in humid conditions, from an initial 120 s to 188 s, similar trend was
also observed in the BCFZY sample. As previously analyzed, a longer relaxation time may
indicate the sluggish oxygen ion introduction and migration processes. This is further validated
by the Dchem and Kenem values fitted from the corresponding normalized conductivity relaxation
curves at 600 °C, with results shown in Figure 5.4e. The kchem values of the N-BCFZYNF
sample decreased from 1.91x107 cm s to 7.91x10 cm s}, and a comparable reduction is also
occurred for BCFZY sample. However, it is noteworthy that the introduction of Ni and F into
the BCFZY lattice results in significantly higher kchem compared to the parent sample,
suggesting a more robust oxygen ion migration capability of the targeted N-BCFZYNF sample
even in the humid atmosphere. These results further demonstrate that introducing F into the
BCFZY lattice and the presence of Ni oxide on the surface can significantly enhance the
generation and migration of oxygen ions, providing possibilities for higher ORR/OER catalytic

activity.
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Beyond the stronger oxygen mobile ability, the fast proton migration capability also plays
an essential role in attaining the favorable ORR/OER catalytic performance. Herein, a feasible
way by uplifting the H,O partial pressure from dry (0 atm) to wet (0.1 atm) in the testing
atmosphere was applied, and then the values of chemical diffusion coefficient of protons
(DH,chem) Were determined form this prudent ECR responses to assess the protons transfer
rate!'%%!. The typic ECR profiles were shown in Figure 5.4f, it could be clearly seen that the
electrical conductance of BCFZY sample firstly experienced a short period of rise, and then
subsequently decreased until reaching a steady state, similar curves trend was also observed
for N-BCFZYNF sample. These interesting non-monotonic relaxation curves can be explained
by the phenomenon that all the carriers (oxygen vacancies, holes, and proton defects) would
redistribute accompanied by the proton transfer step®”: 16> 84 Moreover, compared to the
BCFZY material, the modified N-BCFZYNF air electrode material exhibits a faster response
to changes in external humidity, with a significantly shortened relaxation time. This preliminary
confirms its enhanced proton transport capability. Additionally, based on the normalized
conductivity profiles of the air electrode samples at 550 °C, different Dy chem values were
obtained and summarized in Figure 5.4g. The N-BCFZYNF sample demonstrates a higher
value Dy chem 0f 3.349x10 ¢cm s7!, nearly 3 times that of the parent BCFZY sample (1.176x10°
5> ¢cm s') under the same test conditions. These results further affirm the pronounced proton
bulk transport capability of the N-BCFZYNF sample activated by M-O bonds.

In general, these results demonstrated that the vital oxygen and proton mobility ability of
the R-PCECs’ air electrode were significantly improved after incorporating F into the

perovskite oxide lattice to activate the M-O chemical bonds and decorating the MO nanoscale
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catalyst on the parent oxide surface. The mechanism of this promotion is schematically shown

el164 185, 136] 'Benefiting from the altered

in Figure 5.4h, i from the aspect of lattice structur
oxidative environment, as well as the enhanced catalytic activity on the material surface, there
is a noticeable acceleration in both surface oxygen exchange and bulk-phase oxygen transport
processes, which manifests as a faster generation and migration of oxygen ions (even under
humid conditions). Additionally, owing primarily to the activation of M-O bonds resulting from
the replacement of lattice oxygen with more electronegative F anions in the bulk phase, the
modified material exhibits enhanced hydration capability and proton migration processes.
Combined with these enhancement factors, it is foreseeable that the surface modification

fluorinated BCFZY air electrode may hold better ORR/OER catalytic performance and could

be employed as an ideal air electrode in R-PCECs.
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Figure 5.4 the triple conductivity (e-, O*, H") properties for BCFZY and N-BCFZYNF
samples: (a) the electronic conductivity at 350 °C -750 °C in wet air; (b) the fitted Dchem and
Kehem values from 450 °C to 650 °C; (c) the ECR responses curves; (d) the comparison ECR
response profiles of N-BCFZYNF in dry air and wet air; (e) the summarized Dchem and Kehem
values obtained from the different ECR process in dry air and wet air; (f) the typic ECR
response profiles when switching the atmospheres from dry to pH>0=0.10 atm at 550 °C; (g)
the comparison of fitted Dy chem Values shown in Figure 5.4f; schematic diagrams of (h) higher
O% mobility and (i) faster H" migration rate properties for the designed N-BCFZYNF sample.

5.2.4 The Catalytic Performance

The electrocatalytic performance of the air electrodes was systematically investigated by
assembling them in symmetrical cells with  the configuration of
(N)BCFZY(NF) BZYCYYDb|(N)BCFZY(NF). The detailed electrochemical reaction steps,
illustrated in Figure 5.5a, provide a deeper insight into the mechanisms of the ORR/OER
processes, simultaneously aiding in the elucidation of the specific factors contributing to the

enhancement of electrode kinetics. The typic EIS was applied to evaluate electrocatalytic
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activity between 650 °C and 450 °C. It could be found that the N-BCFZYNF exhibited a lower
ASR value compared to the raw BCFZY at the same operating temperature in wet air.
Specifically, as shown in Figure 5.5b, the ASR value for BCFZY electrode is determined to be
0.264 Q cm? at 600 °C, whereas that for N-BCFZYNF is only 0.165 Q cm?, indicating the
better catalytic performance was achieved after targeted modification. To get further intuitive
insights into this noticeable improvement, DRT technology was conducted by deconvoluting
the corresponding EIS response to separate the overlapping electrode processes. Three main
characteristic peaks were observed in the DRT plots denoted as three different segments
according to the located frequency range: low frequency P1 (LF, <10° Hz), intermediate
frequency P2 (IF, 10°-10? Hz), and high frequency P3 (HF, >10? Hz). Referring the previously
reported DRT analysis results and their located peak patterns related to R-PCEC air electrode,
these can be assigned to the gas (O2/steam) diffusion (P1), surface exchange and/or ions
(H"/0*) bulk migration (P2, Paddl and Padd2), and ions/charges transfer in the interface
between the electrolyte and electrode at three-phase boundaries (P3). Based on these illustrated
results, the accelerated air electrode kinetic for N-BCFZYNF is mainly due to the faster sub-
steps of surface exchange and ions bulk diffusion since the intermediate frequency peaks (P2,
Paddl and Padd2) were reduced significantly compared to the pristine BCFZY. In addition, the
Arrhenius plots of ASR values as a function of temperature were calculated to compare with
other reported high-temperature air electrode based on proton-conducting BZCYYb electrolyte
supported cells in wet air, with the results summarized in Figure 5.5¢. The N-BCFZYNF
electrode still exhibited the smallest ASR values with a significantly reduced electrode Ea value,

atonly 1.16 eV, indicating the best catalytic activity for the air electrode reactions was obtained.
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Furthermore, to enhance our comprehension of the electrochemical reaction kinetics for
the N-BCFZYNF air electrode, EIS response curves and corresponding DRT plots under
varying water partial pressure (pH20) and oxygen partial pressure (pOz) were employed to
provide additional insights into the individual elementary steps involved in the overall
electrode reactions. Figure 5.5d displays the comparison fitted DRT plots for N-BCFZYNF
sample when the pH>O increases from 3% to 10% in air, form which three separated peaks
were observed and nearly kept no change with the different steam content in the operating
atmosphere. This phenomenon suggests that the air electrode reaction kinetics will keep stable
even under high steam content, which could be further demonstrated by the determined ASR
values form the Nyquist profiles in air with different pH,O (Figure 5.5e). The ASR value for
N-BCFZYNF air electrode, at around 0.165 Q cm?, is nearly stable, whereas those of BCFZY
increase from the initially 0.264 Q cm? to 0.296 Q cm? with the pH>O lift from 3% to 10%.
This contrasting trend observed in different air electrodes further underscores the efficient
stability of the modified N-BCFZYNF electrode's electrocatalytic activity, which is likely
attributed to the enhanced proton generation and conduction capabilities of N-BCFZYNF,
compensating for the weaker oxygen ion transport characteristics under high vapor pressure.

To delve deeper into the proton uptake and transport kinetics capabilities of both
electrodes in a humid atmosphere, ASRs and DRT plots were conducted in humid nitrogen,
eliminating the influence of O, mass diffusion, oxygen-related surface exchange, and O*
transfer processes. The DRT analysis results (Figure 5.5f) indicated a reduction in all peaks for
the fluorinated BCFZY decorated by NiO nanoparticles, suggesting an enhancement in all

related to proton-involved sub-steps of electrode reactions. By combining the peak locations
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and the analysis results presented in Figure 5.5d, this improvement can be attributed to faster
H>O diffusion (P1, LF) and the rapid formation and transfer of hydroxide defects (P2, P3, IF),
aligning with the stronger proton transfer ability mentioned in Figure 5.4. The ions (H")
transfer at the interface between the electrolyte and electrode layers (P4, HF) is primarily
attributed to the heterojunction between the oxide nanoparticles and the parent perovskite. This
illustrates that the outstanding formation and transfer of hydroxide defects of the N-BCFZYNF
triple conducting oxide are highly valuable for R-PCEC:s air electrodes.

Above all, the EIS and DRT results collectively indicate that N-BCFZYNF exhibits
superior electrocatalytic activity, and this excellent catalytic performance can be sustained over
an extended period, as evidenced by the long-term stability of the symmetrical cell in humid
air at 550 °C (Figure 5.5g). The assessed ASR values remained approximately 0.407 Q cm?
without significant degradation during the 300h-opetation in wet air, indicating remarkable
durability of the N-BCFZYNF electrode on the BZCY YD proton-conducting electrolyte in a
steam-containing atmosphere. With its efficient and stable electrocatalytic activity, this

electrode is highly suitable for using as an air electrode in proton conductor electrolyte cells.
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Figure 5.5 The electrocatalytic activity of BCFZY and N-BCFZYNF samples: (a) schematic
illustration of the ORR/OER processes for air electrodes; (b) the Nyquist plots of symmetrical
cell 3 and 4 at 600 °C in wet air; (¢) Arrhenius plots of ASR values as a function of temperature
in wet air; (d) the comparison of DRT plots for N-BCFZYNF sample in different pH>O
operating at 600 °C; (e) the corresponding ASR values of both samples; (f) the comparison DRT
plots for various samples in high pH>O (10%) without oxygen at 600 °C; (i) the long-term ASR
values of symmetrical cell 4 with N-BCFZYNF air electrode.

5.2.5 Enhanced Electrochemical Performance

To verify the superior ORR/OER catalytic performance of N-BCFZYNF under real fuel

cell operating mode, the NiO-BZCYYb fuel electrode supported single cells with the pristine

BCFZY and modified N-BCFZYNF air electrodes were fabricated and tested, respectively.

Figure 5.6a presents the typic 1-V-p polarization curves of the PCFC with BCFZY air electrode,
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fueled with pure Hz and ambient air as the oxidant. It is evident that the PPD of this cell reached
626 mW cm™ at 650 °C, the PPDs are 433 mW cm?, 284 mW cm?,169 mW cm™ when the
operating temperatures down from 600 °C to 500 °C. Meanwhile, when the single cell utilized
N-BCFZYNF as the air electrode (Figure 5.6b), its PPD values significantly increased to 996
mW cm2, 779 mW cm2, 545 mW cm?, and 374 mW cm™ under the same test conditions, with
the maximum PPD value experiencing a 60% enhancement at 650 °C. This enhancement
confirms the superior ORR catalytic activity of the fluorine-nickel-modified BCFZY electrode.
Remarkably, as shown in Figure 5.6¢, the rarely high PPDs achieved for the single cell based
on N-BCFZYNF is also outperformed most of state-of-art air electrodes reported so far,
suggesting the favorable potential of applying the N-BCFZYNF as the air electrode for actual
application. The exceptional performance can be attributed to the enhanced kinetics of oxygen
and proton transport and surface diffusion, resulting in accelerated ORR catalytic activity. To
underscore the operational stability of the N-BCFZYNF air electrode, a long-term durability
test of this single cell was conducted under a constant current density of 0.42 A cm2 at 550 °C,
with results shown in Figure 5.6d. It can be observed that the cell voltage exhibited negligible
degradation, stabilizing at around 0.79-0.75 V during the 60-hour operation. Simultaneously,
the inset SEM image and results also confirmed that the N-BCFZYNF air electrode maintained
good contact with the electrolyte film without any breaks or delamination after the durability
test, indicating the favorable TEC matching and thermal stability properties of these layers.
Moreover, to validate the reversible ORR/OER electrocatalytic activities of the distinct
air electrodes, equivalent single cells were prepared for electrochemical reversibility testing in

the R-PCEC mode. As illustrated in Figure 5.6e, f, the obtained i-V curves of R-PCEC with
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BCFZY air electrode and N-BCFZYNF-modified air electrodes both exhibited excellent
reversibility between FC and EC modes by supplying pure H, and 3% H>O-air to the fuel and
air electrodes, respectively. Notably, the electrolysis current density for the BCFZY electrode
reached 886 mA cm2, 527 mA cm2, 317 mA cm2, and 148 mA cm2 at temperatures of 650 °C,
600 °C, 550 °C, and 500 °C, respectively, when the applied voltage was 1.3 V. Conversely,
those of the N-BCFZYNF electrode sharply increased to 1570 mA cm, 1089 mA cm2, 684
mA cm2, and 354 mA cm2, indicating the fluorine-nickel-modified BCFZY electrode's more
active OER catalytic performance. Additionally, this remarkable electrolysis performance
surpassed many reported state-of-the-art air electrodes assembled in R-PCECs (Figure 5.6g).
Furthermore, as depicted in Figure 5.6h, an electrolysis operational stability test for this cell
in EC mode was conducted at 550 °C. It was observed that the electrolysis performance of N-
BCFZYNF remained stable without significant degradation under a constant high electrolysis
current density of -0.50 A cm™, further demonstrating the superiority of the N-BCFZYNF
electrode.

Most importantly, the good reversibility feasibility of the superior R-PCEC with this
advanced N-BCFZYNF air electrode should also be emphasized for practical application. The
cell reversibility was evaluated by cyclic switching between the hydrogen production (-0.50 A
cm™) and power generation modes (0.38 A cm™) under varying current density conditions at
550 °C, with the results shown in Figure 5.6i. It can be intuitively seen that the R-PCEC has
run stably throughout 15 reversible cycles within 100 h without appreciable performance
degradation. The reliable conversion operational capability at different current densities

strongly revealed that N-BCFZYNF air electrode has good durability and chemical stability, as
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well as excellent adhesion and compatibility with the electrolyte. These findings suggest that
the N-BCFZYNF holds promise as a potential air electrode material for R-PCEC with highly

appreciated activity and durability.
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Figure 5.6 The electrochemical performance of R-PCEC with BCFZY and N-BCFZYNF air
electrodes: the comparison i-V-p curves of the NiO-BZCYYDb supported PCFCs with (a) the
BCFZY and (b) N-BCFZYNF electrodes at 500 °C-650 °C; (c) the PPD values of PCFCs
fabricated by different air electrodes (this work and other reported ones); (d) durability of single
cell with targeted N-BCFZYNF air electrode at 550 °C with a constant 0.42 A cm™; the i-V
curves of R-PCEC operated at both modes at 500 °C-650 °C with (¢) BCFZY and (f) N-
BCFZYNEF air electrodes; (g) the electrolysis current density comparison of R-PCEC at 1.3 V
with various air electrodes; (h) the stability of R-PCEC operated in electrolysis mode at 550
°C; (1) The durability of continuous R-PCEC operation at 550 °C.
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5.3 Conclusion

Through simultaneously regulating both bulk-phase M-O bonds and in-situ formation of
surface MO nano-catalyst, a novel bifunctional air electrode material was successfully
synthesized (N-BCFZYNF). The physicochemical properties of this electrode material are
systematically investigated, and all results reveal that the synergistic optimization effects at
both bulk and surface modifications significantly enhance the electrochemical environment for
interactions involving oxygen and protons, which manifested in substantially improved oxygen
adsorption/desorption and hydration rates, as well as enhanced capabilities for oxygen ion and
proton transport in both surface and bulk. Such improvements are deemed favorable for
optimizing electrode kinetics. Therefore, the sluggish ORR/OER kinetics of the parent BCFZY
air electrode is significantly accelerated, ensuring the excellent electrochemical performance
of the N-BCFZYNF catalyst in both FC and EC modes. Specifically, the PPD operating in FC
mode reached 996 mW cm2 at 650 °C, and the electrolysis current density in EC mode reached
a remarkably high value of 1570 mA cm at an applied voltage of 1.3 V. The cyclic operation
of power generation and hydrogen production under different current densities further
demonstrated the high adaptability and durability of the N-BCFZYNF catalyst when assembled
as the R-PCEC air electrode. This approach, simultaneously optimizing the bulk M-O chemical
bonds and surface-modified MO nano-catalysts in the perovskite oxide air electrode, provides
a rational design for functional materials aimed at improving the electrochemical performance

of energy storage and conversion devices.
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CHAPTER 6 Concomitant Activity-Stability Enhancement via

Anionic Control and Multiphase Bulk Self-Assembly

6.1 Introduction

As previously discussed, triple-conducting (H"/O?/e") air electrodes exhibit significantly
enhanced ORR/OER catalytic activity at reduced operating temperatures in R-PCECs!!* 187],
Conventional design strategies focus on introducing proton conductivity and hydration
capability into single-phase mixed ionic-electronic conductors (MIECs) through cation doping.
For instance, A-site substitution with high-basicity cations—such as K" in
Bag 9Ko.1C004Fe04Zrg 203517, Sr1.75Ko25Fer sMoo 50651171, and Cs" in

188l _enhances hydration capacity, while B-site doping with

Bao.osCs0.0sCeo.3Fe.703-5
hydrophilic, low-electronegativity cations (e.g., Zn-substitution in PrBaCo1.9Zno. 1065, Mg-
incorporation in Ba(Coo.4Fe0.4Zr0.1Y0.1)0.0sMgo.0s03-5)**1 aims to foster proton defect formation.
However, these approaches still suffer from some inherent limitations. For instance, K*
volatilized during high-temperature sintering process''*”), Cs* induced lattice distortion (due to
large ionic radius at A-site) and cost inefficiency, while the catalytic activity reduced due to the
non-transition metal dopants at B-site. Consequently, single-phase electrodes often achieve
only compromised triple-conductivity rather than simultaneous optimization, which is not hard
to become an idea bifunctional catalyst for ORR/OER.

To overcome these constraints, multiphase nanocomposite electrodes—particularly those
formed via self-assembly (surface or bulk)—offer a promising choice. Specifically, surface

self-assembly always generates minor nanoscale secondary phases on the surface of air

electrode  oxides (e.g, BaCoOs; on  BaCoosZro1Zno10ss!"°Y;  NiO  on
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Pro.2Lao2Bao2Sro2Cao2FeosNio2-x03-s7, BaCoo.ssIng.1503.5 on PrBaCoi.9lng 105+ %3, CeOs

194

and LaosSrosCoOs-5 phases on Ceo.2Bag2Sro2Lag2Cao2Co03-5!" ), which enhance surface

oxygen/H>O adsorption and bulk ionic transport, thereby improving ORR/OER activity!!?!,
Nevertheless, such surface phases (e.g., BaCoOs, NiO, Lag.5Sro.5Co03-5) possess negligible
proton conductivity and may block active reaction sites, thereby limiting electrode reaction
kinetics. Therefore, bulk-phase self-assembly—enabling high-volume fractions of proton-
conductive phases—is critical for optimizing triple-conductivity to enhance ORR/OER
catalytic performance!!?6-18,

In addition to achieving high triple conductivity, exceptional steam resistance and
thermodynamic compatibility with the electrolyte are also critical for air electrode materials in
R-PCECs!!-2%ll Superior steam resistance ensures sustained ORR/OER catalytic activity in
humidified environments?°2, whereas the oxides incorporating high-basicity or highly active
cations (e.g., Ba**, Sr**, Co*") risk deleterious phase decomposition via humidity-induced bulk-
to-surface segregation?® 2%, On the other hand, thermodynamic compatibility minimizes
interfacial resistance and enhances thermal stability due to the matching thermal expansion
coefficients (TECs) between air electrode and electrolytel?*!. Currently, Co-rich perovskite
oxides dominate air electrodes due to their superior redox activity and catalytic performance.
However, excessive thermal expansion caused by Co*"*" leads to instability at elevated
temperatures!!6 2952061 Therefore, identifying Co-free alternatives is necessary to enhance the
air electrode materials’ steam resistance and thermal expansion, even though it will be at the

expense of catalytic activity. To mitigate this challenge, a trade-off method through anion

engineering is proposed?’’!. Specifically, substituting electronegative F~ at oxygen sites to
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weaken metal-oxygen bonds, thus enhancing ionic mobility while preserving catalytic
performance?%%- 2091,

Following this rational design route, this work innovatively designs a bulk-phase self-
assembled nanocomposite air electrode, Ba(Zro.1Ceo.7Y0.1Ybo.1)xFe1xFo.1029-5 (BZCYYFF, x
=0.5-0.7), through a synergistic combination of dual-phase architecture and anion engineering.
The dual-phase structure integrates a Ce-rich proton/electron-conductive phase (P-
BZCYYFF)—chemically akin to proton-conducting electrolytes like BZCYYb to ensure
hydration tolerance and interfacial adhesion—with an Fe-rich oxygen-ion/electron-conductive
phase (M-BZCY YFF) for rapid bulk oxygen ions and electrons transport. Moreover, the socked
dual-phase nanostructure is achieved through the sharing A-site Ba®" cations, isovalent B-site
cations substitution, and interphase ion exchange via one-pot self-assembly process.
Additionally, a Co/Sr-free composition eliminates phase segregation and thermal expansion
mismatch in conventional perovskites, while F~ anion doping enhances ionic mobility without
compromising catalytic activity.

By harmonizing high triple conductivity, steam resistance, and thermal compatibility, this

design positions BZCYYFF as a novel air electrode for durable R-PCEC operation under harsh

thermal and humidified operation conditions.

6.2 Results and Discussion

6.2.1 Nanoscale Biphasic Architectures

Herein, to systematically elucidate the influence of B-site Fe*" cations and O-site F~
anions on the phase evolution of the parent materials, room-temperature XRD patterns were

acquired for powders synthesized via a one-pot sol-gel co-sintering approach with fixed F~ and
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controlled Fe** doping levels, as depicted in Figure 6.1a. All synthesized electrode materials
exhibit a well-defined dual-phase nanocomposite architecture, consisting of a Fe-enriched
cubic perovskite phase with mixed triple (H"/O?*/e") conductivity (M-BZCYYFF) and a Ce-
rich thombohedral phase dominated by protonic conduction (P-BZCYYFF). Notably, the
absence of secondary phases (e.g., BaF:) confirms the successful dual-anion/cation
incorporation and self-assembly into impurity-free dual-phase nanocomposite. Critical analysis
of the magnified XRD profiles (28-32° range) reveals two key trends: phase dominance
modulation and lattice parameter evolution. The diffraction intensity of the M-BZCYYFF
phase increases progressively with Fe*" content, eventually becoming the majority phase, while
P-BZCYYFF peaks diminish in intensity. Concurrently, a continuous contraction of the M-
BZCYYFF unit cell is observed, contrasting with the invariant lattice dimensions of P-
BZCYYFF. These phenomena corroborate the Fe*”*" enrichment in the M-BZCYYFF and
Ce*"** segregation into the P-BZCYYFF. The lattice contraction in M-BZCYYFF directly
correlates with a gradual reduction in Ce*" occupancy within its structure. This partitioning
behavior arises from the substantial ionic radius mismatch at the shared B-site: Ce** (1.03 A)
> Fe’" (0.64 A), which thermodynamically limits Fe*" substitution in the Ce-dominated P-
BZCYYFF lattice.

Rietveld refinement of sample F6 (Figure 6.1b) quantitatively resolves the phase
distribution and crystallographic parameters. The refined model identifies M-BZCY YFF with
Pm-3m space group as the primary phase (72 wt%), while P-BZCY YFF with R-3c space group
constitutes only 28 wt%. This experimental phase ratio markedly deviates from the theoretical

prediction (45 wt%, assuming complete Ce ions partitioning in P-BZCYYFF), providing
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unambiguous evidence for partial Ce retention in the M-BZCY YFF matrix.

The HR-TEM images of the F6 sample (Figure 6.1c¢) reveal an interpenetrating dual-
phase nanostructure, indicative of excellent interfacial compatibility and structural stability.
Furthermore, lattice fringe measurements in regions (1) and (2) yield interplanar spacings of
2.88 A and 3.08 A, respectively, corresponding to the (110) plane of the M-BZCYYFF phase
(denoted as M-F6) and the (104) plane of the P-BZCYYFF phase (denoted as P-F6). These
values exhibit close agreement with XRD-derived d-spacing data and Rietveld refinement
results.

To elucidate the elemental partitioning between these two phases, ED) elemental mapping
and line-scan profiles of Ce and Fe were acquired (Figure 6.1d). Distinct localized enrichment
of Ce and Fe is observed, consistent with the nanoscale dual-phase architecture comprising P-
F6 and M-F6. The line-scan profiles further confirm this phase-segregated configuration,
showing abrupt increases in atomic ratios at phase boundaries, thereby demonstrating ordered
dual-phase alternation. Notably, the Fe-enriched regions retain a non-negligible Ce
concentration (>5 at%), confirming partial Ce incorporation into the M-F6 phase. This residual
Ce doping likely enhances the triple-conducting (H*/O%*7/e") capability of M-F6 by facilitating
proton transport, a hypothesis aligned with the lattice parameter shifts observed in XRD
analysis.

Complementary EDS mapping of all constituent elements (Figure 6.1e) reveals
homogeneous distributions for non-phase-segregated species (e.g., Ba, Zr, Y), underscoring
their uniform solubility across both phases and further corroborating the interfacial coherence.

Importantly, the anion sublattice elements (F~ and O%") also exhibit uniform spatial distribution,
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confirming the successful incorporation of F~ anions into the oxygen sublattice as designed.
Collectively, these multimodal characterization results unambiguously validate the coexistence

of nanoscale M-F6 and P-F6 phases, with precise anion/cation doping achieving targeted lattice

ntegration.
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Figure 6.1 (a) The XRD patterns and its enlargement of F5, F6 and F7 powders; (b) The
Refinement results of F6 sample; (c) HR-TEM images of F6 sample; (d) The Fe and Ce
elements distribution and its line scan results of F6 sample; (¢) The EDS mapping results of F6
sample.

6.2.2 Steam and Heating Resistance

The stability of R-PCEC air electrode materials under humidified atmospheres is critical
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for their practical application. To evaluate the physicochemical durability of the synthesized
air electrode material, the F6 sample was subjected to a 100-hour aging treatment in air
containing 5 vol% H>O at 550 °C, followed by morphological and structural characterization.
SEM images (Figure 6.2a, b) reveal negligible microstructural degradation, with both samples
maintaining their original morphology—bulk substrates decorated with uniformly dispersed
secondary nanoparticles. Complementary XRD analysis (Figure 6.2¢) confirms the phase
stability of the dual-phase composite, as no impurity phases are detected after prolonged steam
exposure. These results collectively demonstrate the exceptional hydrothermal resistance of the
F6 material, attributed to its robust dual-phase architecture.

Thermal compatibility with the electrolyte is another vital criterion for air electrodes, as
it governs the integrity of the electrolyte-electrode interface during thermal cycling. The
thermomechanical behavior of F5—F7 samples was investigated via dilatometric measurements
over 300-900 °C to determine their thermal expansion coefficients (TECs), as shown in Figure
6.2d. All samples exhibit nearly overlapping expansion/contraction curves during heating and
cooling cycles, indicating excellent thermal cycling stability. Calculated TEC values (Figure
6.2¢) reveal a progressive increase with Fe content, rising from F5 to F7. This trend correlates
with the increasing proportion of the M-BZCY YFF phase, which exhibits intrinsically higher
thermal expansion than the Ce-rich P-BZCY YFF phase at elevated temperatures. Remarkably,
the TEC of the optimized F6 sample (12 x 10~ K-!) remains significantly lower than those of
conventional air electrodes (typically >17 x 10°¢ K™)!i2L 210224 Thjs superior
thermomechanical compatibility arises from a synergistic combination of phase-intrinsic

thermal expansion suppression—where both phases exhibit reduced TECs compared to their
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monophasic counterparts—and interphase constraint effects mediated by the interpenetrating
dual-phase architecture, which mechanically buffers lattice expansion through mutual stress
compensation at phase boundaries. Moreover, these attributes ensure close thermal matching
with state-of-the-art electrolytes (BZCYYb: TEC = 10 x 10° K!), minimizing interfacial

delamination risks during operation.
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Figure 6.2 The SEM images of the powder treated in (a) dry air and (b) 5%H>O-air for 100 h
at 550 °C; (c) The corresponding XRD pattern; (d) Thermal expansion and contraction curves
of F5, F6 and F7 bar samples at 300-900 °C; (e) The TEC values for various air electrode
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materials in this work and other reported results.

6.2.3 Triple Conductivity Ability

The high ORR/OER catalytic performance of R-PCEC air electrodes is critically
dependent on the intrinsic proton and oxygen incorporation and transport properties of the
designed materials, which are strongly correlated with oxygen vacancy concentration. To
quantify oxygen non-stoichiometry (9), thermogravimetric (TG) analysis was performed on the
synthesized materials (Figure 6.3a). The F6 sample exhibited significantly greater weight loss
(2.91%) compared to F5 (1.39%) and F7 (1.65%) over 40-900 °C in dry air. Based on
stoichiometric calculations, the derived 6 values for F5, F6, and F7 were 0.24, 0.49, and 0.27,
respectively, confirming that F6 generates abundant oxygen vacancies at elevated temperatures
to enhance oxygen kinetics. Complementary XPS O-1s spectra (Figure 6.3b) revealed that F6
possesses the lowest lattice oxygen content (10.0%) compared to F5 (14.1%) and F7 (16.7%),
further corroborating its elevated oxygen vacancy concentration, which promote crystal lattice
oxygen activation at intermediate temperatures, thus facilitating oxygen adsorption, oxygen-
ion generation, and bulk-phase conduction—key steps in accelerating ORR/OER kinetics.
Notably, adsorbed water species (HO/COs*) in F6 remained comparable to F5 but
significantly higher than F7. This disparity likely arises from the reduced proportion of the
proton-conductive Ce-rich phase (P-BZCYYFF) in F7, which diminishes its capacity to form
protonic defects and compromises proton conductivity.

The proton/oxygen-ion incorporation and transport kinetics—critical determinants of
ORR/OER activity—were probed via ECR measurements. Normalized conductivity relaxation
curves for F6 in dry air (Figure 6.3¢) and derived Dchem and kchem across 450-650 °C (Figure

6.3d) demonstrate accelerated kinetics with increasing temperature. Specifically, Dchem
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increased from 0.128 x 1073 to 0.462 x 107> cm?'s™!, while Kehem rose from 1.36 x 103 to 4.48
x 1073 cms™!, surpassing advance electrodes such as BSCFF and N-BCFZYNF.

Given the operational relevance of humidified environments for R-PCEC electrodes, ECR
kinetics were further evaluated under 3% H2O-air at 550 °C (Figure 6.3e). The relaxation time
decreased slightly from 241 s (dry) to 229 s (humidified), with corresponding increases in Dchem
(0.212 — 0.259 x 10~ cm?s™") and Kehem (0.228 — 0.270 x 10> cm-s!). This marginal
enhancement under humidified conditions reflects the dual-phase architecture’s hydration
resistance and its ability to maintain structural/chemical stability. The coexistence of Ce-rich
P-BZCYYFF and Fe-rich (Ce included) M-PZCYYFF phases create abundant proton/oxygen-
ion adsorption sites and transport channels, ensuring robust oxygen kinetics without significant

protonic defect interference.
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Figure 6.3 (a) TG analysis of F5-F7 powders measured over 40-900 °C in dry air; (b) XPS
spectra of O-1s for F5-F7; (c) the ECR responses curves of F6 sample when switching oxygen
partial pressure in dry air across 450-650 °C; (d) Temperature-dependent Dchem and Kenem values
derived from the ECR transients in (c); (¢) Comparative ECR kinetcs of F6 in dry versus
5%H>0-humidifed air at 550 °C; (f) Summarized Dchem and Kenem values from the ECR process
in (d).

6.2.4 Symmetrical Cell Performance
Collectively, these results validate F6 as a high-performance triple-conducting (H*/0?*/e")

air electrode, combining exceptional ORR/OER activity with operational stability in both dry
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and humidified environments.

To systematically evaluate the electrocatalytic activity of the air electrode materials, the
electrochemical performance of symmetrical cells (configuration: Fx|BZCYYb|Fx, x=5, 6, 7)
was investigated under humidified air. As shown in the EIS Nyquist plots (Figure 6.4a), the
ASR values of the F5, F6, and F7 electrodes at 550 °C in 3% H>O-air were 1.01, 0.33, and 0.64
Q-cm?, respectively, demonstrating the superior electrocatalytic activity of the F6 electrode.
Moreover, to elucidate this enhanced reaction kinetics, DRT analysis was performed by
deconvoluting the EIS data to resolve overlapping electrochemical processes (Figure 6.4b).
The DRT profiles exhibited four characteristic peaks, categorized into three frequency domains:

Low-frequency peak (LP, <10° Hz) which is associated with gas-phase diffusion (02/H20);
Medium-frequency peak (MP, 100-10° Hz) which is attributed to surface exchange and bulk
transport of ionic species (H"/O?"). High-frequency peak (HP, >10° Hz) which corresponds to
charge transfer at the triple-phase boundaries (TPB). A marked reduction in the integrated areas
of the MP and LP peaks was observed for the F6 electrode compared to F5 and F7, while the
HP peak remained unchanged. This indicates that the accelerated electrode kinetics of F6
primarily originate from improved proton/oxygen-ion surface exchange and bulk transport
properties, consistent with its physicochemical characteristics analyzed earlier (Figure 6.3).

To further benchmark the electrocatalytic performance, Arrhenius plots of ASR values for
the F6 electrode were compared with state-of-the-art air electrodes in humidified air (450—
650 °C, Figure 6.4c). The F6 electrode exhibited the lowest ASR values and a minimal
activation energy (E.=1.08 eV), confirming its exceptional catalytic activity for ORR/OER.

The dependence of ASR on gas-phase composition was investigated by varying H.O
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partial pressure (pH20) and O; partial pressure (pO:), as shown in Figure 6.4d, e. Increasing
pH,0 from 3% to 20% induced a marginal ASR increase (0.33—0.40 Q-cm?), whereas
elevating pO> from 10% to 80% caused a drastic ASR reduction (0.43—0.21 Q-cm?, >100%
decrease). This pronounced pO> sensitivity underscores enhanced oxygen kinetics facilitated
by abundant surface oxygen adsorption sites and bulk oxygen vacancies. The minor pH>,O
effect likely stems from competitive consumption of oxygen vacancies by hydration and
oxygen-ion transport processes. Notably, the dual-phase architecture (triple-conducting M-
BZCYYFF and proton-conducting P-BZCYYFF) enables efficient water utilization while
mitigating excessive hydration, ensuring balanced proton and oxygen-ion conduction—a
critical feature for robust R-PCEC air electrodes.

Thermal cycling stability was assessed by subjecting the F6-based cell to 20 thermal
cycles (500-600 °C, 10 °C/min ramp rate). The ASR values remained invariant across cycles
(Figure 6.4f), demonstrating exceptional thermomechanical stability and compatibility with
the BZCYYb electrolyte. Additionally, long-term durability testing at 550 °C in 10% H>O-air
revealed stable ASR values (~0.33 Q-cm?) over 320 hours (Figure 6.4g), confirming negligible
performance degradation.

The synergistic integration of high electrocatalytic activity, phase stability, and
thermochemical robustness positions the F6 dual-phase electrode as a promising air electrode

candidate for proton-conducting electrochemical cells.
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Figure 6.4 (a) The Nyquist plots and (b) corresponding DRT analyses of symmetrical cell
employing F5, F6 and F7 air electrodes at 550 °C in humidified air; (c) Arrhenius plots of ASR
for different air electrodes as a function of temperature (450-650 °C) in wet air for; ASR
dependence of F6 electrode under varying atmospheres; (d) pH20 in air and (e) pO, with
3%H20; (f)Thermal cycling stability of the F6-based symmetrical cell subjected to repeated
temperature ramping between 500 °C and 600 °C; (g) Long-term ASR stability of the
symmetrical cell with F6 electrode operated at 550 °C in 10%H:0-air over 320h.

6.2.5 Electrochemical Performance in FC Mode

To validate the exceptional ORR/OER catalytic performance of the synthesized air
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electrode under practical fuel cell operating conditions, Ni-BZCYYDb fuel electrode supported
single cells were fabricated and tested using F5, F6, and F7 air electrodes. Figure 6. Sa
compares the current-voltage-power density (i-V-p) profiles of these cells under identical
testing conditions (550 °C, air). The F6-based cell demonstrated superior electrochemical

performance, achieving a peak power density (PPD) of 0.494 W-cm™

, significantly
outperforming the F5 (0.412 W-cm2) and F7 (0.341 W-cm™2) counterparts. This enhanced PPD
aligns with the minimized ASR of the F6 electrode shown in Figure 6.4, underscoring the
critical role of optimized triple-phase boundaries enabled by its dual-phase architecture, which
facilitates superior proton/oxygen-ion surface exchange kinetics and bulk transport properties.
To further probe the temperature-dependent catalytic activity, the F6-based cell was evaluated
across 500650 °C (Figure 6. 5b). Remarkably, PPDs of 0.778, 0.614, and 0.386 W-cm were
achieved at 650, 600, and 500 °C, respectively, demonstrating exceptional low-temperature
performance. Comparative analysis with state-of-the-art air electrodes (Figure 6. 5¢) confirms
the competitiveness of the F6 electrode, which ranks among the highest-performing systems
reported for protonic ceramic cells at 550 °C. Crucially, this high catalytic activity is coupled
with robust operational stability. As evidenced in Figure 6. 5d, the F6-based cell maintained a
stable output voltage of ~0.80 V for 110 hours under a constant current density of 0.40 A-cm™>
at 550 °C, with negligible degradation. These results collectively validate the F6 air electrode

as a high-performance, durable catalyst for proton-conducting fuel cells, combining enhanced

ORR/OER kinetics with thermochemical resilience under realistic operating conditions.
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Figure 6.5 (a) i-V-p profiles of single cells employing F5, F6 and F7 air electrodes at 550 °C;
(b) Temperature-dependent i-V-p characteristics of the F6-based single cell across 450-650 °C;
(c) Comparative PPDs achieved by single cell with F6 air electrode (this work) against state-
of-art air electrodes reported in other literatures; (d) Durability of the F6-based single cell
operated at 550 °C under a constant current density of 0.40 A cm 2.

6.2.6 EC Performance and Stability

To further validate the reversible ORR/OER electrocatalytic activity of the dual-phase air
electrode, F6-based R-PCEC was assembled and evaluated under bidirectional operating
conditions. As shown in Figure 6.6a, the i-V curves demonstrate exceptional reversibility
between FC and EC modes at 500-600 °C, with humidified air (5% H-0O) supplied to the air
electrode. Notably, under an applied voltage of 1.3 V, the EC-mode current densities reached

0.917, 0.649, and 0.448 A-cm™ at 600, 550, and 500 °C respectively. Stability tests under
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alternating current densities (+0.16-+0.64 A-cm™

, 2-hour intervals per step) revealed
negligible voltage degradation, confirming robust operation during rapid mode transitions
(Figure 6.6b). This operational resilience of the F6-based R-PCEC arises from synergistic
interfacial robustness—evidenced by post-test SEM showing intact electrode-electrolyte
adhesion without delamination (Figure 6.6¢, d), attributable to matched TECs—and catalytic
durability enabled by the dual-phase architecture, which sustains stable ORR/OER activity via
hydration-resistant proton/oxygen-ion transport pathways. Moreover, the EC performance
metrics are particularly remarkable when against state-of-the-art R-PCEC air electrodes (such
as BCFZY, BSCFF, SCFN, PBCsC) at 550 °C Figure 6.6e. Under prolonged EC operation
(—0.40 A-cm™2, 550 °C), the F6-based cell exhibited <3% voltage decay over 180 hours at
10%H0-air (Figure 6.6f).

Critical for practical deployment, the R-PCEC demonstrated flawless reversibility across
18 cycles (180 hours) when alternating between EC (—0.40 A-cm™2) and FC (0.32 A-cm™)
modes at 550°C (Figure 6.6g). This cyclic stability—uncharacteristic of conventional
electrodes—originates from the F6 electrode’s electrochemical stability, structural integrity,
and exceptional electrolyte compatibility. Collectively, these results position the F6 dual-phase

nanocomposite as a promising air electrode catalyst for R-PCECs, achieving unprecedented

bifunctional activity (ORR/OER) and durability under realistic operating conditions.
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Figure 6.6 (a) i-V characteristics of the F6-based R-PCEC operating in FC and EC modes at
500-600 °C; (b) Stability tests under varying current densities (+: FC mode, —: EC mode);
Cross-sectional SEM image of the R-PCEC after stability test: (c) the whole cell and (d) the
electrode-electrolyte interface; (¢) Comparative electrolysis current densities at 550 °C (1.3 V
applied bias) for the F6 air electrode against state-of-the-art proton-conducting air electrodes;
(f) Durability test under constant electrolysis current density (—0.44 A-cm2) at 550 °C; (g)
Long-term durability of the R-PCEC under cyclic operation alternating between electrolysis
(—0.40 A-cm2) and fuel cell (+0.32 A-cm2) modes at 550 °C.

6.3 Conclusion

This study developed a novel nanocomposite air electrode,

Ba(Zro.1Ceo.7Y0.1Ybo.1)0.4Fe0.6F0.102.9-5 (F6), through the integration of one-pot in situ bulk-
phase self-assembly and anion engineering strategies. The F6 electrode exhibits exceptional

steam resistance, thermomechanical compatibility, and high ORR/OER catalytic
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activity/stability. Experimental results demonstrate that in situ bulk-phase self-assembly
generates a nanoscale dual-phase architecture comprising a triple-conducting primary phase
and a proton-conductive secondary phase, which collectively establish continuous proton
absorption/transport pathways to significantly enhance proton conductivity. Concurrently, the
incorporation of electronegative F~ anions weaken metal-oxygen bonds across both phases,
markedly improving surface oxygen exchange kinetics and bulk oxygen-ion transport. These
attributes synergistically endow the electrode with superior triple conductivity. The exclusion
of Co/Sr cations, coupled with tightly interlocked dual-phase nanostructures, confers robust
hydration resistance and thermal expansion matching with proton-conducting electrolytes.
Consequently, the F6 electrode achieves remarkable catalytic performance, exhibiting an
ultra-low ASR of 0.33 Q:cm? at 550 °C—surpassing most state-of-the-art air electrodes.
Notably, it delivers a PPD value of 0.494 W-cm™ in FC mode and an exceptional electrolysis
current density of 0.649 A-cm at 1.3 V in EC mode. Long-term cyclic operation tests (180
hours) under alternating current densities in 10% humidified air further validate its operational
durability and adaptability as an R-PCEC air electrode. These findings position F6 as a
promising nanocomposite bifunctional catalyst capable of stable, reversible operation under
fluctuating thermal and humidified conditions. The synergistic combination of in situ bulk-
phase self-assembly and anion engineering presented herein establishes a rational design
paradigm for advanced energy materials, offering transformative potential for high-

performance energy storage and conversion devices.

126



CHAPTER 7 Conclusions and Suggestions for Future Research

7.1 Conclusions

This study focuses on developing high-performance triple-conducting air electrodes for
R-PCECs, addressing critical limitations in catalytic activity and stability through three
systematically engineered strategies rooted in electrode reaction mechanisms, material
physicochemical properties, charge carrier kinetics, and operational demands.

First, we pioneered an anion engineering approach by substituting electronegative F~ and
CIl” anions into the oxygen sublattice of the mixed ionic-electronic conductor BSCF. This
strategic modification weakened metal-oxygen bonds within the perovskite lattice, yielding the
optimized BSCFF air electrode, which demonstrated markedly enhanced ORR/OER activity
due to facilitated bulk triple conductivity.

Subsequently, leveraging the bond-weakening effects of anion engineering, we developed
a dual-optimization strategy that synergistically tailors bulk metal-oxygen bond strength and
surface catalytic activity. By in-situ exsolving metal oxide nano-catalysts (NiO) on the surface
and incorporating F anions into the bulk phase, we successfully synthesized the nanocomposite
electrode N-BCFZYNF. This architecture simultaneously enhanced bulk oxygen-ion mobility
and surface reaction kinetics, achieving superior bifunctional catalytic performance under
operational R-PCEC conditions.

Finally, recognizing the imperative for steam resistance and thermomechanical
compatibility in practical applications, we innovated a one-pot in-situ bulk-phase self-assembly
strategy integrated with anion engineering. This approach generated a nanoscale dual-phase

architecture comprising: A triple-conducting major phase (M-BZCYYFF) ensuring rapid
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H/O*/e~ transport, and a proton-conductive secondary phase (P-BZCYYFF) which
chemically akin to state-of-the-art electrolytes (BZCYYD), establishing continuous proton
absorption/transport pathways. Moreover, the exclusion of Co/Sr cations eliminated phase
segregation risks, while electronegative F~ doping weakened interatomic bonds across both
phases, enhancing ionic mobility. Crucially, the interlocked nanostructure conferred
exceptional steam resistance and thermal expansion, addressing long-term stability challenges
in conventional single-phase or surface-decorated electrodes.

Collectively, these strategies establish a transformative framework for designing R-PCEC
air electrodes that integrating high catalytic activity, triple conductivity, and operational
durability—ecritical ~ advancements toward intermediate-temperature  solid  oxide

electrochemical cells and other energy storage and conversion devices.

7.2 Suggestions for Future Research

Despite advancements in triple-conducting bifunctional air electrodes for R-PCECs,
critical challenges still persist, including (1) the competing proton and oxygen-ion transport
mechanisms that hinder simultaneous optimization of both processes; (2) the trade-off between
hydration capacity and structural stability under high steam pressures; (3) insufficient
durability testing durations compared to practical benchmarks (>0.2% per 1000h); (4)
performance compromises in iron-based systems, which reduce costs and thermal expansion
but often sacrifice catalytic activity; and (5) limited electrochemical performance at low-
temperature (<400 °C), thus hindering R-PCECs’ commercialization process.

To address these challenges, multi-dimensional strategies integrating computational and

experimental tools are necessary to be applied. Specifically, machine learning, DFT and
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multiphysics modeling should be widely applied to underscore the intrinsic material properties
(e.g., oxygen vacancy formation energies, proton migration barriers) and the rate-limiting steps
of air electrodes reactions.

Despite these challenges, the development of air electrode materials has made significant
progress over the past several decades, and their future potential is promising. In the future,
synergizing advanced modification techniques (e.g., anion engineering, dual-phase architecture)
with validated computational frameworks is more promising. In this way, next-generation air
electrodes hold potential to achieve balanced triple conductivity, hydration resistance, and
thermomechanical stability—essential for commercializing durable, low-temperature R-

PCECs energy conversion and storage device.
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