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Abstract
Carbon dioxide (CO3) electrolysis, when combined with renewable energy sources, has emerged
as a promising technology for reducing CO, emissions. Integrating CO; electrolysis into solid
oxide electrolysis cell (SOEC) technology has become one of the main ways to reduce carbon
emissions in the future due to its advantages of high efficiency, high selectivity, long lifespan
and scalability. In recent years, significant efforts have been dedicated to developing promising
electrode materials and gaining insight into the reaction mechanisms for CO; electrolysis in
SOEC, leading to the prospect of a sustainable and low-carbon future. Perovskites with exsolved
nanoparticles (P-eNs) have become the most promising electrode materials, thanks to the
coupling of multifunctionality of perovskite and the high activity and thermal stability of the
exsolved nanoparticles. However, several challenges remain with regards to their practical
applications, such as enhancing the stability performances of P-eNs and a more comprehensive
understanding of CO; electrolysis mechanisms on P-eNs based cathodes. Addressing these
issues will facilitate the commercialization of CO; electrolysis using P-eNs based materials,

bringing us one step closer to a greener future.

Although many efforts have been devoted to enhancing the catalytic activity of perovskite by
promoting the exsolution, the remarkable degradation of P-eNs based materials, particularly at
high voltages, still remains as a major challenge. In my first work, using SraFe1.3Nio.2Mo00506.5 as
a model example, | have demonstrated that the B-site vacancies left on the perovskite scaffold
after exsolution have a great influence on the stability of P-eN-based catalysts. Through ion

exchange between foreign Fe cations and bulk Ni cations in the parent perovskite, the
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resistance to reduction of the perovskite substrate with B-site supplement has been
significantly enhanced, resulting in the improved stability performance at high voltages
compared to the P-eNs without B-site supplement. Furthermore, | have put forward the
degradation mechanisms based on the structural evolution of perovskite substrate to shed

lights on the origin of performance deterioration of P-eNs based cathodes.

In addition, the full exploitation of the heterogeneous architecture on exsolution-facilitated
perovskites is still limited due to the absence of fine-regulation over the phase evolution of host
perovskite during exsolution. Consequently, our current understanding on how the phase
transformation of the perovskite scaffold affects the catalytic performances of P-eNs remains
inadequate, leading to a lack of design guidance for exsolution-promoted P-eNs materials. In
the second work, | identified a set of strategies for controlling the phase evolution of the
perovskite scaffold without compromising exsolution on SraFe12Nio3Mo0o506-s. In particular, the
trade-off between the promoted exsolution of nanoparticles and well-preserved phase
structure of host perovskite has been broken by a B-site supplement strategy. Using CO;
electrolysis as an illustrative case study, we have experimentally and theoretically
demonstrated that the carbon monoxide production and operating stability of P-eNs can be
selectively enhanced by regulating the phase evolution of host perovskites while facilitating
exsolution. My findings shed light on the significance of the phase structure of the host
perovskite in catalytic reactions occurring on P-eNs. Furthermore, the effective implementation
of B-site supplement strategy could potentially pave the way for ground-breaking advance in

the field of catalytic chemistry.
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In my latest research, | have presented another novel and ingenious method involving F-doping,
aimed at effectively suppressing the phase transition of SraFe1.,Nio.3Mo00506-5 (SFN3M) during
exsolution and enhancing the stability performances of exsolved SFN3M in CO; electrolysis. The
experimental characterizations combined with density functional theory calculations reveal that
the incorporation of fluorine into SFN3M lattice is beneficial for preserving the high oxidation
states of B-site cations and inhibiting the lattice oxygen loss, resulting in a robust BOs
octahedron in host perovskite. It is found that the well-preserved double perovskite structure
exhibits a stronger interaction with CO,, thus enhancing the catalytic activity of F-doped
exsolved SFN3M (F-SFN3M-red). Furthermore, the robust BOs octahedron of host perovskite
significantly enhances the resistance of F-SFN3sM-red to decomposition under high-voltage CO;
electrolysis, leading to the significantly increased carbon monoxide productivity over a broad
voltage range. These findings highlight that F doping strategy has great potential to aid the
development of exsolved perovskites with high catalytic activity and stability for a wider range

of electrocatalysis applications.
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Chapter 1. Introduction

1.1 CO; capture and conversion: Closing the cycle

As one of the most notorious greenhouse gases, the atmospheric carbon dioxide (CO;) has
undergone an unprecedented increase over the past few decades (Figure 1.1), [1] primarily
caused by the frequent anthropogenic activities such as excessive consumption of fossil fuels
and deforestation. [2-4] Consequently, the accumulation of CO; and other greenhouse gases in
atmosphere has accelerated the global warming, resulting in the melting of the polar ice caps,
sea level rise, increasingly intense heatwaves, floods, and tropical storms. Such natural disasters
have seriously threatened the environment and human existence on Earth. [5] To address the
global warming and the impacts of climate change, member states of the United Nations signed
the Paris Agreement in 2015, which established comprehensive international framework to
reduce greenhouse gas emissions. [6] Policymakers worldwide have taken active measures to
reduce carbon footprint by issuing decrees on energy conservation and emission reduction, as
well as vigorously encouraging the research and development of CO; emission reduction and

renewable energy utilization technologies. [7, 8]
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Figure 1.1 The concentration of CO; in the atmosphere from 1958-2021. Reprinted with

permission from Reference. [1] Copyright (2022) Earth System Science Data.

The major technologies utilized to mitigate CO, emissions primarily include carbon capture and
storage (CCS) and the conversion and utilization of CO,. [9-11] However, the widespread
implementation of CCS has been impeded by its strict geological requirements and high energy
consumption.[12, 13] In contrast, the conversion of CO; into chemical products by chemical
reformation, mineralization, enzymatic catalysis, and photochemical/electrochemical methods
presents a more compelling avenue towards achieving carbon neutrality (Figure 1.2). [14-18] In
particular, the electrochemical conversion of CO; has significant potential for practical
applications due to the following reasons: (1) it is more efficient and requires less energy, (2)
the production can be more readily controlled by adjusting the applied voltage and
temperature, (3) the system can flexibly incorporate renewable energies such as wind, solar,

nuclear, and geothermal power to drive CO; conversion. [19-23]
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Figure 1.2 lllustration of CO, conversion and utilization through popular pathways, including
chemical reformation, mineralization, enzymatic catalysis and photochemical/electrochemical

methods. [18] Copyright (2018) Elsevier.

1.2 Basic principles of CO; electrolysis in solid oxide electrolysis cell (SOEC)

There are two typical approaches to achieving the CO; electroreduction: CO; reduction at room
temperature and CO; electrocatalysis at elevated temperatures (Figure 1.3). [12, 24-26] Room-
temperature electrolysis of CO2 occurs in an aqueous environment, usually in an H-typed
electrolysis cell or flow cell. [24, 27] The apparent advantage of this method is its broad range
of product types, which includes carbon monoxide (CO), formic acid, methane, methanol,
ethanol, and more. [18, 28, 29] However, its low current density, insufficient stability
performance, poor energy efficiency, and additional cost in product separation impede its path

to industrialization. [30, 31]



~: 0; |- /;{co

H . fuels o*
0,

o0 - \ -HCO;
: Anode Cathode
\ )

Figure 1.3 Schematic diagram of CO; electroreduction at (a) room temperature and (b) high

temperature.

1.2.1 Introduction and application of CO; electrolysis in SOEC

Compared to CO; electroreduction at room temperature, high-temperature CO; electrocatalysis
(700-1000 °C) in SOEC has shown great potential for reducing carbon footprint and eventually
achieving carbon neutrality due to its following advantages. [26, 31-33] Firstly, the CO;
electrocatalysis at elevated temperatures results in the facilitated reaction kinetics and
enhanced electrochemical efficiency, thus leading to reduced energy consumption. [34, 35]
Secondly, the primary cathode product of high-temperature CO; electrocatalysis is CO, which
avoids the requirement for product separation that commonly happens in the case of CO;
electroreduction at room temperature. [28, 33] The CO produced can react with H; in a precise
ratio to generate the highly promising energy carrier known as synthesis gas. This can be
further processed via Fischer-Tropsch synthesis to produce a variety of chemicals or liquid fuels.
[36, 37] Thirdly, the SOEC can be flexibly integrated with the intermittent renewable energy
from solar, wind, geothermal, tidal, etc, to optimize energy systems (Figure 1.4). [38] Moreover,
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the reversible operation of SOEC and solid oxide fuel cell (SOFC) modes enables the mutual
conversion of electricity and fuel, overcoming the shortcomings of intermittent renewable

energy. [39-42]
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Figure 1.4 lllustration of the practical application of the CO: electrolysis in SOEC technology in a
future energy system with increased share of intermittent electricity from renewable sources
such as wind and solar. [38] Copyright (2020) American Association for the Advancement of

Science.

It is worth noting that CO; electrolysis in SOEC also shows great promise in space exploration. In
fact, the concept of CO; electrolysis in SOEC was initially proposed in the 1960s-70s for

producing oxygen and fuel for rocket thrusters from the Martian atmosphere. [43-46] The Mars



2020 rover mission has recently achieved a significant breakthrough by successfully converting
CO; into breathable oxygen for the first time ever, [47] thus opening up a large number of

possibilities for future applications.

The general SOEC for CO; electrolysis is comprised of three essential components: electrolyte,
anode and cathode, as depicted in Figure 1.5. [31] The porous cathode and anode
compartments are separated by a dense solid electrolyte such as Lao.gSro.2Gao.sMgo.203-5 (LSGM),
8 mol% Y,0s stabilized zirconia (YSZ), gadolinia-doped ceria (GDC) and Ceo.sSmo.201.9 (SDC). [48-
51] These materials allow only the transportation of oxygen ions and impede the conduction of
electrons. During CO; electrolysis, the gaseous CO; is fed to the cathode where it is converted
to CO and oxygen ions. These oxygen ions subsequently diffuse through the dense electrolyte
towards the anode side and are ultimately converted to O, at the anode side. [52, 53] The

reactions on the cathode and anode can be expressed by the following equations.

Cathode: CO, + 2e™ - CO + 0% (1.1)
Anode: 02~ - 0, + 2~ (1.2)
Anode 0% > %0, +2e

(oxide electrode) 4

0% Electrolyte T

Cathars CO2e > CO+OZ |4
(fuel electrode)

Figure 1.5 SOEC schematics and the CO; electrolysis reaction paths in SOEC with an oxygen-ion

conductor electrolyte.



1.2.2 Thermodynamics and kinetics of CO; electrolysis in SOEC

Figure 1.6 illustrates the total energy required for the conversion of CO, into CO, as
represented by the enthalpy of reaction (AH), as a function of temperature. Remarkably, the
AH remains nearly constant as temperature increases, while the demand for electrical energy
(AG, Gibbs free energy) can be significantly offset by heat (TAS, entropy term) (equation
1.3). [54] Therefore, the CO, reduction at room temperature requires considerably more
electric energy, making the process much less efficient. By contrast, the CO; electrolysis in
SOECs at 800 °C can reduce electric energy consumption from 90% to 67%, resulting in a

substantial improvement in energy efficiency. [33]
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Figure 1.6 Total energy demanded (AH) and electrical energy demanded (AG) for conversion of

CO; into CO as a function of temperature. [34] Copyright 2014 American Chemical Society.



The electromotive force to drive CO; reduction without the heat exchange with environment

can be mathematically expressed by Equation 1.4:

AH® = A,G® +TA,S® (1.3)
S}
EO = &% (1.4)
nF

Where E? is the standard-state reversible cell voltage, n is the number of moles of electrons
transferred (n is equal to 2 in case of 1 mol CO; splitting), F is Faraday’s constant (96485 C mol
1). E© at the standard-state conditions (25 °C and 1 atm) is 1.33 V and decreases with increased

temperature.

In addition, the reversible voltage E,, is also affected by the partial pressure of CO, and CO at
cathode side and the oxygen partial pressure at anode side, which can be expressed by the

Nernst equation: [54]

RT Pco,

Eyep = E° —
rev 2F " pcopo,/?

(1.5)

Where R is universal gas constant, T is absolute temperature, p¢o, and p¢o are the partial
pressure of CO2 and CO at cathode, respectively, while py, is the oxygen partial pressure at
anode. Assuming the CO2/CO is equal to 1 at the cathode side and 1 atm oxygen at the anode,
the calculated E,.,, = E® = 0.97 V at 800 °C. During the practical CO; electrolysis, the anode is
usually exposed to air, the oxygen partial pressure is only 0.21 atm, which causes the further

decrease of E,, to 0.947 V. Table 1.1 lists the values of E,..,, at 800 °C when anode is exposed



to air and cathode is fed using different CO/CO, atmospheres, it is clear that E,,, shows a

decreasing trend with decreasing CO concentration. [55]

Table 1.1 Reversible voltage E,..,, at 800 °C for CO; electrolysis when anode is exposed to air

and cathode is fed using different CO/CO; atmospheres [55].

CO/CO; 2:1 1:1 1:2 1:4 1:9 1:19 Pure CO;

Erey (V) 0.979 0.947 0.915 0.883 0.845 0.811 0.364

In terms of kinetics, this thesis prioritizes the cathode side where CO; reduction occurs, and the

cathode reaction can be represented by Kroger-Vink notation:
CO,(g) +2e' +V, =C0(g) + 0% (1.6)

Where e refers to free electron from external circuit, V" represents oxygen vacancy in cathode,
and 0{5 is the lattice oxygen. In details, it involves the adsorption and activation of the non-
polarized CO;, charge transfer, and CO desorption. These sub-processes play an important role
in determining the performance of CO; electrolysis by influencing the activation polarization,

ohmic polarization, and concentration polarization of SOEC.

The activation polarization of the cathode is highly related to the reactivity of the catalysts. The
Butler-Volmer equation is a fundamental equation to describes the interplay between the
current density and applied voltage associated with the cathodic activation polarization,

(Equation 1.7) providing the insights into the underlying mechanism of this process:

ico,=Lo,co,[€XP (aggc) — exp (_ %)] (1.7)



Where i¢o, is the electrolysis current, iy o, is the exchange current, a is the charge transfer
coefficient, F is Faraday constant, 7. is the activation overpotential, R is gas constant. It is
noted that the forward reaction dominates when i co, is small and 7. is large, and the Butler-

Volmer equation can be simplified into Tafel equations.

Ne = a+ blogico, (1.8)
RT .
a=— ﬁ lnlo‘coz (19)
RT
= (1.10)

Where b is called the Tafel slope. Once the activation polarization region has been surpassed
(i.e., the energy barrier that hinders the reaction has been overcome), the current density-
voltage curve is primarily dominated by ohmic polarization, encompassing the transfer of
oxygen ions and electrons. As the voltage is further increased, the reaction rate also rises,
leading to rapid reactant consumption. This, in turn, results in a decline in reactant
concentration at the cathode surface. Consequently, the current density no longer increases

with increasing applied voltage, but instead remains constant at the limiting current density.

1.2.3 Metrics for evaluating SOEC performances
To evaluate the performance of the state-of-the-art SOEC, various fundamental metrics have

been introduced.

Open-circuit voltage. The theoretical open-circuit voltage (V) is dependent on the difference
of oxygen partial pressures at cathode (po, ) and anode (pg, 4), [55] which can be expressed by

the Nernst equation for oxygen reduction reaction.

10



RT ;D04
4F  po,.c

V,, = (1.11)

The experimentally measured open-circuit voltage (Vo reqr) is expected to be slightly lower
than the theoretical V,. due to the inevitable leakage, internal short circuit and polarization of
the cell. Generally, Vj req: is used to evaluate the tightness of cell before CO; electrolysis. Upon
exceeding the V, .41, @ non-zero current density arises, which drives the CO2 reduction at

cathode and oxygen evolution reaction at the anode.

Current density-voltage curve (j — V). j — V curve is used to quantitatively evaluate the overall
CO; electrocatalysis performance of a SOEC. This metric allows for a preliminary judgment of

the catalytic activity of cathodic catalyst by comparing the j under the same conditions.

Electrochemical impedance spectroscopy (EIS). Once the current response of the SOEC has
been recorded through the application of a small sinusoidal voltage perturbation (a maximum
20 mV alternating current signal is applied to keep a pseudolinear segment of the j — V curve),
the resulted Nyquist plot provides a clear visualization of the real and imaginary components of
impedance, allowing for an in-depth analysis of the electrode reaction in SOEC. The EIS results
can be further interpreted through the use of equivalent circuit modeling, which can extract
valuable electrode kinetic information, thus revealing the underlying processes occurring on the
electrodes. In this way, EIS serves as a powerful in-situ diagnostic tool that can help distinguish

the major sources of polarization loss and uncover the electrode dynamic process of the SOEC.

Faraday efficiency (FE;p) and CO productivity. FE;, and CO productivity are another two

important indexes that can be determined through a series of potential step

11



chronoamperometry. Faraday efficiency is a measure of the efficiency with which charge
(electrons) is transferred during an electrochemical reaction, and is described by the general

formula in Equation 1.12:

FE; = 2™ % 100% (1.12)

total

Where n is the number of electrons exchanged, F is Faraday’s constant (F = 96487 C/mol), v is
the mole fraction of the product gas in the gaseous mixture analyzed (also equals to the volume
fraction if gases are assumed to be ideal, F,, is the molar flow rate in mol/s, and I;,¢; is the
total current. For CO; electrolysis in SOEC, the only product at cathode side is CO. The specific
Faraday efficiency formula for producing CO can be derived from the general Faraday efficiency
formula. As shown in Equation 1.13, the molar flow rate is derived from the volume flow rate V
by the relation F,, = poV/RT, with p, the atmospheric pressure (Pa), R the ideal gas constant (R
= 8.314 J/mol K), and T the temperature in K. Therefore, the Faraday efficiency for producing

CO (FE(p) can be expressed as Equation 1.16:

FE., = =227 + 100% (1.13)

RToltotal

3
2x96485(——) xV (T)xv(v01%) X 1.01X 105 (—-
mol s m2
N-m
mol-K

8.314(—7-)x298.15(K) X total (9)

mL
min

N-m
8'314(mol-1(

3
Y1107 () xv(1v01%) X 101X 105 (—s)
mi ——m % 100% (1.15)

C
)X298-15(K)Xltotal(§)X60(ﬁ

C
2X96485(—— )XV
— mol
FEqo =

Where the unit of V is mL/min. Then,
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0.1315xV(nT—iI;l)><v(vol%)

Itotal(A)

L .
Where V(%)= Gas flow rate measured by a flow meter at the exit of the cell at room

temperature and under ambient pressure.

v(vol%) = Volume concentration of CO in the exhaust gas from the cell (obtained by gas

chromatography).
Liotal (A) = cell current during short-term stability experiments.

CO productivity, on the other hand, measures the amount of CO produced per unit time, which

can be described by the following equation: [56]

QtotalXFECoX22.4(L/mol)X1000X60(-—)
Fntsx100

Production rate of CO = (1.27)

Where qtotq1 = total charge passed.

FE ., = Faradaic efficiency of CO.

F = Faraday constant.

n = the number of exchanged electrons to produce CO from CO..

t = electrolysis time (h).

S = the geometric area of the electrode (cm?).

Both of these two parameters provide important information about the efficiency and

effectiveness of the electrocatalytic system in converting CO; to CO.

13



1.3 Scope of the thesis

CO; electrolysis in SOEC represents a promising technology for converting CO, to valuable
chemicals with the potential to reduce carbon emissions at commercial scale and promote a
low-carbon economy. [38] Despite its promising future, CO2 electrolysis in SOEC remains at the
laboratory research and development stage. Advanced electrode materials are crucial to the
transition of this technology from laboratory to industrialization, and perovskite-based
materials have emerged as a particularly promising candidate due to their low cost, abundance,
and ease of synthesis. [57] However, the catalytic activity of perovskite is still inferior to that of
commonly used Ni-based ceramics. [31] Fortunately, the use of in-situ exsolution techniques
can enhance the catalytic activity of perovskites. Nonetheless, employment of perovskite
materials with exsolved nanoparticles for practical application still presents many challenges.
This thesis places its primary emphasis on the advancement of perovskite with exsolved
nanoparticles (P-eNs) based electrode materials that exhibit both high catalytic activity and
stability; the thesis also investigates the CO; electrolysis mechanism on P-eNs to direct the
creation of P-eNs based catalysts suitable for a broad range of applications in energy storage

and conversion.
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Chapter 2. Literature review of cathode candidates for CO, electrolysis

in SOEC

In consideration of the cathode reaction, it is imperative that cathode materials fulfill several
prerequisites, including high ionic and electronic conductivities, superior catalytic activity,
robust stability under operating conditions, and high compatibility with electrolyte. [31, 54]
Over time, many cathode materials have been developed to meet these requirements, ranging

from metals and metal-ceramic materials to perovskite-based materials. [26, 35, 58-60]

2.1 Metal, metal oxide-based cathode materials

Metals, such as Ni and Pt, have demonstrated high catalytic activities towards CO;
electrocatalysis in SOEC. [61, 62] However, the cathode reaction occurs only at the interface
between metal and electrolyte due to the poor oxygen ion conductivity of metal, which
restricts the length of the triple phase boundary (TPB) composed of gaseous CO;, oxygen ion
conductor and electronic conductor (Figure 2.1a). [63] The introduction of a pure oxygen ion
conductor like YSZ and GDC can expand the TPB across the entire cathode layer, thereby
increasing the number of reactive sites for CO, electrocatalysis (as depicted in Figure 2.1b).
Typically, Ni-YSZ has been extensively studied as the cathode owing to its excellent ionic and
electronic conductivities. [53, 64] Furthermore, the catalytic performance further improves by
replacing YSZ with GDC due to the mixed ionic and electronic conductivity of ceria in the
reducing environment. [65-69] The reduction of GDC (Ce**t — Ce3*) in the composite
electrodes under cathodic polarization would offer additional electrical conduction paths

(Equation 2.1). [70-72]
15



Cef, + 05 = Ce(e + Vg + € +50; (2.1)

Nevertheless, a major issue for the Ni-cermet is the easy oxidation of Ni at high CO;
concentration, which significantly decreases the reactivity of electrode. [73-75] To address this
issue, a small amount of reductive gases such as CO or H, have been introduced into the
cathode side along with the CO; flow. [76] Yue et al. found the polarization resistance of Ni-YSZ
cathode initially reduced but then increased with increasing the CO concentration in the
cathodic reaction gas flow. [77] The reduced polarization resistance of Ni-YSZ at low
concentration of CO can be ascribed to the suppressed oxidation of Ni, while the incorporation
of high concentration of CO would lead to the undesired coking near Ni active sites. [53, 78] In
addition, other metal-cermets like Cu-GDC, Ni-Ru-GDC have also been investigated as cathode
materials for CO; electrolysis due to the relatively cheap price of Cu and higher resistance to

carbon deposition of Cu and Ru than Ni. [79, 80]

a b &
()
FRTessedss
[ 1
electrolyte electrolyte electrolyte
Ni: @ TPB:. Ni: @ YSZ:. TPB: - Perovskite: TPB: Q

Figure 2.1 Schematic diagrams of TPB in the (a) metallic Ni, (b) Ni-YSZ and (c) perovskite-based

catalysts.

2.2 Perovskite-based cathode materials
Perovskites have shown great potentials as the alternative cathode materials for CO;

electrocatalysis due to their unigue mixed ionic and electronic conductivity (MIEC) (Figure 2.1c),
16



[57, 81-83] high redox stability and high resistance to coking at elevated temperatures. [84, 85]
Typically, a simple perovskite has a general formula of ABOs:s5, where A-site is occupied by the
large-sized alkaline earth ions coordinated with twelve oxygen ions, [83, 86] such as lanthanides,
while B-site is occupied by the small-sized transition cations coordinated with six oxygen ions

(Figure 2.2).

Figure 2.2 The structure illustration of idea perovskite ABOs:s. (@) Corner-sharing (BO6)
octahedral with A ions located in 12-coordinated interstices. (b) B-site cation at the center of

the cell. [83] Copyright (2017) Elsevier.

Due to the remarkable electronic structural versatility and compositional flexibility, the
abundant defect sites and feasible cation substitution with similar ionic radii are allowed on A-
site, B-site and O-site of perovskite. [87-89] The tolerance factor t’, [90] first introduced by
Goldschmidt in the early 1920s, provides a preliminary means of assessing the structural

characteristics of perovskites: [91]

1 _ (ratro)
t= \/E(T'B+T‘o) (22)
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Where 14, 15 and 7, are the ionic radii of the A-site cation, B-site cation and O-site anion,
respectively. The range of t for most developed perovskites lies between 0.75-1.00. When t' =
1, a perfect cubic structure can be obtained, whereas the crystalline structure of perovskite will
undergo distortion and transformation when the t deviates from 1, resulting in orthorhombic,
tetragonal, or rhombohedral structures. This endows the perovskites with the versatile
physicochemical properties. Besides the simple perovskite structure, there are two other
representative perovskite-derivatives: double perovskite (AA’B;Os:s or A;BB’Os:s) and

Ruddlesden-Popper typed perovskite-oxides (An+1BnOs3n+1, R-P typed perovskite). [92-95]

a) ABO, b) AA'B,Os.s c) A,BO,.s
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Figure 2.3 Stacking structures of (a) simple perovskite ABOs:s, (b) double perovskite AA’B;0s.s
and (c) Ruddlesden-Popper typed perovskite-oxides (ABOa:s). [96] Copyright (2014) RSC

Publishing.

A comprehensive understanding of the structural characteristics and the CO. electrolysis
mechanism on various perovskite derivatives can help us deliberately design the
multifunctional composite catalysts. [97] The crystal structure of the simple perovskite with a

formula of ABOs.5s can be envisioned as a stack of alternating AO and BO; sheets (Figure 2.3a).
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[96] When the aliovalent dopant A' or B' alternately occupy the A-site or B-site with the hosts A
and B in an atomic ratio close to unit, the crystal structure could be transformed into a double
perovskite structure (Figure 2.3b), the common double perovskite involves PrBaMn,0Os.s and
SraFeMoOs.s systems. [98-101] It results in the alternating differences in the oxygen ion binding
capacity between host cation and aliovalent dopant in adjacent alternating layers due to the
difference in charge, which leads to the lower formation energy of oxygen vacancy for the
layers with weak oxygen binding capacity. [102, 103] The alternating layers with more open
oxygen ion channels contribute to the increased oxygen ion conductivity of double perovskites.
[104-106] The crystal structure of another intriguing family of R-P typed perovskite is
constructed in a sandwich-like stacking with n ABOs perovskite blocks inserted between AO
rock salt planes (AO—(BO>—AO-)r—). [95, 107-109] LazNiOa+s, one of the most popular R-P typed
structures with n=1 (Figure 2.3c), displays the superior oxygen surface exchange rate and
oxygen bulk diffusion rate. It can be ascribed to a large amount of interstitial oxygen in the LaO
layers, which provides the additional interstitial oxygen transfer pathways. [110, 111] With
increasing n up to 2, SrsFeMo0O7.s, another R-P typed oxide, exhibits excellent surface exchange
rate and bulk diffusion rate as well, but through an accelerated vacancy hopping mechanism.
[112-114] Therefore, the diverse perovskite oxides with versatile crystal structures possess
unique physical and chemical properties, thus presenting more possibilities and greater

application prospects for CO; electrocatalysis.

Thus far, the perovskites of an extensive range have been employed for high temperature CO;
electrocatalysis in SOEC. [115-118] Given that the catalytic activity of perovskites is mainly

derived from the B-site cations, the perovskite-based cathode candidates primarily include
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chromate-based perovskite oxides, titanates, Mn-based, and Fe-based perovskites. [31, 119-
121] However, the catalytic activities of these perovskites are still inferior to those of
conventional Ni-cermet cathode materials. As a result, various strategies have been

investigated to boost the reactivity of perovskite-based materials for CO; electrocatalysis.

2.3 Strategy to enhance the electrochemical performances of perovskites

2.3.1 Composite materials

Like metal-based electrodes mixed with pure oxygen ions, constructing the perovskite-based
composite electrodes by blending with an oxygen ion conductor is one effective means of
prolonging the TPB and enhancing the electrocatalytic performance relative to that of their
pure perovskite cathode counterparts [60, 77, 122-125]. Yue et al. developed a composite
cathode consisted of (Lao.755r0.25)0.97Cro.5sMnos03-5 and YSZ (LSCM-YSZ), [77] the current density
reached 0.45 A cm™ at 2 V and 900 °C, which is lower than a current density of 0.70 A cm™ for
Ni-YSZ cathode with the same electrolyte and anode. The current density increased to 0.49 A
cm™ by replacing YSZ with GDC, where the reduction of Ce** to Ce3' contributed to the
enhanced oxygen ion and electronic conductivities. [77, 126] In addition, by infiltrating 12.8 wt.%
GDC nanoparticles, Lv et al. found that the current density for SraFe15Moo.506.5 (SFM) cathode
increased from 0.283 to 0.446 A cm™ at 1.6 V and 800 °C (Figure 2.4a). [125] Based on this
advantage, the perovskite-based composite electrodes have been widely used in CO;

electrolysis and other reactions.
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Figure 2.4 (a) Current density-voltage curves of SOEC with the SFM and GDC-SFM cathodes.
[125] Copyright (2019) Elsevier. (b) Current density-voltage curves of LST and Cr, Mn doped LST
(LSTCo+ and LSTMo+) for CO; electrolysis at 800 °C. [89] Copyright (2017) Springer Nature. (c)
Current density-voltage curves of LSF and LSF doped with different concentrations of vanadium

for CO; electrolysis at 800 °C. [127] (d) TPD-CO; curves of LSFV,/GDC with MS of CO; (m/z = 44).

The exceptional structural adaptability and broad compositional range of perovskites have
provided an avenue for employing doping techniques to further improve their intrinsic physical

and chemical properties. [128-132] Intentionally manipulating the surface electronic structure



by B-site doping has been widely employed and has led to great enhancement of CO;
electrocatalytic activity. [133-135] Ye et al. demonstrated that the catalytic activities of
Lao.2Sro.8TiO3:5 (LST) can be enhanced by partially replacing Ti with Cr/Mn. At 2 V and 800 °C,
LST-based SOEC displayed a current density of 0.23 A cm™, while Cr-doped LST and Mn-doped
LST exhibited higher current density of 0.44 and 0.51 A cm?, respectively (Figure 2.4b) [89] It
found that, by introducing the redox-active dopants Cr and Mn, the concentration of oxygen
vacancies was significantly increased under the reducing conditions (Cr3*->Cr?* and Mn**->Mn3*)
due to the charge compensation, thereby boosting the surface CO, adsorption and bulk oxygen
ion conductivity. In another work, Zhou et al. observed that the catalytic activities of
LaosSrosFe1xVx0s.s (LSFV) exhibited a volcano-type profile with increasing vanadium doping
concentration at Fe-site in the range of x=0-0.15, peaking at x=0.05 (LSFVo.0s) (Figure 2.4c). [127]
From the structural characterization, the surface reactivity and bulk charge transfer seem to be
highly dependent on the average oxidation state of B-site cations, and LSFVo.0s with the most
positive charge amount at B-site exhibits the strongest CO, adsorption ability and the highest
oxygen vacancy concentration (Figure 2.4d). Similarly, Xi et al. disclosed that the increased
oxidation state of Fe in SrFe1sxMo01xOe6s by increasing the Fe concentration significantly
enhanced the metal-oxygen hybridization and shifted up the O p band energy closer to Fermi

level, thus accelerating the CO; adsorption and oxygen ion conductivity. [136]

Additionally, it should be noted that the A-site cations of perovskites also play a critical role in
the CO; electrolysis process. [130, 137, 138] The size, valence state, and electronic
configuration of A-site cations significantly influence the structural and electronic properties of

perovskites. Therefore, modifying the A-site cations presents an alternative approach to
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enhancing the electrocatalytic performance of perovskites without altering the active B-site.
Considering the additional electronic and ionic paths delivered by Ce at the reducing condition,
Zhang et al. doped small amount of Ce into A-site of Lag.755r0.25Cro.sFeo.s03-s (LSCrF), the current
density significantly increased from 0.56 to 0.84 A cm2at 0.7 V (vs OCV), demonstrating the
remarkable improvement in electrochemical performance by A-site doping. [137] Hu et al.
systematically investigated the effect of the divalent alkaline earth cation (Ca, Sr and Ba) doping
at the La-site of LaFeOs.s on the CO; electrocatalysis. [130] The authors clarified that the
alkaline-earth elements have a major influence on the surface reactivity of the pristine
perovskites. All alkaline-earth cation doped samples performed the higher catalytic activities
compared to the A-site doping-free counterpart, which can be attributed to the higher
concentration of the oxygen vacancies and higher CO, chemisorption capacity compared to the
bare LaFeOs.s (Figures 2.5a and 2.5b). From the point of view of charge compensation, the
negatively charged Ca;,, S/, Ba;, are well-balanced by the formation of the positively
charged oxygen vacancies (V), thus strengthening the CO, chemisorption. Furthermore, the
divalent cation doping at La-site also contributes to the improvement of the electronic density
of Fe, which facilitates the subsequent activation of the surface-adsorbed CO,. Nevertheless,
the detrimental influence of alkaline-earth cations is also significant, for instance, the stronger
sintering ability of Ca-doped LFO can lead to the easy formation of coarse powders of the
perovskite. A-site segregation and surface reorganization occur on the surface of Ba- and Sr-

doped LFO, which cause the formation of insulated phases BaCO3 and SrCOs, respectively.
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Figure 2.5 (a) Electrochemical performances of LFO, LCFO82, LSFO82 and LBFO82 for CO;
electrolysis at 800 °C. [130] (b) CO.-TPD of LFO, LCFO82, LSFO82 and LBFO82. [130] Copyright
(2019) Elsevier. (c) Dchem versus 1000/T and (d) kchem versus 1000/T of F-SFM and SFM. [139]

Copyright (2018) John Wiley and Sons.

In addition to A-site and B-site doping, some studies have focused on the O-site doping using F’,
Cl, N*. [140-145] Zhu et al. found the large electronegativity of F would weaken the binding of
A-/B-site cations and O ions, which enhances the mobility of lattice oxygen and results in a
higher oxygen ion diffusion in perovskite bulk. [140] Therefore, F-doped perovskites have
become appealing electrocatalysts for oxygen evolution reaction and oxygen reduction reaction.

[131, 146] Likewise, Li et al. have demonstrated that F doping in SFM significantly improved the
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CO; adsorption by a factor of 2 and the chemical bulk diffusion coefficient by factors of 2-3 at
800 °C (Figures 2.5c and 2.5d), thus leading to a lower polarization resistance of 0.656 Q cm? for
F-doped SFM compared to 1.130 Q cm? for SFM at 800 °C in the symmetrical cells. These
studies suggest that anion doping at O-site of perovskites is a feasible way to facilitate the
surface chemical exchange rate and oxygen ion bulk diffusion rate. It is worth noting that cation
and anion co-doping strategy may have great potentials for developing the perovskites with

high catalytic activity for CO; electrocatalysis. [132, 144]

2.3.3 Exsolution

Due to the high activity of metal particles, introducing metal nanoparticles onto perovskite
significantly enhances the catalytic activity of perovskite for CO, reduction in SOEC. However,
traditional methods such as deposition and impregnation have limitations in controlling the size
and population of nanoparticles, leading to uneven dispersion on the perovskite surface. [147,
148] Moreover, the formed nanoparticles tend to agglomerate at high operating temperatures
due to their weak interaction with perovskite substrates, thus causing the deactivation of active
sites and degradation of electrodes. [35, 148] Alternatively, the exsolution technique has
gained extensive attentions for in-situ growing nanoparticles from perovskites due to several
advantages: (1) Exsolved nanoparticles are socked on the surface of perovskites, the locked
interface leads to the high resistance to agglomeration at elevated temperatures (Figure 2.6).
[149] (2) Exsolved nanoparticles exhibit the high resistance to hydrocarbon coking, preserving
the surface reactivity of perovskites. [150, 151] (3) Exsolved nanoparticles can be re-generated
by a redox treatment. [83, 148, 152-156] (4) Exsolved nanoparticles by the facile one-step

reduction show smaller size, large population and more even distribution compared to the
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counterparts prepared by the traditional deposition and infiltration methods, demonstrating

that exsolution is more efficient, cost-saving and timesaving than the traditional methods. [147]
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Figure 2.6 Schematic of the comparison of perovskite with nanoparticles by conventional

impregnation and exsolution processes. [157] Copyright (2020) American Chemical Society.

This approach involves introducing a catalytically active cation into the B-site of the perovskite
substrate during sintering in air, stripping the reducible cation from the perovskite by heating in
a reducing gas flow, and finally dispersing the resulting nanoparticles on the surface of the

parent perovskites (Figure 2.7). [158-160]
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Figure 2.7 Schematic of exsolution approach for the synthesis of perovskite with exsolved

nanoparticles. [161] Copyright (2020) American Chemical Society.
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A comprehensive understanding of the exsolution mechanism not only can help to optimize the
exsolution parameters, but also can tune the properties of the exsolved nanoparticles such as
size, population and composition, thereby improving the electrochemical performance of P-eNs
based catalysts. Gao et al. proposed that exsolution may involve four physical processes:
diffusion of reducible cations, reduction of cations on the surface, nucleation and growth of
nanoparticles on the surface (Figure 2.8a). [162] Obviously, the exsolution of nanoparticles
from perovskite substrate can be considered as a phase transition process of the parent
perovskite as it interacts with the reducing environment. From the classical isothermal
nucleation theory, the heterogeneous nucleation of nanoparticles on the surface of perovskite
is highly dependent on two opposing components (Figure 2.8b): a decrease in the volume free
energy (AGy) and an increase in generated surface/interface energy between nanoparticles and
substrate (y). The free energy of formation for a spherical crystalline nucleus with radius of r

(AG,,) can be expressed by the following Equation:

AG, = %m‘3AGV + 4nrly (2.3)

Accordingly, only after a critical free energy barrier (AG,) is overcome can the formation of a
thermodynamically stable nuclei with the critical radius (r*) be triggered, the relation between

r* and AG,, can be written as:

16my3
3AGE

AGy = Zmr?(r)? = (2.4)
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Figure 2.8 (a) lllustration of the exsolution process. (b) Gibbs free energy change during the

nucleation and growth. Copyright (2016) Elsevier.

After that, AG,, will decrease with the increase of the crystal nucleus size, thus driving the
further growth of nanoparticles. However, the experimental observation found that the growth
of the exsolved nanoparticles slows down after nucleation (Figure 2.9). Considering the sluggish
kinetics of B-site reducible cation diffusion and the subsequent reduction into metal processes,
three major limiting models were proposed to explain the discrepancy between the
experimental phenomenon and the nucleation theory, and to depict the growth of exsolved
nanoparticles, including strain-limited exsolution model, reactant-limited exsolution model and

diffusion-limited exsolution model (Equations 2.5-2.7). [162]

t

Tg—lim

)5 (2.5)

Strain-limited: r = ry_j;, (In (1 +

Where t is time, 75_;;, is the strain-limited characteristic radius, which is dependent on the
strain energy term as a function of r. [163] The timescale t5_;;;, is dependent on the oxygen

partial pressure in the reducing atmosphere.
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)5 (2.6)

Reactant-limited: r =1,_;;;m (1 —exp (—

Tr—lim

Where 1_;im is the reactant-limited characteristic radius, which is dependent on the total
amount of reducible atoms in the bulk. The time scale t,_;;;, is dependent on the oxygen

partial pressure in the reducing atmosphere.

t

1
Diffusion-limited: 7 = 1r4_im ( )6 (2.7)

Td-lim

Where 14_;im is the diffusion-limited characteristic radius, which is dependent on the total
amount of reducible atoms in the bulk. The timescale 74_;;, is dependent on the diffusion

coefficient.
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Figure 2.9 (a) Selected areas of the Lao.4Sro.4Sco.9Nio.103-5 particles reduced in pure H; (left) and
20% H; (right) at 900 °C for 5, 10, 15, 20, and 30 h (from top to down) with the scale bar being
100 nm. (b) The average particle size and the fitting curves with strain-limited model (solid line),
reactant-limited model (dashed line), and diffusion-limit model (dotted line). Copyright (2016)

Elsevier.
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Generally, the well-dispersion of the exsolved nanoparticles on the surface of perovskite
typically requires above 900 K for a long-time reduction. To facilitate this process, the
additional driving forces such as A-site non-stoichiometry, phase transition, lattice strain,
electrochemical force, cation exchange and solar energy have been developed to promote

exsolution process. [107, 164-170]

Compared to the A-site stoichiometry, creating A-site deficiency of perovskites would
destabilize the perovskite lattice, thus resulting in spontaneous B-site exsolution to revert
stoichiometric perovskite with A/B=1 (Equations 2.8 and 2.9, Figure 2.10a). [164, 171, 172]
Furthermore, the undesired A-site segregation can be significantly relieved, which increases the

exposure opportunity of B-site elements to reaction gas. [173]

Exsolution
Conventional exsolution: ABO;_s ——— A;_,/B;_405;_s + aB + a’'AO (2.8)
Exsolution
A-site non-stoichiometry: A;_,BO;_s ——— (1 — a)ABO;_g + aB (2.9)

It is worth to note that a wide variety of defects would be formed through the conventional
exsolution. Due to the structural flexibility of perovskite, the accumulation of the defects in
perovskite bulk until a critical point would result in the phase transition of host perovskite
during the exsolution. Sun et al. found that the phase transition from simple perovskite
Pro.5Bao.sMno.9C00.103-5 (PBMCo) to double perovskite PrBaMn1.sC00.20s is thermodynamically
favorable for exsolution of Co nanoparticles, indicating that phase transition of perovskite with
a negative free energy can facilitate the exsolution of nanoparticles (Figure 2.10b). [167] Taking

this advantage, the P-eNs with an optimized perovskite scaffold can be obtained by one-step in-
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situ reducing the pristine perovskite. Similarly, Han et al. put their focus on the lattice
regulation of perovskite substrate and found that the lattice strain plays a critical role in
decorating the size and population of exsolved nanoparticles (Figure 2.10c). [166] By the
epitaxial film grown technique, they deposited the perovskite Lao2Sro.7Nio.1Tio.sO3-5 (LSNT) on
the substrates with different lattice parameters and as a result, the lattice misfit strains with
both compressive strains and tensile strains can be implemented on LSNT. The results reveal
that a compressive strain employed on LSNT could help to release the nanoparticles. Further
structural analysis shows that the compressive-strained LSNT films tend to return to a stable
cubic-like structure, while the tensile-strained LSNT films evolve into an unstable structure after
exsolution. This in turn confirms that the structural evolution of host perovskite with a negative

free energy change would result in a facilitated exsolution process.

In addition, with the help of phase evolution in repeated redox treatment, Lv et al.
demonstrated that the exsolved nanoparticles with smaller size and large population can be
obtained, which can be used to expand the active sites. [174] Another intelligent strategy of
topotactic ion exchange assisted exsolution has been developed to regulate the population and
composition of exsolved nanoparticles (Figure 2.10d). [169, 175, 176] In this concept, a suitable
guest ion is firstly introduced on the surface of perovskite, the guest ion and reducible B-site
cations would exchange, driven by the difference in segregation energy under reduction
conditions, leading to the accelerated exsolution and replenish of B-site vacancies (Equation
2.10). To achieve this bidirectional ion diffusion process, the following requirements need to be

met: 1) Higher co-segregation energy of exsolved cations than that of guest ions; 2)
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Accommodation of guest ions into B-site of perovskite lattice; 3) heat treatment under reducing

conditions. [177]

Exsolution

ABOs_s + aB' ——— AB,_,B',0;_5 + aB (2.10)

Although these approaches to regulating the phase structures of perovskite would significantly
promote exsolution of nanoparticles, the cost and time-consuming nature of the conventional
exsolution process are not changing. Alternatively, the input of external energy provides the
possibility of optimizing the properties of exsolved nanoparticles more efficiently. For instance,
by applying external voltage, more intensively dispersed nanoparticles anchored on the surface
of perovskite backbone could be achieved in a few minutes in the absence of hydrogen
atmosphere (Figures 2.10e-f). [178] Chen et al. introduced a method of using photo-
illumination to drive electron donation and promote electron collection on perovskite with the
help of trialkyl amine as hole acceptors, this enabled the exsolution of nanoparticles at room

temperature. [179]

Thanks to many researches conducted so far on the exploration and development of exsolution
technology on perovskites, a wide range of B-site cations have been investigated as the active
sites on the surface of perovskites. Since the exsolution of B-site cations is closely related to the
ease with which these cations can reduce to metals, the reducible cations Ni?*, Cu?*, Ru?*, Rh**,
Pd* and Pt* are more easily stripped out from perovskite compared to the relatively redox-
stable cations Fe3*, Mn3*, Cr3* and Ti** after reducing treatment at high temperatures. [61, 164,
180-182] Kwon et al. suggested that the exsolution ability of B-site cations can be preliminarily

judged by calculating the co-segregation energy of B-site transition metal accompanying oxygen
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vacancies (Figure 2.11a). [183] Up to now, the perovskites with exsolved Ni, Co, Cu, Fe
nanoparticles and their alloys have been extensively explored in Ti-, Cr-, Mn- and Fe-based
perovskite substrates for CO, electrocatalysis, [159, 184-186] and their catalytic activities have
been remarkably enhanced compared to their exsolution-free counterparts. [187, 188] For
example, Ye et al. showed that the current densities of SOECs with
(Lao.2Sro.8)0.95Tio.8sCro.1Nio.0s03-s and (Lao.2Sro.s)o.o5Tio.ssMno.1NioosO3ss as cathode materials
increased from 0.32 to 0.42 A cmand from 0.36 to 0.54 A cm after Ni exsolution, respectively.
[89] Liu et al. fabricated LaosSro.aFeosNio203-s with exsolved Fe-Ni alloy nanoparticles, which
achieves a remarkably enhanced current density of 1.78 A cm™2 at 1.6 V and 850 °C (Figure
2.11b). Ding et al. found the Ni doped into LaCrosFeosOs could significantly reduce the co-
segregation energy of Fe, [171] which promotes the formation of Fe-Ni alloy in reducing
environment (Figure 2.11c). Furthermore, the Fe-Ni alloy in-situ grown from
(Lao.3Cao.7)0.95Fe0.7Cro.25Ni0.0s03-s undergoes a compositional evolution from an initially Ni-rich
phase to an Fe-rich phase during the heat treatment. [189] It indicates that the composition of
exsolved Fe-Ni alloy is able to be regulated by controlling the reducing conditions. In addition to
Fe-Ni alloy, Fe-Cu, Co-Fe and Ru-Fe alloys have also been investigated for enhancing the
catalytic activity of perovskites by exsolution, which have shown great potentials for CO;

electroreduction due to their excellent catalytic activity and coking resistance. [189]
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Figure 2.11 (a) Schematic illustration of model used for the calculations of co-segregation
energy and the comparison of the co-segregation energy of dopant T (Co, Ni, Mn and Fe) in
PrBaMn1.7T0.30s+5. Copyright (2017) Springer Nature. (b) Comparison of current-voltage curves
for CO; electrolysis using the Fe-Ni-LSFN, LSFN, GDC and Fe-Ni as cathode catalysts at 850 °C.

Copyright (2016) American Chemical Society. (c¢) Comparison of co-segregation energy of Fe and

Over the last few decades, exsolution has emerged as a promising technique to improve the

widespread applications of perovskites (Figure 2.12). [150, 164-166, 168, 169, 174, 190-192]



Most studies have focused on the enhancement of catalytic activity by promoting the
exsolution of the nanoparticles and tuning the features of exsolved nanoparticles, however,
relatively few studies focus on manipulating the structure of perovskite substrates. It is worth
noting that exsolution is a decomposition process in which the formation of nanoparticles on
the surface is at the expense of the structural stability of the parent perovskite, especially in the
case of promoting exsolution, it would result in the unintentional phase evolution of host
perovskite. [191, 193] Although the structural configurations of perovskite substrates after
exsolution are diverse, including simple perovskite, double perovskite, layered perovskite and
their composite structures, we still have an insufficient comprehension of the effects of the
host perovskite’s phase evolution on the catalytic activity and stability of P-eNs based catalysts
for CO; electrolysis. Therefore, it is necessary to shift our attention from the exsolved
nanoparticles to perovskite substrates. A thorough understanding of the role of perovskite
substrates in the CO. electrolysis process is essential to enhance the electrochemical
performances of P-eNs based materials, and to gain insights into the reaction mechanism of

CO; electrolysis on P-eNs. Herein, the research objectives of my thesis include:

1) To develop advanced strategies to regulate the phase structure of perovskite scaffolds.

2) To enhance both catalytic activity and stability performances of P-eNs by regulating the

structures of perovskite substrates.

3) To investigate the reaction mechanisms and degradation mechanisms of CO; electrolysis on

P-eNs.
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Chapter 3. Experimental methodologies

3.1 Materials synthesis

3.1.1 Synthesis of SFNM+xFe-red (x=0.0, 0.5, 0.8, 1.2, 1.5)

Polycrystalline perovskite SraFe1.3Nio.2Moo506.5 (SFNM) powder was synthesized by a modified
sol-gel method.[159] Stoichiometric amounts of Sr(NOs),, Fe(NOs)3-9H,0, Ni(NOs),:6H.0 and
(NH4)6M07024:4H,0 were dissolved in EDTA-28% NH3-H,O mixture under continuous stirring,
followed by the addition of citric acid. The molar ratio of total metal ions: EDTA: citric acid was
1: 1: 1.5. Subsequently, 28% NH3s-H,O was added dropwise to maintain a pH at around 8. The
solution was slowly evaporated at 80 °C until a homogeneous organic/cation resin was achieved.
The as-obtained gel was further decomposed at 300 °C for 4 h to remove the organic
components and remnant nitrates, then the obtained powder was finally fired at 1000 °C for 5

h in air to yield pristine SFNM (SFNM-oxi).

SFNM+0.0Fe-red was obtained by heating SFNM-oxi in a tubular furnace at 800 °C for 2 h with a
5% H2/N> balanced reducing gas flow. For SFNM+xFe-red (x=0.5, 0.8, 1.2, 1.5), the external Fe
ion was introduced on the surface of as-prepared SFNM-oxi porous support by an immerse-
freeze drying process (Figure 3.1). Certain amount of Fe(NO3)3-9H,0 was firstly dissolved in 10
mL deionized water at room temperature and stirred for 2 h. Then, the pre-prepared SFNM-oxi
powders were added to the Fe-containing solutions and ultrasound-treated for 3 h. The
suspension precursor was then rapidly frozen with liquid nitrogen and freeze dried overnight to
achieve the homogeneous Fe-SFNM complex with Fe seeds uniformly coated on perovskite

scaffold. The fluffy powder was collected and heated in a tube furnace at 800 °C for 2 h in 5%
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H2/N,, yielding the final catalysts SFNM+xFe-red (x=0.5, 0.8, 1.2, referring to the molar ratio of

guest Fe to host Ni).

3.1.2 Synthesis of SFN3M+xFe-red-2h (x=0.5, 0.8, 1.2), SFN3M-red-2h and SFN3M-red-10h

Pristine perovskite SraFe1.2Nip3Moo.506.5 (SFN3M) powder was synthesized by a modified sol-gel
method.[159] Stoichiometric amounts of Sr(NOs);, Fe(NOs3)3-9H,0, Ni(NOs),-6H,O and
(NH2)sM07024:4H,0 were dissolved in EDTA-28% NH3-H,O mixture under continuous stirring
and heating on a hot plate at 80 °C. A certain amount of citric acid was added into the solution,
the molar ratio of total cations in SFNsM: EDTA: citric acid was 1: 1: 1.5. Subsequently, 28%
NH3-H>0 was added into the mixture to keep the pH=8. The solution was evaporated on the hot
plate with continuous stirring. Until the solution evaporated to a viscous sol, it was transferred
to a muffle furnace and heated at 300 °C for 4 h, which helped to remove the organic
components and remnant nitrates. The obtained fluffy powder was further calcined at 1000 °C

for 5 h to yield the double perovskite SFN3M.

The reduced perovskite SFN3sM-red-850-2h was obtained by heating the air-sintered SFN3sM in a
tubular at 850 °C for 2 h with a 5% H2/N2 gas flow. Similarly, SFN3M-red-850-10h was obtained
by deeply reducing SFNsM in a tubular at 850 °C for 10 h. To get SFNsM+xFe-red (x=0.5, 0.8,
1.2), the guest Fe ion was firstly deposited on the surface of air-sintered SFN3sM support by an

immerse-freeze drying process.

Fe(NO3z)3-9H,0 was selected as the precursor of guest Fe ion and dissolved into a beaker with 10
mL deionized water followed by ultrasound for 2h. Subsequently, the air-sintered SFN3;M

powder was added into the Fe(NOs); solution for another 3 h-ultrasound treatment. The
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suspension precursor was then rapidly transferred to the prepared liquid nitrogen and then
freeze dried overnight. The obtained fluffy powder was subsequently reduced in the tubular
finance at 850 °C for 2 h with a 5% H3/N: gas flow, thus forming SFN3sM+xFe-red (x=0.5, 0.8, 1.2,

which refers to the molar ratio of guest Fe to host Ni).

3.1.3 Synthesis of Sr2Fe1.2Nio.3M00.506.5, F doped SraFe1.2Nio.3M00.506-5F0.1.

Powders of perovskite SraFe12Nio.3M00506-5 (SFN3M) and F doped SFN3M (SraFe1.2Nip3M0o.506-
sFo.1, F-SFN3M) was obtained by a modified sol-gel method. [159, 194] Iron(lll) fluoride
trihydrate (FeFs-:3H,0) was selected as the F-containing precursor for synthesizing SFNsMFg1. To
prepare SFN3sMFq 1, Sr(NOs3),, Fe(NO3)3-:9H,0, Ni(NOs)2:-6H20, FeF3-3H,0 and (NH4)sM07024:4H,0
were dissolved in EDTA-28% NH3-H,O mixture under continuous stirring and heating on a hot
plate at 80 °C. Citric acid was dropped into the mixture, the molar ratio of total cations: EDTA:
citric acid was 1: 1: 1.5. Subsequently, 28% NHz-H,O was added to adjust the pH of the solution
to be around 8. The solution gradually evaporated under stirring and heating, eventually
forming a condensate. The condensate was transferred to a muffle furnace and calcined at
300 °C for 4 h, the fluffy powders were obtained and then grinded. The raw materials were
further calcined at 1100 °C for 5 h, thus forming the final perovskite F-SFN3sM. The oxidized
SFN3M and F-SFN3M were then heated in the tubular furnace at 850 °C with a 5% Hz/N;

balanced gas flow, yielding the final SFN3sM-red and F-SFN3M-red.
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3.2 Physicochemical characterizations
X-ray Diffraction (XRD): The crystalline structures of synthesized perovskite materials were
identified by XRD examination on Rigaku Ultima IV with a Cu Ka source at 40 kV and 44 mA and

Bruker D8 XRD. The XRD spectra were analyzed by Software Jade 6.0.

Field Emission Scanning Electron Microscopy (FESEM): The surface microstructures of prepared

perovskite materials were probed by a Zeiss Sigma 300 VP FESEM.

Transmission electron microscopy (TEM): The TEM-EDS images of perovskite materials were
obtained on a JEOL JEM-ARMZ200CF electron microscopy equipped with an energy dispersive X-
ray spectroscopy (EDS) detector. The high resolution transmission electron microscopy (HRTEM)

characterization was conducted on the 300kV Hitachi H-9500 TEM.

X-ray photoelectron spectroscopy (XPS): The surface chemistry of perovskite materials was
examined by XPS, performed on a Krato AXIS Ultra Spectrometer. The obtained XPS spectra
were analyzed on the CASAXPS software with C 1s at binding energy of 284.8 eV as the

reference.

Thermogravimetric analysis (TGA): The weight loss of perovskite materials in the reducing
environment (5% Hx/N; balance) was performed on TA SDT Q500 and TA SDT Q600 at a

heating/cooling rate of 20 °C min~! to characterize the lattice oxygen loss.

Fourier Transform Infrared Spectroscopy (FTIR): The FTIR spectra at the elevated temperatures
(400 and 600 °C) of perovskite materials were obtained on Nicolet 8700 Fe ourier transform

infrared spectrometer and Thermo Nicolet iS50 Fourier transform infrared spectrometer. The
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spectra were obtained by subtracting the corresponding background peaks from the overall

absorption and then normalizing it with respect to the noise peaks.

X-ray absorption measurements: The X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra in this thesis were conducted at
Canadian Light Source. Fe K-edge and Ni K-edge XANES spectra were collected using the Very
Sensitive Elemental and Structural Probe Employing Radiation from a Synchrotron (VESPERS,

07B2-1) beamline.

CO, temperature programmed desorption (CO,-TPD): CO,-TPD were performed using an
AutoChem 2950HP instrument (Micromeritics) equipped with a quartz U-tube reactor and a
thermal conductivity detector (TCD). The samples with approximately 50 mg loading were
pretreated at 400 °C in He for 1 h to eliminate the adsorbed species on surface, followed by
purged adsorption of CO, with 5% CO,/He flow at 100 °C for 1 h. Then, CO,-TPD was performed

from 50 to 850 °C at 10 °C min~! with He flow of 20 mL min~1.

Electrical conductivity relaxation (ECR) experiments: ECR experiments were implemented at
elevated temperatures with switching of the gas stream from 2:1 CO-CO; (Py, = 1.246 X

1078 atm at 850 °C) to 1:1 CO-CO; (Py, = 4.985 x 10~'8 atm at 850 °C).

Temperature-dependent electrical conductivity test: The temperature-dependent electrical
conductivities of perovskite materials were measured in the 50% C0O2/50% CO and 5% H2/95%

Ar atmospheres.
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Raman spectra: Raman spectroscopy of perovskite materials was carried out on the enishaw

inVia Qontor Confocal Raman Microscope with a laser wavelength of 532 nm.

For the post-mortem characterizations (Raman, XRD, SEM), pure Argon gas was purged the
cathode sides of all SOECs to maintain an inert atmosphere, a slower cooling rate (3°/min) was

applied to avoid the cracking of cells and exposure of the cathode side to air.

3.3 Cell fabrications and electrochemical characterizations

3.3.1 Cell fabrications

The developed SOECs in this thesis were YSZ electrolyte supported (. In particular, the YSZ
electrolytes utilized in this thesis were purchased from Fuel Cell Materials Company, with a
thickness ranging from 250-300 pm). Since the electrodes in this thesis are chemically
incompatible with YSZ electrolyte, the GDC slurry was screen-printed/spin-coated on both sides
of the YSZ electrolyte and then sintered at 1300 °C for 5 h to form dense GDC buffer layer

between electrode and electrolyte.

Cathode materials were prepared by mixing perovskite materials and pure oxygen ion
conductor GDC with a weight ratio of 3:2. The cathode slurry was prepared by mixing the
perovskite-GDC mixture with a glue containing 1-butanol, benzyl butyl phthalate, ethyl cellulose,
and a-terpineol in a weight ratio of 1.7:1, followed by ball milling for 3 h. Anode slurry was
prepared using the same method as the cathode slurry. Both cathode and anode slurries were
printed on both GDC sides to form the configuration of “anode| GDC buffer layer| YSZ
electrolyte| GDC buffer layer| cathode”. In particular, the SOECs in Chapter 5 have a cathode

thickness that falls between 17-20 um, while the anode thickness measures around 10-12 pum.
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The GDC barrier layers have an approximate thickness of 2.5 um. The assembled cell was finally
sintered at 1100 °C for 2 h. Gold paste was painted onto the surfaces of both anode and
cathode to serve as current collectors. The cell was built by fixing the cell between coaxial pairs
of alumina tubes with a high temperature-resistant sealant, which was fastened in a vertical

tubular furnace.

3.3.2 Electrochemical characterizations

Prior to electrochemical test, the 5% H./N, reducing gas flow was continuously pumped into
the cathode compartment during the temperature ramping of SOEC for testing the reduced
perovskite-based cathode, the cathode underwent re-reduction to complete the further
reduction and exsolution. The reducing gas flow was not required for the cell with the oxidized
perovskite cathode during the temperature ramping. During the electrolysis, pure CO, was fed
to the cell via the cathode compartment located at the bottom, while the anode was placed on
the top and exposed to air. The current density-voltage (j — V) curves, potential step
chronoamperometry and long-term stability test under a constantly applied voltage of SOECs
were measured using a four-probe method with Ag wires as the leads on a Solartron 1255
frequency response analyzer and a Solartron 1286 electrochemical interface instrument. The
ohmic resistance and polarization resistance of SOEC were determined by electrochemical
impedance spectroscopy (EIS) under an ac potential with a frequency range of 1 MHz to 0.1 Hz
and an amplitude of 10-20 mV at the applied potentials. The outlet gas from the cathode
compartment was analyzed using a Hewlett-Packard model HP5890 gas chromatograph (GC)
equipped with a packed column (Porapak QS) operated at 80 °C with a thermal conductivity

detector and a flame ionization detector.
44



3.4 Density functional theory (DFT) calculations.

Density functional theory calculations (DFT) in Chapter 4 were performed by Vienna Ab initio
Simulation Package (VASP). [195, 196] Perdew-Burke-Ernzer (PBE) function and projector-
augmented plane-wave (PAW) method were employed in order to treat the exchange-
interaction effect and electron-ion interaction, respectively. [197] For plane-wave expansion,
the cutoff energy was set at 520 eV. A Gaussian smearing with a width of 0.2 eV was used to
determine partial occupancies. A 4*2*4 supercell was built based on the optimized unit cell and
a vacuum layer of 15 Angstroms was added in order to avoid the interaction between
neighbouring slabs. Monkhorst-Pack (3x6 x 1) was set for Brillouim zone sampling. [198] During
geometry optimization, the top four atomic layers were fully relaxed while the other atomic
layers were fixed. Relaxation of degree of ions was not terminated until a maximum force
component of 0.05 eV/Angstrom was achieved. In order to describe the formation of SFNM
perovskite, we replaced one Fe atom with one Ni atom in SFM. A PBE+U strategy was used to
take the exchange and on-site Coulomb interaction in Fe, Ni into consideration. The values of U
were set at 6.2 eV and 5.3 eV for Ni and Fe, respectively. Spin polarization was considered
during all calculations. The (001) plane was chosen for the calculation of co-segregation by
conventional exsolution and exchange energy between guest Fe and host B-site cations since
the (001) lattice plane had been used as the active surface of SFNM in the previous work. [199,

200] Vesta software was employed for model construction and visualization. [201]

The co-segregation energy is defined as the energy difference between the total energies of the
supercell with exsolved metal ion plus its nearest oxygen vacancy in the 1st and 3rd atomic

layers of perovskite, as following equation (Taking M as the exsolved metal):
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Eco—segregation m = E(M—Vb@lst layer) — E(M—Vb@Srd layer)

where Eco—segregation M), E(M—Vb@lstlayer): E(M—V6@3rd layer) are the co-segregation energy,
the total energy of the supercell with exsolved ion plus its nearest oxygen vacancy in the 1st
atomic layer, and the total energy of the supercell with exsolved ion plus its nearest oxygen

vacancy in the 3rd atomic layer, respectively.

The exchange energy is defined as the difference between the co-segregation energies of the

two metal ions involved in exchanging, as shown in following equation:

Eexchange(Ml—Mz) = Eco—segregation(Ml) - Eco—segregation(Mz)

The DFT calculations in in Chapter 5 were performed by Vienna Ab initio Simulation Package
(VASP). Perdew-Burke-Ernzer (PBE) function and projector-augmented plane-wave (PAW)
method were employed to describe the exchange-interaction effect and electron-ion
interaction, respectively. The cut-off Energy was set as 520 eV for plane-wave expansion.
Gaussian smearing with a smear width of 0.2 eV was used to determine the partial occupancies.
The “PBE+U” was employed during calculations to take the exchange and on-site Coulomb
interaction in Fe, and Ni into consideration, and the values of U were set at 5.3 and 6.2 eV for
Fe and Ni, respectively. [177, 202] Spin calculation was adopted throughout calculations. DFT-
D3 was employed to treat the Vdw interactions. [203] Relaxation of degree of ions was
terminated once a maximum force component of 0.02 eV/Angstrom was achieved. For slab
models, a vacuum layer with 15 Angstrom was placed along the Z direction. VESTA was used for
model construction and visualization. [201] Vaspkit was employed to generate the input files.

[204]
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1. Formation energy of oxygen vacancy (EV(-)-): The Ey; is defined as the total energy difference

between the defect-free stoichiometric and V,-contained non-stoichiometric structure, as

shown in Equation 1.

1
EV(')' = (Edef + EEOZ(g)) - Eperfect (1)
Where the Eg.r, Eg,(g) and Eperrece Fepresent the total energy of Vj;-contained supercell, free

oxygen molecule, and perfect supercell, respectively.

Calculations were performed on the DP-SrsFesMo0,024 and LP-Sr12FesM0202s cell with a Fe:Mo
ratio of 3:1. The DP-SrgFesM0,024 structure has been proposed by many previous studies[200,
205]. For LP-Sr12FesMo0203s, all possible sites for Mo substitution have been considered and the
one configuration with the lowest total energy was used for further calculations. Following the
same protocol, the optimal Ni-doped structures of DP-SrgFesNitMo02024 and LP-
Sr12FesNi1Mo203s can be determined. The models of DP-SrgFesMo02024, DP-SrgFesNi1Mo02024, LP-
Sr12FesMo0202s and LP-Sri12FesNitMo,02s are denoted as models DP-SFM, DP-SFNM, LP-SFM and

LP-SFNM in the Manuscript and Supplementary information.

2. Co-segregation energy of reducible cations (EMco—seg’ where M is donated as B-site cations
such as Ni, Fe): The EMco—seg is defined as the energy difference between the total energies of

the supercell with exsolved metal ion plus its nearest V; in the 1st and 3rd atomic layer of

perovskite, as shown in Equation 2 (Taking M as the exsolved metal).

EMCO_seg = EM—Vé@lst layer — EM—V5@3rd layer (2)
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where Ey_y;@1st tayer aNd Ey—v;@3rd 1ayer are the total energy of the supercell with exsolved
ion plus its nearest V; in the 1st atomic layer and the total energy of the supercell with
exsolved ion plus its nearest V,, in the 3rd atomic layer, respectively.

The ENicoseq and Ereco_seq IN different models were calculated based on the (001) surface of

the perovskite due to its higher stability[200]. For DP-based modes, the eight-layer metal-
terminated DP-SFM (001) and DP-SFNM (001) slabs were constructed based on the DP-
SrsFesMo020:4 unit cell, and the bottom three layers were frozen during geometric optimizations.
The determination of Ni doping positions in DP-SFNM (001) follows the same protocol as
described above. For the construction of metal-terminated LP-SFM (001) and LP-SFNM (001)
slabs, there are two general considerations: 1) the symmetry in pristine LP-SFM cell should be
preserved and thus only the doping positions that do not affect this symmetry shall be
considered. 2) all metal layers should contain Mo atoms and the Fe:Mo ratio should be fixed at
3:1. The as-obtained LP-SFM (001) and LP-SFNM (001) slabs contain a total layer of ten, which is
the minimum layer required for a complete RP structure and the bottom five layers are frozen
during optimizations. Based on the results of surface energy proposed by Takamatsu et al.[206],
two LP-SFM (001) surfaces and two LP-SFNM (001) surfaces with lower surface energies have
been considered, denoted as LP-SFM-1 (001), LP-SFM-2 (001), LP-SFNM-1 (001) and LP-SFNM-2

(001).

3. Gibbs free energy change towards CO»-to-CO conversion: To examine the Gibbs free energy
of reaction on DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC, the models DP-V;-F2N3, DP-V,-

F3N1, LP-V,;-F2N3 and LP-V,-F3N2 were constructed. Considering the total number of atoms
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involved, the cut-off Energy was set as 450 eV for plane-wave expansion and maximum force
component was set as 0.05 eV/Angstrom for the systems to converge. The individual Fe2Ni3,
Fe3Ni2 and Fe3Ni clusters were firstly optimized and the resultant structures obtained in this
study are in good agreement with previous studies[207]. The clusters were then placed on top
of Sr-terminated surface DP-SFM (001) (Sr32Fe2aMosQOgs) and LP-SFM (001) (SrosFeagsMo160224)
supercells adjacent to one V; with two and eight bottom layers frozen during geometric
optimizations, respectively. Based on the methods proposed by Takamatsu et al.[206], we
adopted two Sr-terminated LP-SFM (001) (SrosFeasMo160224) surfaces (LP-SFM-Sr-1 (001) and
LP-SFM-Sr-2 (001)) and further compared their surface energy (Es,; ). The results showed that
the E,,, of LP-SFM-Sr-1 (001) is 0.48 J m2, much lower than 1.15 J m? of LP-SFM-Sr-2 (001).
Therefore, the clusters were placed on LP-SFM-Sr-1 (001) surface to further examine the CO;

adsorption and conversion behaviours.

The DFT calculations in in Chapter 6 were performed using Vienna Ab initio Simulation
Package (VASP). Perdew-Burke-Ernzer (PBE) function and projector-augmented plane-wave
(PAW) method was employed to describe the exchange interaction effect and electron-ion
interaction, respectively. The maximum force component for the termination of the relaxation
of degree of ions was set as 0.02 eV/Angstrom. The cut-off Energy was 520 eV for plane-wave
expansion. The smear width of the Gaussian smearing was set as 0.1 eV. A (2 x 2 x 1)
Sri1sFe10Mo4Ni20ss supercell was constructed based on the optimized unit cell Sr,FeMoOs
obtained from Materials Project. One O atom in the supercell was replaced with one F atom to
model the F-doped SFNM. VESTA software and VASPKIT was used for model constructions and

input files generation, respectively. [201, 204]
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Chapter 4. Boosting the stability of perovskites with exsolved

nanoparticles by B-site supplement mechanism

4.1 Introduction

Perovskites are attractive candidates for high temperature SOEC/SOFC. [12, 31, 35, 208]
Benefiting from the excellent catalytic activities of well-exposed metallic nanoparticles,
alongside the unique nanoparticle-perovskite interface with high resistance to agglomeration,
P-eNs provide an appealing platform for the large-scale energy storage and conversion
technique compared to their nanoparticle-free counterparts. [150, 156, 191, 209, 210] Over the
past decades, there have been significant advances in promoting exsolution via additional
driving forces. [164, 166, 168] However, challenges remain concerning the stability of P-eNs,
especially when being used as a cathode for CO; electrolysis in SOEC. [89, 120] Although the
thermal stability of nanoparticles has been literally enhanced by exsolution process, the rapid
degradation issue still exists at high voltages, which results in a lower energy efficiency. [185,
211, 212] Since steady high-voltage CO; electrolysis can lead to higher CO yields, [213] new
strategies are urgently required to enhance the stability of P-eNs at high voltages while

promoting nanoparticle exsolution.

To tackle this challenge, we started by examining the fundamental process of nanoparticle

exsolution on the perovskite, [164] as shown in Equation 4.1.

Exsolution

ABO3_s ——— A;_'B1_¢05_s + aB + a’AO (4.1)
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It is noteworthy that the exsolution of B-site reducible cations inevitably leaves behind many B-
site vacancies within the perovskite bulk, thus causing the detrimental A-site segregation and
slowdown of the electron transfer rate via the B(™1*-O- B" pathway. [99, 214, 215] The external
potentials would drive the continuous exsolution during CO; electrolysis, especially at higher
voltages, which could potentially hamper the stability of P-eNs. [151, 178] However, the B-site
vacancy-dictated stability issues are often veiled by the reactivity enhancement brought by
concurrent B-site exsolution. Very few studies have attempted to correlate the perovskite

structure evolution dominated by B-site vacancy to the stability of P-eNs.

In this study, the promising double perovskite SraFe1.3Nip.2Mo00506.5 (SFNM) was selected as a
prototype example to elaborate the effects of the structure evolution of the perovskite scaffold
on the stability of P-eNs. [185] Either controlling the A-site deficiency or implementing the
topotactic ion exchange (TIE) is expected to be a pathway to regulate the concentration of the
B-site vacancies in the reduced SFNM (Equations 4.2 and 4.3). [164, 169, 176, 216] However,
the limited Sr-site deficiency (less than 5% mol) in the SFNM makes it fail to refill the B-site
vacancies after the exsolution by controlling the A-site deficiency. [217] Therefore, the TIE-
assisted exsolution was employed to fine-tune the B-site occupation of perovskite scaffold

while promoting the formation of nanoparticles.

Exsolution
Ay_4BO3_s —— (1 — a)ABO;_s» + aB (4.2)
Exsolution
ABO3_s5 + aBguest - ABl—aBguestaOS—S’ +aB (4.3)
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To initiate the TIE-assisted exsolution, the foreign Fe ion is a good choice as the B-site filling
agent due to its relatively high redox stability. [218] Our density functional theory (DFT) results
demonstrated the feasibility of swapping of guest Fe with host Ni in SFNM driven by the
difference in co-segregation energy. Therefore, uniform guest Fe overlayer was introduced on
the surface of SFNM scaffold by a facile lyophilization method, followed by the supplement of
Fe into B-site vacancies in the reduced SFNM bulk. Consequently, a robust Sr;Fe15Mo00.506-5
(SFM) scaffold with decreased B-site vacancies and Ni incorporation has been implemented,
accompanied by the exsolution of Fe-Ni alloy nanoparticles. [219] The extensive
electrochemical and structural characterizations confirm that the incorporation of the guest Fe
into B-site vacancies of the reduced SFNM scaffold delivers higher catalytic activity and stability
of the reduced perovskite scaffold, especially when external voltages >1.6 V. Furthermore, from
the short/long term stability performances and post characterizations, we have uncovered the
degradation mechanism of the reduced SFNM with/without B-site supplement at high
potentials from the perspective of structure stability. These results highlight the indispensable
contribution of structurally robust mother perovskite to the higher stability of P-eNs for CO;
reduction in SOEC, and also provide the extensive prospects towards the rational design of

advanced heterogeneous P-eNs and other catalytic systems.

4.2 Results and Discussion

DFT calculations and B-site supplement. To reoccupy the B-site vacancies of reduced SFNM
scaffold during exsolution, the appropriate filling agent should be selected to initiate the TIE
process. For this purpose, the co-segregation energies of Ni, Fe and Mo at B-site of SFNM were

calculated by DFT simulation, which are -2.26 eV, -1.46 eV and -1.06 eV, respectively (Figure
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4.1a). It indicates that Fe exsolves more favourably than Mo but less favourably than Ni. [183]
Considering that TIE is driven by the difference in co-segregation between guest ion and host
ion, [216] the exchanges of guest Fe< host Ni (-0.79 eV) and guest Fe< host Fe (0 eV) are
thermodynamically more favorable than that of guest Fe<> host Mo (0.40 eV) when external Fe
ion is introduced on the surface of SFNM substrate (Figure 4.1b), suggesting the feasibility of

refilling of guest Fe into the B-site vacancies and exsolution of Fe-Ni alloy.
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Figure 4.1 (a) Co-segregation energy and schematic illustrations of the DFT models for co-

segregation by conventional exsolution. (b) Exchange energy comparison of B-site cations of

SFNM with guest Fe.

With the guidance of DFT calculations, two different exsolution routes are recapitulated in
Figure 4.2 for schematic illustrations. Route i depicts the TIE-assisted exsolution initiated on the
guest Fe-SFNM complex while the conventional counterpart is shown as route ii. In TIE-assisted

approach, the foreign Fe ions are initially deposited on the surface of perovskite by freeze
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drying (Figure S4.1), which will then be incorporated into the remaining B-site vacancies,

accompanied with the egression of host Ni and Fe upon reduction (Equation 4.4).
TIE-assisted exsolution:

Fefe + Nifj; + 205 + Feguest = Feguesty, + Feguesty, + 2Vo + 4¢' + Fe — Ni + 0, (4.4)

For the conventional exsolution, Fe- and Ni-site vacancies emerge in perovskite matrix with the

formation of Fe-Ni alloy nanoparticles at the surface (Equation 4.5).
Conventional exsolution:
Fe¥, + Ni¥; + 208 - Vi, + Vi, + 2V5 + Fe — Ni + 0, (4.5)

i. Exsolution with B-site supplement

Fe source deposition /| -

host Fe
® host Ni
¢ host Mo
* O atom
' Sratom
O Fe vacancy
O Nivacancy

SFNM support {  Scaffold with .
PP i B-site vacancies | @ Fe-Nialloy

ii. Exsolution without B-site supplement

Figure 4.2 Schematic illustration of exsolution with and without B-site supplement on SFNM.

Examination of the exsolved nanoparticles and perovskite scaffold. To determine the optimal

Fe loading amount on surface of SFNM, a series of SFNM+xFe-red samples (x=0.0, 0.5, 0.8, 1.2,
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which refer to the molar ratios of guest Fe to host Ni) were prepared. X-ray diffraction (XRD)
analysis confirms that the Fe-Ni alloy phases have emerged in all SFNM+xFe-red samples with
the well-preserved perovskite phase (Figure 4.3a1). Nevertheless, further increasing x to 1.5
gives rise to metallic Fe phase (PDF# 06-0696) (Figure S4.2), suggesting that the excessive
surface Fe seeds trigger the formation of Fe clusters at this deposition level. Therefore, the
interplay between the nanoparticle formation and perovskite structure evolution among
SFNM+xFe-red (x=0.0, 0.5, 0.8, 1.2) are further elucidated. The characteristic Fe-Ni alloy peaks
in SFNM+0.0Fe-red can be well indexed to FeNis phase (PDF#03-065-3244) (Figure S4.3), while
the peak located at 44.1° among SFNM+xFe-red (x=0.5, 0.8, 1.2) slightly shifts leftward (Figure
4.3a;). Transmission electron microscopy (TEM) with energy dispersive X-ray spectroscopy (EDS)
element mappings on randomly selected nanoparticles of SFNM+0.0Fe-red and SFNM+1.2Fe-
red reveal the significant increase of Fe proportion in the exsolved nanoparticles of
SFNM+1.2Fe-red (Figure S4.4 and Table S4.1). It may be presumably explained by the
involvement of guest Fe in the nanoparticle growth, and the slightly smaller electronegativity of
Fe than that of Ni causes the lattice expansion of Fe-Ni alloy. [220-222] More importantly,
distinct peak-shifting of parent perovskites can be observed from the XRD patterns of
SFNM+xFe-red. As shown in Figure 4.3as, the magnified diffraction peak at about 32° of
SFNM+0.5Fe-red shifts slightly to a higher angle with regards to SFNM+0.0Fe-red, which may be
ascribed to the partial filling of B-site vacancies with the guest Fe. Oppositely, the peak shifts
leftward when further increasing the deposited Fe content to x=0.8 and 1.2, mainly due to the

loss of lattice oxygen after the accelerated exsolution. [159] It in turn indicates the promotion
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of exsolution and substantial occupation of B-site vacancies by the guest Fe in SFNM+0.8Fe-red

and SFNM+1.2Fe-red.
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Figure 4.3 (a1) XRD patterns of SFNM+xFe (x=0.0, 0.5, 0.8, 1.2) reduced at 800 °C for 2 h in 5%

H2/N; from 20 to 80°. Amplified XRD patterns in the range of (a2) 41-45° and (a3) 31.5-33°.

Field emission-scanning electron microscopy (FE-SEM) results demonstrate that the
nanoparticle exsolution among SFNM+xFe-red (x=0.5, 0.8, 1.2) is more efficient compared with
that on SFNM+0.0Fe-red, as illustrated by the larger average size, wider size distribution and
larger population (Figures S4.5a-d, S4.6). SFNM+xFe-red samples (x=0.0, 0.5, 0.8, 1.2) were
subsequently subjected to O 1s X-ray photoelectron spectroscopy (XPS) analysis to inspect the
surface oxygen species. As shown in Figure S4.7, the concentration of surface-adsorbed oxygen
gradually increases as the surface Fe deposition increases, which is consistent with the

promoted exsolution observed by SEM.
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To further verify the reoccupation of B-site by the guest Fe, SFNM+xFe-red samples (x=0.0, 0.5,
0.8, 1.2) were re-oxidized to inspect the ability of exsolved nanoparticles to reintegrate into the
parent perovskite lattice. [152, 174, 188] After reoxidation at 1000 °C for 10 h, XRD analysis
shows that the additional NiO peaks have clearly emerged in re-oxidized SFNM+0.0Fe-red,
while NiFe;0s or SrMoQOs can be detected on re-oxidized SFNM+xFe-red (x=0.5, 0.8, 1.2)
(Figures 4.4a1-a3). It can be concluded that the redissolution of the exsolved FeNis nanoparticles
is partially reversible on the SFNM+0.0Fe-red. Moreover, Fe atoms in FeNis nanoparticles
preferentially dissolve into perovskite compared to Ni atoms, which is in accord with the fact
that Ni exsolves more favourably than Fe (Figure 4.1a). As a result, the residual Ni on the
surface transforms into NiO after heating in air. [190] However, for SFNM+xFe-red (x=0.5, 0.8,
1.2), the B-site vacancies of parent perovskite have been occupied by the guest Fe
partially/entirely; the exsolved Fe and Ni on surface are prone to self-assembly into binary
oxide NiFe204 in air rather than dissolve into perovskite lattice. In addition, the secondary
phase SrMo0O, detected on re-oxidized SFNM+0.8Fe-red and SFNM+1.2Fe-red is due to the fact
that B-sites were almost completely occupied by the high-valence Fe and Mo, exceeding the
tolerance of perovskite structure. This is consistent with the emergence of SrMoQs in the air-
sintered SFM. [223] Therefore, it suggests that the target P-eNs have been successfully
synthesized where Fe-Ni alloy nanoparticles are on the SFM substrate with decreased B-site

vacancies and Ni incorporation.
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Figure 4.4 (a1) XRD patterns of re-oxidized SFNM+xFe-red at 1000 °C in air for 10 h. Amplified

XRD patterns in the range of (az2) 35-45° and (as) 26-31°.
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Figure 4.5 j-V curves of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-GDC for pure CO2

electrolysis at 850 °C.
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Electrocatalytic performance. The electrocatalytic capacities of SFNM+x Fe-red for CO;
reduction were subsequently examined by current density-voltage (j-V) curves at 800 and
850 °C, as shown in Figure S4.8. The cathode electrodes were prepared by mixing SFNM+xFe-
red with gadolinium doped ceria (GDC), and the full cells for the measurements of
((Lao.6Sro.4)0.95C00.2Fe0.803.5-GDC| GDC|YSZ| GDC|SFNM+ x Fe-red-GDC) are denoted as
SFNM+ x Fe-red-GDC for simplicity. Apparently, SFNM+1.2Fe-red-GDC exhibits superior
electrocatalysis performance compared with others, indicative of its better catalytic activity
towards CO, conversion. Specifically, the j reaches 0.97 and 1.13 A cm for SFNM+0.0Fe-red-

GDC and SFNM+1.2Fe-red-GDC, respectively, at 1.6 V and 850 °C (Figure 4.5).

To further gain insights into the CO; electrolysis in SOEC, SFNM+0.0Fe-red-GDC and
SFNM+1.2Fe-red-GDC were subjected to the electrochemical impedance spectra (EIS) analysis.
Figure 4.6a shows the Nyquist plots of both cells at the applied potentials of 1.0, 1.2, 1.4, 1.6
and 1.8 V at 850 °C and the corresponding equivalent circuit model LR(QuxRu)(QLRL) (inserted
image). The simulated ohmic resistance (Rs), polarization resistances at high and low
frequencies (Ry and R.) are summarized in Table S4.2. Both cells show the similar Rs due to their
identical cell assembly, while the Rp values of SFNM+1.2Fe-red-GDC are comparably smaller
than that of the SFNM+0.0Fe-red-GDC at all the monitored potentials, suggesting the faster
cathode kinetics for CO; reduction over SFNM+1.2Fe-red-GDC. Interestingly, Rp of SFNM+0.0Fe-
red-GDC firstly drops with the increase of voltage (from 1.0 to 1.6 V), following an increase at
1.8 V, while Rp drops monotonously as the voltage increases over SFNM+1.2Fe-red-GDC. This
confirms that the exceptional kinetic performance of SFNM+1.2Fe-red-GDC is well maintained

even under harsh poling conditions. Remarkably, the Rp at 1.8 V for SFNM+1.2Fe-red-GDC
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reaches an appreciably low value of 0.09 Q cm?, almost half the value of that for SFNM+0.0Fe-
red-GDC (0.17 Q cm?). In addition, the Nyquist plots and the fitted R, of SFNM+1.2Fe-red-GDC
at 800 °C are obtained (Figure S4.9 and Table S4.3). It shows the lowest R, at high voltages (>
1.6 V) among the state-of-art P-eNs-based cathode candidates as listed in Table S4.4, indicative

of the higher catalytic activities of SEFENM+1.2Fe-red-GDC at higher negative potentials.

In conjunction with the EIS data, distribution of relaxation times (DRT) analysis was used to
discern the contributions of underlying kinetic processes to the polarization resistances over
these two cells. [224] As shown in Figure S4.10, the electrode process can be deconvoluted into
four peaks, which are denoted as 1) oxygen ion transfer through electrolyte and oxygen
evolution at anode (P1), 2) charge transfer (P2), 3) surface CO, adsorption and activation (Ps), 4)
gas diffusion process (Ps) at cathode from high to low frequency. [139, 174] Notably, the
integral areas of P, and P3 peaks on SFNM+0.0Fe-red increase as voltage rises from 1.6 to 1.8 V,
as opposite to that on the SFNM+1.2Fe-red (Figure 4.6b). It can be inferred that the higher
surface reactivity, the faster charge transfer on SFNM+1.2Fe-red, whereas the passivated

surface would deteriorate the charge transfer on SFNM+0.0Fe-red at 1.8 V.
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Figure 4.6 (a) EIS of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-GDC for pure CO; electrolysis
at 850 °C. (b) DRT analyses of the EIS for SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-GDC at 1.6

and 1.8 V.

The origin of the enhanced catalytic activity. To understand the origin of the difference in
catalytic performances between these two cells for CO, reduction at high voltages, further
characterizations were carried out on SFNM+0.0Fe-red and SFNM+1.2Fe-red. Firstly, Fourier
Transform Infrared Spectroscopy (FTIR) measurement was performed to compare their CO;
adsorption capacities. [89, 225] As shown in Figure 4.7 and Figures S4.11, SFNM+1.2Fe-red
exhibits a higher chemical CO, adsorption signal with a quicker response time at 600 °C than
the SFNM+0.0Fe-red, implying the superiority of SFNM+1.2Fe-red in terms of surface CO;
adsorption and reactivity. However, SFNM+0.0Fe-red presents more intensive physical
adsorption peaks compared with SFNM+1.2Fe-red at all the examined temperatures (Figure
S4.11). It may be ascribed to its higher surface alkalinity caused by more severe Sr-segregation.

As shown in Equation 4.6, the Fe-Ni nanoparticle exsolution, together with exhaustion of B-site
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cations and lattice oxygen, in a conventional way would trigger the stripping out of Sr cations to

re-establish stoichiometry.

SFNM+1.2Fe-red SFNM+1.2Fe-red
SFNM+0.0Fe-red SFNM+0.0Fe-red

Absorbance (arb. units)

AT My
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Figure 4.7 FTIR spectra of CO, chemisorption and physisorption for SFNM+0.0Fe-red and

SFNM+1.2Fe-red at 600 °C.

Conventional exsolution:

Reduction

SryFeq 3Nig,Mog506_5 —— Srp_y—yFeq 3_xNig,_,Mogs04_s7 + (x + y) SrO + xFe — yNi (4.6)

The Sr-rich surface would reorganize into SrCOs at a high CO; concentration, which has a
detrimental effect on the surface catalytic activity for CO; reduction. [130] Furthermore, high
voltages would impose high reducing potentials at the cathode, the concomitant exsolution and
Sr segregation would be sustained by the voltage driving force. On the contrary, the undesired
Sr segregation could be efficiently alleviated when the B-site vacancies are occupied by the

guest Fe; the active sites can be well exposed even at high potentials (Equation 4.7).
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TIE-assisted exsolution:

Reduction
SryFeq 3Nig ;Mo 506-5 + Fegyest —— SrzFe1.3—xNIO.Z—yFeguestx_I_yMOO.S06—5’ + xFe — yNi (4.7)

The difference in Sr segregation between SFNM+0.0Fe-red and SFNM+1.2Fe-red has also been
verified by comparable EDS signal intensity of Sr in the form of thin shell around the exsolved
nanoparticles (Figure S4.12). [214] Combined with the facilitated formation of Fe-Ni alloy
nanoparticles and surface-active oxygen vacancies, it in turn persuasively confirms the
evolution of initial surface of SFNM+1.2Fe-red into a more catalytically active surface by B-site
filling, which contributes to enhanced CO; adsorption and activation at high operating voltages.

[89]

Thermogravimetric analysis (TGA) reveals that the lattice oxygen loss increases with the guest
Fe deposition amount among SFNM+xFe-red (x=0.0, 0.5, 0.8, 1.2), indicative of higher oxygen
vacancy concentration within perovskite scaffold of SFNM+1.2Fe-red than that of SFNM+0.0Fe-
red (Figure S4.13). Since the oxygen ion transfer in perovskite is realized by reverse jumping of
oxygen vacancies, the oxygen ion conductivity is also dependent on the mobility of oxygen
vacancies in addition to oxygen vacancy concentration. [215] Apparently, the association
between neighbouring B-site vacancy and oxygen vacancy on SFNM+0.0Fe-red is likely to trap
the oxygen vacancy. The calculated binding energy of the Vg, — V, defect pair is -1.73 eV
(Figure S4.14 and Table S4.5), indicating that the additional association barrier needs to be
overcome to achieve the jumping of oxygen vacancies. [215] In contrast, the full occupation of
B-sites on SFNM+1.2Fe-red allows the elimination of constraint of B-site defect to surrounding

oxygen vacancies. The electrical conductivity relaxation (ECR) experiments for SFNM+0.0Fe-red
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and SFNM+1.2Fe-red were carried out to study the oxygen ion bulk diffusion (Figure 4.8a). [116,
200] The bulk diffusion constant (Dpem) of SFNM+1.2Fe-red obtained by fitting the ECR curve is
3.747 x 10~* cm? s'1, much higher than 1.439 X 107> cm? s of the SENM+0.0Fe-red. [226] It
suggests that there are more available oxygen ion transfer pathways in SFNM+1.2Fe-red, which

lead to the higher oxygen ion conductivity and lower charge transport resistance.

Since the valence states of B-site cations have a great influence on the electronic transfer
within perovskite bulk, the electronic environments of B-site cations on SFNM+0.0Fe-red and
SFNM+1.2Fe-red were examined by the XPS, X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra (Figures S4.15 and S4.16). [227-229]
As shown in Figure S4.15, higher proportion of Fe3* (23.30%) in SFNM+1.2Fe-red can be
observed than that in SFNM+0.0Fe-red (16.29%). In parallel, there is a distinct reduction in the
average oxidation state of the Mo atom in SFNM+1.2Fe-red (+5.67) with respect to that in
SFNM+0.0Fe-red (+5.89), which was derived from partial reduction of Mo®* to Mo>* (Figures
S4.15), indicating the coexistence of Fe3*-Mo°* and Fe?*-Mo®" electronic configurations to
achieve charge neutrality (Fe3*+Mo°*=Fe?*+Mo0°*).[230] More Fe?*-Fe3* and Mo°>*-Mo®" charge
pairs should endow SFNM+1.2Fe-red with the improved electronic conductivity owing to the
sufficient B™Y*-0-B™ conduction pathways in SFNM+1.2Fe-red. The temperature-dependent
electrical conductivity results show that SFNM+1.2Fe-red performs better than SFNM+0.0Fe-
red in the 50% CO,/50% CO and 5% H2/95% Ar atmospheres (Figure 4.8b and Figure S4.17). In
the 50% C02/50% CO atmosphere, the electrical conductivities of SFNM+0.0Fe-red and

SFNM+1.2Fe-red increase as the temperature increases, reaching 16.5 and 24.6 S cm™ at 850 °C,
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respectively (Figure 4.8b). SFNM+1.2Fe-red shows the higher conductivity in the prospective

operation atmosphere of CO; electrolysis.

In summary, the B-site supplement of the reduced SFNM by external Fe source plays a crucial
role in preserving the high surface activity, high oxygen ion conductivity and electronic

conductivity at high voltages, thus leading to the faster cathode reaction kinetics.
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Figure 4.8 (a) Normalized electrical conductivity relaxation curves for SFNM+0.0Fe-red and
SFNM+1.2Fe-red at 850 °C with switching of the gas stream from 2:1 CO-CO; to 1:1 CO-CO..
XPS of (b) Temperature-dependent electrical conductivities of SFNM+0.0Fe-red and

SFNM+1.2Fe-red under 50% C0O,/50% CO atmosphere.

Short-term/long-term stability performances. The cathode stability under operational
conditions is a vital criterion to evaluate the CO; electrocatalysis performances in SOEC. The 15
min potential step chronoamperometry was firstly performed at 850 °C to gain initial indication

of the stability of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-GDC. Online gas chromatography
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(GC) was employed to monitor the CO formation during the short-term stability tests. These
two cells deliver quite similar j at negative potentials of 1.0, 1.2 and 1.4 V (Figure 4.9a). Upon
increasing the potential to 1.6 V and then to 1.8 V stepwise, stark differences in j have emerged.
The significant decay of j can be observed over SFNM+0.0Fe-red-GDC, whereas there is
negligible j decline over SFNM+1.2Fe-red-GDC under both polarization conditions.
SFNM+1.2Fe-red-GDC shows the competitive short-term stability at the voltages > 1.6 V in
comparison with the SFNM+0.0Fe-red-GDC and other state-of-art P-eNs-based SOECs (Table
S4.6). Additionally, both cells could steadily generate CO with appreciable Faraday efficiency
(FEco) (around 90%) at all the potentials (Figure 4.9b). As expected, the CO production rate for
SFNM+1.2Fe-red-GDC gradually increased with increasing the external voltages, while the
production rate for SFNM+0.0Fe-red-GDC peaked at 1.6 V and then decreased upon further
raising the potential to 1.8 V. Considering that the nanoparticles closely socketed on the surface
of SFNM+0.0Fe-red and SFNM+1.2Fe-red can retain the virtue of high resistance to
agglomeration (Figure S4.18), [231] the discrepancies in j decay and CO productivity appear to
be raising from the differences in the structure evolution of perovskite matrix at higher

negative potentials.
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Figure 4.9 (a) The current density response curves for the 15 min potential step
chronoamperometry and (b) corresponded CO productivity and FE.,for SFNM+0.0Fe-red-GDC

and SFNM+ 1.2Fe-red-GDC at 850 °C with pure CO..

It should be worth noting that the stable SOEC operation at high voltages has significant
implications on improving the energy efficiency and industrial scale of applications. [213]
Furthermore, high cathode potentials are applied to intentionally accelerate electrode
degradation to help us understand the cathode evolution and further shed lights on the
degradation mechanisms. This in turn is of great significance for designing P-eNs materials in
line with the goal for industrialization. Figure 4.10a presents the prolonged stability
performances of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-red-GDC at 850 °C and 1.6 V.
Interestingly, SFNM+0.0Fe-red-GDC experiences the current density output instability at around
55 h. Moreover, despite the apparent j decrease over the entire operation, a trend of
“degradation-reactivation—-degradation” emerges that can be roughly categorized to Phase | (O-
8 h), Phase Il (8-35 h) and Phase Il (35-55 h). Within Phase |, j experiences dramatic decrease

with a degradation rate of 44 mA cm h'l. As the reaction proceeds and enters Phase Il, the j
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slowly climbs up, peaking at 35 h with a maximum j of 0.47 A cm™. In the following Phase IlI,
the j drops again until it becomes unstable at around 55 h. Especially, j declines at an
attenuation rate of 6 mA cm™ h! from 50 to 55 h. In sharp contrast to the complicated j —t
profile on SFNM+0.0Fe-red-GDC, SFNM+1.2Fe-red-GDC manifests a rather simple and mild
degradation profile throughout the long-term stability measurement without observable j
fluctuations, only having an average degradation rate of 3 mA cm™ h'l. The j remains at a high
value of 0.75 A cm2at 100 h. In addition, the recorded FEq profiles show that SFNM+0.0Fe-
red-GDC experienced a significant FE.q decline, only having 75% at 48 h. In contrast, the FE
of SFNM+1.2Fe-red-GDC has remained at above 90% throughout the 100-h stability test,

indicating its superiority in preventing the yielding of by-products.

Post-mortem characterization and degradation mechanism. After the long-term stability tests,
the significant morphology changes and coarsening of exsolved particles can be observed on
the both cathode surfaces, and the coarsening of surface nanoparticles on SFNM+1.2Fe-red-
GDC is less severe than that on SFNM+0.0Fe-red-GDC (Figures 4.10b-c). Both cathodes were
scratched from the cells for the element distribution detection by secondary electron-scanning
TEM (SE-STEM) and STEM-EDS. More pronounced Sr- and Mo-derived phase separation in the
form of irregular particles appear on the surfaces of SFNM+0.0Fe-red-GDC, (Figures 4.10d-e),
suggesting that SFNM+0.0Fe-red-GDC undergoes the more significant phase decomposition
than SFNM+1.2Fe-red-GDC under the synergistic effect of the high voltage and CO,/CO mixed
atmosphere during the CO; electrolysis. The Raman spectra from cathode surface of both cells
were collected (Figure 4.11a). As shown, the distinct Raman feature peaks of SrCOs (located at

701 cm), SrMoO, (located at 795, 842 and 887 cm™), carbon with lattice defect (D band,
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located at 1319 cm™) can be found on the cathode surface of SFNM+0.0Fe-red-GDC, [223, 232,
233] whereas only trace amounts of SrMoOQOs peaks were detected on the cathode surface of
SFNM+1.2Fe-red-GDC. The emergence of Sr-containing impurities on both spectra confirms the
structure decomposition and surface reconstruction on SFNM+0.0Fe-red and SFNM+1.2Fe-red.
Obviously, the phase decomposition of SFNM+0.0Fe-red is more thorough. Furthermore, a
small amount of carbon deposition on SFNM+0.0Fe-red-GDC may be ascribed to the newly born
Ni nanoparticles driven by the applied voltage. Subsequently, SFNM+0.0Fe-red-GDC was
subjected to the stability test again and was interrupted before entering the Phase Il, and the
Raman spectrum of the cathode surface was collected. As shown in Figure 4.11b, only the
Raman feature peaks of SrCOs; and SrMoQs were detected but no peaks of carbon, which
confirms that the perovskite scaffold of SFNM+0.0Fe-red primarily underwent the bulk
structural decomposition before the exposure of newly grown nanoparticles and carbon

deposition. This also explains the j evolution over SFNM+0.0Fe-red-GDC.

To verify the exsolution scenario and the structural decomposition during the electrolysis
process, the SFNM without pre-reduction treatment was fabricated as the composite cathode
material (SFNM-oxi-GDC) for the electrochemical testing (Figure S4.19) and the post-mortem
characterizations (Figures S4.20-22). As shown in Supplementary Fig. 20d, the SFNM-oxi-GDC
shows the similar long-term stability profile as the SFNM+0.0Fe-red-GDC. The SEM, SE-STEM
and STEM-EDS results confirm that partial Ni elements segregate from the SFNM bulk and the
newly born fibrous phases appear on the cathode surface (Figures $4.20-21). Meanwhile, the
Raman feature peaks of SrCOs, carbon with lattice defect (D band) can be observed (Figure

S4.22), suggesting that the Ni element in-situ exsolves from the SFNM bulk and subsequently
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results in the carbon fiber growth during CO; electrolysis. This can be ascribed to the lower co-

segregation energy of Ni in SFNM, which causes the structural decomposition under the

synergistic effect of 1.6 V and 850 °C.

V]

100
-\\.\_.

Current density (A cm-2)
. -,
Faraday efficiency of CO (%)

-
o
1
T
[=)]
o

&
)
{

—— SFNM+1.2Fe-red-GDC
—— SFNM+0.0Fe-red-GDC 0

0 10 20 30 40 50 60 70 80 90 100
d Electrolysis time (h)

.
-'f O 4

Figure 4.10 (a) 100h long term stability testing for SFNM+0.0Fe-red-GDC and SFNM+ 1.2Fe-red-

GDC at 1.6V and 850 °C in pure CO,. SEM images of cathode surface microstructure of (bi-b)
SFNM+0.0Fe-red-GDC and (ci-c;) SFNM+1.2Fe-red-GDC after long-term stability at 1.6 V and

850 °C. SE-STEM and STEM-EDS images of cathode on (d) SFNM+0.0Fe-red-GDC, (e)

SFNM+1.2Fe-red-GDC after long-term stability at 1.6 V and 850 °C.
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Figure 4.11 (a) Raman spectra collected from cathode surface of SFNM+0.0Fe-red-GDC and
SFNM+1.2Fe-red-GDC after the long-term stability test. (b) Raman spectra collected from
cathode surface of SFNM+0.0Fe-red-GDC whose stability test was interrupted before entering

the Phase Il.

Accordingly, the severe degradation may be effectively mitigated by preserving the structural
integrity and enhancing the resistance to exsolution of perovskite scaffold of SFNM+0.0Fe-red.
In SENM+1.2Fe-red, the robustness of perovskite scaffold has been significantly enhanced by B-
site supplement using redox-stable Fe ions, which postpones the decomposition of perovskite
bulk and reassembly of Sr-based insulators on surface. Furthermore, the continuous exsolution
has been greatly suppressed due to the decreased Ni content in perovskite bulk. This also well
accounts for the mild degradation rate, high FE.q, no intuitive reactivation process, decreased

Sr-based matters and negligible deposited carbon over SFNM+1.2Fe-red-GDC.

71



® HostFe O Fevacancy
@ Host Ni O Ni vacancy
» Host Mo Mo vacancy

« O atom © O vacancy

‘W Sratom OSr vacancy
SFNM+1.2Fe-red-GDC Phase l and Il Phase Il @ Fe-Ni alloy

SFNM+0.0Fe-red-GDC Phase | and Il Phase IIl ElStirolyels | == 2 RN HEpCsticn

oy ) o .
@ SCO, -efy. SMoO,
Phase I: Structure decomposition

Phase II: Reactivation
Phase IlI: Passivation

Figure 4.12 Structure evolution driven degradation mechanisms for SFNM+0.0Fe-red-GDC and

SFNM+1.2Fe-red-GDC at high negative potentials.

In view of the above analyses, a perspective on the degradation mechanism of P-eNs from the
structure stability of perovskite substrate can be proposed. Since the proper negative potential
acts as the driving force to drain out B-site reducible cations from perovskite, the high voltage
on cathode will not only accelerate CO; reduction reaction, but also give rise to the continuous
and slow exsolution during the electrolysis, [178] starting from breaking of weak B-O bonds,
diffusion of B-site cations, followed by nucleation and growth of nanoparticles. [162] In parallel,
A-site segregation occurs, leading to surface reassembly and perovskite bulk reconstruction. As
below, we can tentatively discuss the differences in structure evolutions of SFNM+0Fe-red-GDC
and SFNM+1.2Fe-red-GDC in light of their degradation processes (Figure 4.12). For SFNM+O0Fe-
red-GDC, the profile presents a high j but a faster decay rate in the Phase | (Figure 4.10a). This

is presumably ascribed to the breaking of B-O bonds and subsequent diffusion of ions from bulk
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to surface driven by the external voltage, [165] which causes deteriorated charge transfer
capability of perovskite scaffold and surface assembly of detrimental Sr-based matters (Figure
4.11b). This stage is named as “Structure decomposition” regime. However, such a declining
profile has been gradually counterbalanced by the newly exposed active nanoparticles derived
from diffusion of active cations in the deeper region of perovskite (Phase Il in Figure 4.10a). It
can be seen that this process is very mild, which means that exsolution is limited by the
concentration of exsolved cations in the perovskite and proceeds slowly. [162] This stage is
termed as the “Reactivation” regime. As electrolysis proceeds, the structural decomposition
progresses slowly, and a balance between surface reorganization and bulk reconstruction has
gradually reached. Meanwhile, carbon deposition around the nanoparticles becomes
increasingly distinct (Figure 4.11a). Consequently, j drops again or even becomes unstable
(Phase Ill in Figure 4.10a), this period can be named as the “Passivation” zone. Nevertheless, for
SFNM+1.2Fe-red-GDC, the “structure decomposition” has been significantly alleviated by the
reoccupation of relatively redox-stable Fe ions at B-site vacancies of perovskite. The high
applied potential offers a higher initial transient j, however, the amplitude of j attenuation has
been remarkably reduced at the initial stage compared with that for SFNM+0.0Fe-red-GDC,
which proves that the structural decomposition has been greatly alleviated (Figure 4.10a).
Although the “reactivation” stage is not visible from the j curve, the change in FE;; and phase
analysis from Raman results suggest the existence of a small amount of exsolution and surface
reconstruction (Figures 4.10a and 4.11a). Moreover, carbon deposition near active sites has
been circumvented (Figure 4.11a), resulting in a moderate degradation process in the following

reaction and a longer operating life. In addition, the deteriorations of the electrolyte and the
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anode under the harsh conditions seem to be inevitable (Figure S4.23), which are also
responsible for the significant attenuation of the current density during CO; electrocatalysis at

1.6 V and 850 °C.

4.3 Conclusions

In summary, this study has highlighted that the B-site supplement should be an alternative
strategy to boost the stability of P-eNs for CO, electrocatalysis in SOEC. By incorporating the
guest Fe ions into the residual B-site vacancies of perovskite scaffold, SFNM+1.2Fe-red exhibits
the higher surface activity, charge conductivities and structural robustness compared to
SFNM+0.0Fe-red, thus leading to both the high catalytic activity and the high stability
performances, especially at high voltages (i.e., 21.6 V). Furthermore, the degradation
mechanisms of the reduced SFNM with/without B-site supplement have been clarified from the
perspective of structure stability of perovskite scaffold, revealing the important role of the
robust perovskite scaffold in enhancing the stability of P-eNs. This work provides an approach
to rational design of the P-eNs with improved activity and stability and also paves the way
toward their wide industrial applications as the efficient electrocatalysts for various energy

storage and conversion systems.
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Figure S4.1 Synthesis route of guest Fe deposition on the surface of SFNM for TIE-assisted

exsolution process.
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Figure $4.2 XRD pattern of SFNM+1.5Fe-red.
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Figure S4.3 XRD pattern of SFNM+0.0Fe-red.

Figure S4.4 TEM with EDS of randomly selected nanoparticles on (a-c) SFNM+0.0Fe-red and (d-e)

SFNM+1.2Fe-red.
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Table S4.1 Fe and Ni content in randomly selected nanoparticles on SFNM+0.0Fe-red and

SFNM+1.2Fe-red.

Exsolved nanoparticles

Atom ratio (Fe/Ni, Ni as reference that Ni=1)

Number
Site 1
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7

Average

SFNM+0.0Fe-red
0.36
0.34
0.32
0.36
0.44
0.41
0.35
0.37

SFNM+1.2Fe-red
3.05
2.90
3.45
1.98
2.27
2.65
2.70
2.71

Figure S4.5 (a1, a>-d1, d2) SEM images of microstructures and (as-ds) size distribution histograms

” M B R
Diameter (nm)

b A

1620 M 2 R
Diameter (nm)

x=0.5

B 4

x=0.8

Diameter (nm)

16 ™ 2B R BN

x=1.2

Diameter (nm)

of the exsolved nanoparticles on SFNM+xFe-red (x=0.0, 0.5, 0.8, 1.2).
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Figure S4.8 j — V curves for SFNM+ x Fe-red (x =0.0, 0.5, 0.8, 1.2) at 800 and 850 °C.

Table S4.2 EIS fitting values (Rs, Ru, Ry).

Potential Rs Ry Ru Re
Samples

(V) (Qcm?) (Qcm?) (Qcm?) (Qcm?)
SFNM+0.0Fe-red 0.4992 0.01906 0.5066 0.52566
' SFNM+1.2Fe-red 0.4901 0.3306 0.04527 0.37587
SFNM+0.0Fe-red 0.453 0.09258 0.1726 0.26518
L2 SFNM+1.2Fe-red 0.4563 0.0974 0.1479 0.2453
SFNM+0.0Fe-red 0.4555 0.07313 0.1142 0.18733
L4 SFNM+1.2Fe-red 0.4741 0.07575 0.07375 0.1495
SFNM+0.0Fe-red 0.4259 0.05786 0.08628 0.14414
Lo SFNM+1.2Fe-red 0.4239 0.05847 0.04617 0.10464
SFNM+0.0Fe-red 0.4063 0.07069 0.1046 0.17529
L8 SFNM+1.2Fe-red 0.4054 0.04964 0.03924 0.08888
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Figure S4.9 Nyquist plots of SFNM+1.2Fe-red-GDC at 800 °C (Equivalent circuit model:
LR(QnRH)(QrRL)).

Table S4.3 EIS fitting values (Rs, Ru, Ri) of SFNM+1.2Fe-red-GDC at 800 °C (Equivalent circuit

model: LR(QnxRru)(QLRL)).

Potential (V) Rs (Q cm?) Rk (Q cm?) R (Q cm?) Rr (Q cm?)
1 0.7375 0.0714 0.6480 0.7194
1.2 0.6901 0.1796 0.1871 0.3667
1.4 0.6847 0.1254 0.1090 0.2344
1.6 0.6743 0.0910 0.1064 0.1974
1.8 0.6441 0.0751 0.0700 0.1451
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Table S4.4 Comparison of the polarization resistance, CO productivity with other state-of-art

exsolved SOECs for CO; electrocatalysis.

Rp CO productivity
Perovskite cathode Ref.
(Qcm?) (mL mintcm?)
SFNM+1.2Fe-red 0.10 6.43
This work
(Fe-Ni alloy) (1.6V, 850 °C) (1.6 V and 850 °C)
SraFe1.58M00.506.5 0.29
- [234]
(Fe) (1.8 V, 850°C)
(Lao.2Sro.8)o.85Tio.8Cro.1Nio.103- 0.43 3.27
[235]
5 (Ni) (1.6 Vv, 850°C) (1.6 Vv, 850°C)
SraFe1.35M00.45C00.206-5 0.28 8.50
[218]
(Co-Fe) (1.6 Vv, 800 °C) (1.6 Vv, 800 °C)
(Lao.2Sro.8)0.95 Tio.ssMng.1Nio.os 0.51 3.67 (8]
03-5 (Ni) (1.6 v, 800°C) (1.6 Vv, 800 °C)
SrzFe1.35M00,45Nio_205_a 0.20 ca. 7.50
[185]
(FeNis) (1.6 Vv, 800 °C) (1.6 Vv, 800 °C)
La12SrosMno.aFeo604.a 0.326
- [236]
(Fe) (1.5V, 800 °C)
Lao.sCao.aFeo.sNig.203.5 0.399
- [237]
(Fe-Ni) (1.3V, 800°C)
SraFes.25CuU0.25M00.506.5 0.46 12.80
[238]

(Fe-Cu)

(ca. 0.92 V, 850°C)

(1.4 V, 800 °C)

Note: Some values of the current density at 1.6 V of the cited literatures are determined by the

Digitizer function of Origin software.
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Figure $4.10 Comparison of deconvoluted results of EIS on SFNM+0.0Fe-red and SFNM+1.2Fe-

red at applied potentials and 850 °C by DRT analysis.
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Figure S4.11 FTIR spectra of CO; (a) chemisorption and (b) physisorption for SFNM+0.0Fe-red
and SFNM+1.2Fe-red at 400 °C. Time dimensioned FTIR spectra for (¢, €) SFNM+0.0Fe-red and

(d, f) SFNM+1.2Fe-red at 400 and 600 °C.
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Figure S4.12 Overlap of Sr- and O- EDS signals for SFNM+0.0Fe-red and SFNM+1.2Fe-red.
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Figure S4.13 TGA of SFNM+xFe-red (x=0.0, 0.5, 0.8, 1.2) in the 5% H2/95% N, atmosphere.
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oxygen vacancy

V., -V, configuration V., configuration V" configuration

Figure S4.14 Three defective configurations of (a) Vg, — V{;, (b) Vg, and (c) V;; in SFM. The gray
balls represent Sr atoms, the red balls represent Fe atoms, the pink balls represent Mo atoms,

the blue balls represent O atoms.

Table S4.5 The corresponded energies of three defective configurations and perfect SFM.

Configuration Energy (eV)
Vie — V5 in SFM -258.45
Ve in SFM -262.85
V5 in SFM -268.81
Perfect SFM -274.94
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Figure $4.15 XPS of (a) Fe 2p and (b) Mo 3d for SFNM+0.0Fe-red and SFNM+1.2Fe-red.
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Figure $4.16 (a) Fe K-edge and (b) Ni K-edge X-ray absorption near-edge structure (XANES)
spectra of SFNM-oxi, SFNM+0.0Fe-red and SFNM+1.2Fe-red, together with reference samples
Fe-foil, FeO, Fe,0s, Ni-foil, and NiO. Fourier-transformed (c) Fe K-edge and (d) Ni K-edge
extended X-ray absorption fine structure (EXAFS) spectra of SFNM-oxi, SFNM+0.0Fe-red and

SFNM+1.2Fe-red, together with reference samples Fe-foil, FeO, Fe>03, Ni-foil, and NiO.
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Table S4.6 Comparison of the short-term stability with the state-of-art P-eNs for pure CO;

electrocatalysis in SOEC.

1.00 1.05

conductivities of SFNM+0.0Fe-red and

Perovskite cathode

jlossrateat1.6 V

jloss rate at 1.8

Ref.
(Exsolved nanoparticles) (A cm?2 min?) V (A cm?Zmin?)
SFNM+1.2Fe-red 0.003 0.001
This work
(Fe-Ni alloy) (850 °C, 15min) (850 °C, 15min)
SFNM+0.0Fe-red 0.008 0.040
This work
(Fe-Ni alloy) (850 °C, 15min) (850 °C, 15min)
SraFe158M00.506.5 0.002 0.002
[234]
(Metallic Fe) (850 °C, 15min) (850 °C, 15min)
(Lao.e5Sro.3Ce0.05)0.9(Cro.sFeos)o. 0.022 0.030 ([171)
8sNio.1503.5 (Fe-Ni alloy) (850 °C, 15min) (850 °C, 15min)
SraFe1.35M00.45Ni0.206-5 0.005
- [185]
(FeNis alloy) (800 °C, 20min)
(Lao,zsro,g)o,gsTio,ssMno,1Nio,050 0.004 0.005
[89]

3.5 (Metallic Ni)

(800 °C, 15min)

(800 °C, 15min)
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Figure $4.18 High resolution TEM results for (a) SFNM+0.0Fe-red and (b) SFNM+1.2Fe-red.
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Figure S4.19 |-V curves of SFNM-oxi-GDC with that of SFNM+0.0Fe-red-GDC and SFNM+1.2Fe-
red-GDC at (a) 800 °C and (b) 850 °C. Comparison of (c) Short-term stability and (d) long-term

stability performances at 850 °C of SFNM-oxi-GDC with that of SFNM+0.0Fe-red-GDC and

Electrolysis time (min)

SFNM+1.2Fe-red-GDC.
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Figure $4.20 SEM images of cathode surface microstructures of SFNM-oxi-GDC after long-term

stability at 1.6 V and 850 °C.

Figure S4.21 TEM images of cathode surface microstructures of SFNM-oxi-GDC after long-term

stability at 1.6 V and 850 °C.
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Figure S4.22 Raman spectrum collected from cathode surface of SFNM-oxi-GDC after the long-

term stability test.
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Figure S4.23 SEM images of cross section of (a) SFNM+0.0Fe-red-GDC and (b) SFNM+1.2Fe-red-

GDC after long-term stability tests at 1.6 V and 850 °C.
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Chapter 5. Phase transition engineering of host perovskite toward

optimal exsolution-facilitated catalysts for CO; electrolysis

5.1 Introduction

P-eNs have been extensively used as the electrocatalysts in solid oxide cells (SOCs) for energy
conversion and storage. [165, 192, 218, 239] In recent years, significant efforts have been made
to modify the size, density and composition of exsolved nanoparticles, [148, 164, 166, 174, 187]
thereby improving the catalytic activity of P-eNs. [175] However, the perovskite scaffold, which
plays a crucial role in extending the surface TPB and preserving the highly active sites, has
received relatively little attention. [177, 193] It is worth noting that the promoted exsolution of
nanoparticles is at the cost of consuming the perovskite scaffold, the continuous stripping of
reducible B-site cations and lattice oxygen from the host perovskites would result in an
inadvertent structural reconstruction, [230, 238, 240, 241] even lead to the unintentional phase
transformation in cases where the exsolution exceeds a critical threshold. [102, 103, 242] This
limits the full exploitation of the heterogeneous architectures on exsolution-facilitated
perovskites and also, limits our current understanding on how the phase transformation of the

perovskite scaffold affects the catalytic performances of P-eNs.

One of the key points in addressing the aforementioned concerns is controlling the phase
evolution of perovskite substrate while facilitating exsolution, [177, 243] however, there
remains a scarcity of effective and straightforward methods to suppress phase transition

without compromising exsolution. [244] In addition, the lack of systematic investigation on the
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electrolysis processes on P-eNs with diverse nanoparticle support hinders the in-depth
understanding of the role of perovskite scaffold in electrocatalysis. [242, 245] Only by
overcoming these two challenges can we more effectively design P-eNs materials for a wide

range of reactions.

In this study, we have identified a set of strategies for controlling the phase evolution of the
host perovskite without compromising exsolution on the perovskite SraFei;Nio3Moos506-s
(SFN3M). In particular, the trade-off between promoting exsolution of Fe-Ni nanoparticles and
preserving phase structure of host perovskite has been broken by a B-site supplement strategy
(Scheme 1), thus broadening the scope of exsolution-facilitated perovskite. Using CO;
electrolysis in SOEC as an illustrative case study, we have demonstrated that the catalytic
activity and stability of P-eNs can be selectively enhanced by controlling the phase evolution of
host perovskites from double perovskite (DP) to layered perovskite (LP) structure. Combining
the experimental and theoretical results, we reveal that the intentional manipulation of
perovskite architectures can optimize the surface chemical environment and strengthen the
surface-bulk interactions, thus dominating the cathode kinetics in response to the applied
voltages and even altering the rate-limiting step. In addition, we propose two structural factors:
structural stability of host perovskite itself and the concentration of the reducible B-site cations
for predicting the robustness of P-eNs for CO; electrolysis. The methodology of precisely
regulating the architectures of host perovskite can offer the insights into the exsolution-
facilitated P-eNs design for various electrocatalytic reactions and contribute to the

comprehensive understanding of catalytic mechanisms occurring on P-eNs-based materials.
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Figure 5.1 Design scheme of the exsolution-facilitated P-eNs with different perovskite
compositions as scaffold. (In the 3D models, the red area represents DP structure, the blue area
represents LP structure, the light green area represents Fe-Ni nanoparticles. In the 2D models,
the purple spheres represent A-site atoms Sr, the pink spheres represent B-site atoms
Fe/Ni/Mo, the gray spheres represent oxygen atoms, and the green spheres represent exsolved

Fe-Ni alloy nanoparticles).

5.2 Results and discussion

Construction of heterogeneous P-eNs by fine-tuning the structure of perovskite scaffold.
Figure S5.1 shows that the crystalline structure of SFN3sM presents a pattern corresponding to
DP-typed Sr,FeMoOs (PDF#00-060-0459), while the LP-typed Sr3FeMoOss (PDF#00-052-1715)
as an emerging phase can be probed after reduction at 850 °C for 2 h (SFN3sM-red-2h). [230, 246]
Secondary electron-scanning transmission electron microscopy (SE-STEM) and STEM with

energy-dispersive X-ray spectroscopy (STEM-EDS) results confirm the formation of Fe-Ni alloy
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on the surface of SFN3M-red-2h (Figure 5.2), demonstrating that a composite substrate
composed of DP and LP with exsolved Fe-Ni alloy nanoparticles (DLP-NPs) has been well-
constructed (Figure 5.3a i). By prolonging the reduction duration of SFNsM to 10 h at 850°C
(SFN3M-red-10h), the stripping of reducing cations continued, and a state of near-complete
phase transition has thus been attained. (Figure 5.3a iii and Figure S5.2). On the contrary, to
eliminate the trade-off between the inhibition of phase transition and promotion of exsolution,
we incorporated the redox-stable Fe ions into the host perovskite by ion exchange assisted
exsolution, to enhance the structural stability of perovskite scaffold. [177] X-ray diffraction
(XRD) spectra of SFNsM loaded with various amounts of guest Fe (SFNsM+xFe-red-2h, x=0.5,
0.8, 1.2, where x is the molar ratio of guest Fe/host Ni) after reduction reveal that the phase
evolution into the LP has been gradually mitigated with increased Fe loading (Figure S5.3), and
the DP structure is well preserved without any indication of the LP phase when x=1.2 (Figure
5.3aii). By tracking the phase evolution of parent perovskite throughout the reduction process
of SFN3sM+1.2Fe-red-2h (Figure 5.3b), we probed SrMoQO4 phase at 400 °C. It implies that the ion
exchange has initiated at this temperature because the incorporation of foreign Fe ions into the
B-site vacancies of perovskite substrate would result in the formation of SrFe15Moo.5s06 (SFM)
in the local area, which leads to the detachment of SrMoQO4 phase at the relatively lower
reducing temperatures. Further temperature ramping would cause the harsher reducing
conditions where SrMoOs could completely redissolve back into the SFM lattice at 800 °C.
Therefore, the well-preserved pure double perovskite substrate on SFN3sM+1.2Fe-red-2h can be
ascribed to the structural reinforcement of perovskite scaffold by B-site supplement with

external Fe source.
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Figure 5.3 a, XRD patterns of three P-eNs (DLP-NPs, SFN3M+1.2Fe-red-2h, SFN3sM-red-10h). b,

Ex situ XRD patterns of SFN3sM+1.2Fe after reduction at different temperatures and time.
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Figure 5.4 SEM images of microstructures and size distribution histograms of the exsolved

nanoparticles on SFN3M-red (black color), SFN3sM+1.2Fe-red (pink color) and SFN3:M-red-10h

(blue color).

Filed emission-scanning electron microscopy (FE-SEM) and STEM-EDS results substantiate that
the Fe-Ni alloy nanoparticles, characterized by a larger size and increased population, have
been evenly anchored on the surface of SFN3M+1.2Fe-red-2h via a thermodynamically
favorable ion-swapping process (Figure 5.4 ii, Figure S5.4b). [177] However, as a result of the
extended exsolution and Ostwald ripening, the exsolved Fe-Ni nanoparticles exhibit the larger
size and less population on the surface of SFN3sM-red-10h (Figure 5.4 iii, Figure S5.4c)[152, 162].
Furthermore, Fe/Ni ratio of exsolved nanoparticles on SFNsM+1.2Fe-red-2h and SFN3sM-red-10h

are 2.72 and 1.29, respectively, higher than 0.67 on DLP-NPs (Figure 5.2, Figure S5.5, Table S5.1).
95



Based on the characterization presented thus far, we can draw the conclusion that DP-NPs
(simplified from SFN3sM+1.2Fe-red-2h) and LP-NPs (simplified from SFN3M-red-10h) have been

successfully constructed.

Upon the examination of perovskite matrix using the high resolution TEM (HRTEM), only DP-
typed SraFeMoOs structure can be captured from the indexation of the diffractograms of DP-
NPs (Figure 5.5a). However, for DLP-NPs, the HRTEM images of the randomly selected substrate
reveal that the lattice structures of Areas 1 and 3 correspond to the DP structure, while that of
Area 2 belongs to the LP-typed Srs3FeMoOss structure (Figure 5.5b), where the existence of a
streak in this diffractogram along c* indicates the formation of a stacking superstructure along
the c axis. Close check of Area 3 reveals that LP-typed structure can be found as well (Figure
S5.6). Judging by the sizes of these streaks, we postulate that they are at an early growth stage

and by contrast, the LP-dominated areas are readily observed on the substrate of LP-NPs from

the HRTEM image (Figure 5.5c).

Figure 5.5 High resolution Environmental transmission electron microscope (HRTEM) images
and the corresponding electron diffraction patterns of (e) SFN3sM+1.2Fe-red-2h, (f) SFN3sM-red-

2h and (g) SFN3M-red-10h, respectively.
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CO; surface adsorption on P-eNs with various surface chemical environments.

To validate the significance of structural regulation on the electrocatalytic performance
manifestation of P-eNs, we applied all P-eNs in the CO; electrolysis process, where CO;
adsorption is the first and crucial step. We firstly conducted Fourier transforming infrared
spectroscopy (FTIR) and CO; temperature programmed desorption (CO,-TPD) experiments on
all P-eNs to understand the effect of the phase architecture of perovskite substrate on the
surface CO; adsorption capacity. [89, 127, 225] The FTIR spectra of all P-eNs at 600 °C show that
LP-NPs display the strongest CO, chemisorption with a bandwidth of 1300-1550 cm™ at 600 °C
(Figure 5.6a). [89] It is in good agreement with the results from the CO,-TPD experiments,
where LP-NPs exhibit the strongest chemical desorption peak at 550 °C (Figure 5.6b). As the
temperature of the CO,-TPD experiment increases to 850 °C, a more intensive chemical
desorption peak with the onset temperature of 760, 655 and 687 °C appears for DP-NPs, DLP-
NPs and LP-NPs. It indicates that the surface of DP-NPs is the most favorable for CO; adsorption
at the operating temperatures above 800 °C. The X-ray photoelectron spectroscopy (XPS)
results of O 1s illustrates that the concentration of chemisorbed oxygen species (0,%/0", at the
binding energy of ~531 eV) is the highest for LP-NPs, [185, 247] reaching 72%, followed by DP-
NPs with 59% and DLP-NPs with 55% (Figure S5.7 and Table S5.2). It demonstrates that the
surface of the LP-NPs features the highest concentration of CO; chemisorption sites, which is
inconsistent with the CO,-TPD results. Given the existence of two distinct chemical desorption
peaks observed in all CO,-TPD profiles, we suggested that two CO; adsorption scenarios occur
on the surface of P-eNs, either on the isolated oxygen vacancies (V;) or on the V,; adjacent to

the exsolved nanoparticles, which have a substantial influence on the CO, chemisorption.
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Figure 5.6 FTIR spectra of CO, chemisorption and physisorption for DP-NPs, DLP-NPs and LP-

NPs at 400 and 600 °C. b, CO,-TPD results of DP-NPs, DLP-NPs and LP-NPs up to 850 °C.

Density functional theory (DFT) was performed to investigate the various CO; adsorption
scenarios by calculating the CO, adsorption energies (E,4 ). (Figure 5.7a) In the cases of SFM-
based DP and LP with the presence of one V; on the surface (DP-V, and LP-V,), the CO;
adsorption with a bidentate carbonate configuration at the V;; of DP-V;; and LP-V,, is the most
stable, the calculated E,; were -0.64 and -1.12 eV (Figures S5.8 and S5.9), demonstrating that
SFN3M-based LP structure is more favorable for CO, chemisorption without exsolution. For the
other cases involving exsolved nanoparticles, it shows that the most stable configurations for
CO; adsorption on all the models exist in the form of the C atom of CO; bound with a Fe atom
from the Fe-Ni cluster, with an O ion attached to an adjacent V,, of the perovskite substrate
(Figure 5.7a and Figure S5.10). DP-NPs model (DP-V,-F3N1) displays the most robust adsorption,
with an E,,; of -2.81 eV, followed by -1.47 eV for LP-NPs model (LP-V;-F3N2) and finally, -1.04
and 0.54 eV for DLP-NPs models. We can find that the well-preserved DP structure results in a
boosted CO; adsorption during the evolution of the model from DP-V, to DP-V;-F3N1 with

increasing Fe content in the nanoparticles (Figure 5.7b). Conversely, during the model evolution
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towards LP-V;-F3N2, the phase transition on the DLP-NPs models leads to an increase in E,4.
from -1.04 to 0.54 eV, until the Fe/Ni ratio reaches 3:2, where the E,; of LP-V,;-F3N2 becomes
slightly negative compared to that of LP-V,; (Figure 5.7c). These findings indicate that DP-typed
substrate is more favorable for CO; adsorption at the V/; adjacent to the exsolved nanoparticles

compared to the LP-typed substrate.
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Figure 5.7 (a) DFT-based CO; surface adsorption configurations and energies (E,4) on DP-V,,
LP-V,, DP-V,;-F2N3, DP-V;-F3N1, LP-V;-F2N3 and LP-V,;-F3N2 models, and the Fe/Ni ratio in
exsolved nanoparticles. In these DFT models, the grey balls represent Sr atoms, the red balls
represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls represent Mo atoms,

the light blue balls represent O atoms. Change in E,; with model evolution toward (b) DP-V,-

F3N1 and (c) LP-V;-F3N2.
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Unveiling the effects of phase evolution on the electrochemical performances of P-eNs for

CO; electrolysis over a broad range of voltages.

All P-eNs were mixed with pure oxygen ion conductor Gd-doped ceria (GDC) to fabricate the
cathode materials to evaluate their catalytic activities for CO; electrolysis at 850 °C. The well-
assembled SOECs (P-eNs-GDC|GDC|YSZ|GDC|(Lao.6Sro.4)0.95C00.2Fe0.803-5-GDC) were denoted as
P-eNs-GDC for simplicity (Figures S5.11a-c). Figure 5.8a presents the current density-voltage (j-
V) curves of all SOECs, the order of j under identical conditions is as follows: DP-NPs-GDC>DLP-
NPs-GDC>LP-NPs-GDC. To track the electrode kinetics as a function of voltage, we extract the
polarization resistance (Rp) of all SOECs from the electrochemical impedance spectroscopy (EIS)
with the equivalent circuit LR(QuRH)(QuRL) (Figure 5.8b, Figure S5.11d and Table S5.3). [248] The
smallest R, of DP-NPs-GDC at all monitored voltages confirm that DP-NPs-GDC exhibits the
highest catalytic activity over a broad range of voltages. For DLP-NPs-GDC and LP-NPs-GDC with
the nearly overlapping EIS curves, 1.4 V appears to be a turning point, where LP-NPs-GDC
exhibits the larger R, at or below 1.4 V, while DLP-NPs-GDC demonstrates the larger R, above
1.4 V. It implies that phase evolution regulation also has an impact on other sub-step processes
in addition to CO; adsorption. The simulated distribution of relaxation times (DRT) results from
EIS data illustrate that LP-NPs-GDC exhibits a slightly large integral area of P, peak (charge
transfer) than DLP-NPs-GDC at all tracked voltages, while the sizes of P; peak (CO2 adsorption
and activation) areas switch from DLP-NPs-GDC<LP-NPs-GDC to DLP-NPs-GDC>LP-NPs-GDC
when the voltage increases from 1.4 to 1.6 V (Figure 5.8c and Figure S5.12). [139, 224]
Considering the better adsorption behavior of LP-NPs than that of DLP-NPs, the smaller P3 peak

of DLP-NPs-GDC below 1.6 V can be ascribed to its superior CO; activation performance. Since
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electrons are involved in the activation of the surface-absorbed CO; during electrolysis, [52] all
P-eNs were then subjected to the electronic conductivity tests at 850 °C. As listed in Figure 5.9
and Table S5.4, the electronic conductivities of all P-eNs follow an order of DP-NPs>DLP-
NPs>LP-NPs in the atmospheres of 1:1 CO-CO; and 2:1 CO-CO;, substantiating that CO;
activation on DLP-NPs is easier to proceed than that on LP-NPs. [116, 139] XPS analysis of Fe 2p
and Mo 3d with redox charge couples reveals that the higher electron conductivity of DLP-NPs
than that of LP-NPs can be attributed to the more concentrated Fe?*-Fe3* charge couples, which
acts as the primary electronic pathways bridging the surface-adsorbed CO; and SFNz:M
perovskite substrate (Figure 5.9, Figure S5.13, Table S5.5). [136, 249] The highest electronic
conductivities of DP-NPs can thus be ascribed to both the most concentrated Fe and Mo-related

redox charge couples and B-site supplement in the perovskite substrate.
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Figure 5.8 (a) Comparison of catalytic activity among all P-eNs-GDC. (a) Current density-voltage
curves and (b) EIS results of DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC for pure CO;
electrolysis at 850 °C. The inset is the equivalent circuit used to simulate the EIS data. (c) DRT

results of DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC at 1.4 and 1.6 V.
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NPs.

In addition to activating the surface-absorbed CO,, [52, 145] electrons also participate in the
reduction of the surface intermediate to *CO and *O. [52] The resulted CO is then desorbed
from the surface, and the oxygen ions occupying V,, are transported to the anode through a
hopping mechanism. [145] This process leaves new V,; and electrons available to participate in
a subsequent round reaction. It is noteworthy that the transfer of oxygen ions, which is more
difficult than electron transfer, may have a more pronounced impact on surface relaxation,
[250] especially at high voltages. It has been reported that there is negligible difference in
oxygen ion migration between SFM-based DP and LP counterpart, [218] the oxygen ion
conductivities of all P-eNs catalysts are highly dependent on the concentration of V. The
thermogravimetric profiles of all P-eNs in a reducing atmosphere containing 5% H2/95% N,
reveal that the weight losses of DP-NPs, LP-NPs reach 3.5 wt. % and 1.7 wt. % after heating

treatment up to 850 °C, which is higher than the weight loss of 1.5 wt. % observed in DLP-NPs
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(Figures 5.9 and S5.14a). It suggests that the perovskite substrate of DLP-NPs has the fewest
oxygen ion transfer pathways, which may lead to the slow oxygen penetration, thus resulting in
the sluggish surface exchange when a high voltage (21.6 V) is applied. It well explains the
inferior CO; surface adsorption and activation behavior of DLP-NPs compared to that of LP-NPs

observed in DRT results when a voltage at and above 1.6 V is employed.
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Figure 5.10 Gibbs free energy diagram for CO: electrolysis over models DP-V,-F2N3, DP-V,-

F3N1, LP-V;;-F2N3 and LP-V;-F3N2.

DFT was further performed to elaborate the effects of phase transition on the CO; electrolysis
on all P-eNs. As depicted in Figure 5.10, the *CO; dissociation proved to be the rate-limiting
step for DP-V;-F3N1 and LP-V;-F3N2, with the dissociation energies (4G;) of -0.29 and 0.05 eV,
respectively. For DLP-NPs models, we can find that the energy barrier of rate-determining step
of DLP-NPs changes from AG; of -0.1 eV to CO; adsorption energy (4G,) of 0.54 eV as the model

evolves from DP-V,;-F2N3 into LP-V,;-F2N3, indicating that the poor CO; adsorption resulted
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from the phase transition is the thermodynamic limiting factor for CO, electrolysis taking place
on DLP-NPs. And the DFT results align well with the electrochemical experimental results,

demonstrating that DP-NPs exhibit a highest catalytic activity.

Structural stability and degradation mechanism.
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Figure 5.11 Stability performances of all SOECs and indicators of stability of P-eNs. a,b, Short-
term stability tests. (a) The current density response curves for the 20 min potential step
chronoamperometry and (b) the corresponded CO productivity (histogram) and FEco (markers)
for DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC. ¢, Long-term stability performances of DP-NPs-

GDC, DLP-NPs-GDC and LP-NPs-GDC at 1.4 V and 850 °C.
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With a comprehensive understanding of the CO; electrolysis on various P-eNs, we then delved
into the robustness of these P-eNs for CO; electrolysis. The 20 min short-term stability test
results show that all SOECs display the satisfactory stability at 1.4 V or below (Figure 5.11a),
after that, DLP-NPs-GDC undergoes a remarkable decay of j, as opposed to the excellent
stability with little attenuation of LP-NPs-GDC and the slight j decay of DP-NPs-GDC. Due to the
close-to-100% Faraday efficiency of CO (FE.p) for all SOECs at all examined voltages, the CO
productivity of DLP-NPs-GDC reaches its peak at 1.6 V with 5.80 mL min cm, which is lower
than 9.17 and 6.71 mL min't cm for DP-NPs-GDC and LP-NPs-GDC under the same conditions
(Figure 5.11b). This highlights that a stable operation plays an important role in maintaining
high CO yields at high voltages. We continued to investigate the robustness of all SOECs by 100
h long-term CO; electrolysis tests at 1.4 V and 850 °C (Figure 5.11c). After excluding the first
momentary data points of j obtained from all SOECs, the j of DLP-NPs-GDC, DP-NPs-GDC and
LP-NPs-GDC decreased by 32%, 27%, and 7%, with values dropping from 0.7, 0.95, and 0.63 A
cm?to 0.48, 0.7, and 0.59 A cm™?, respectively. Unlike the monotonic decrease in the j-V curves
of DP-NPs-GDC and LP-NPs-GDC, DLP-NPs-GDC underwent a “degradation-activation-
degradation” process. [177] In particular, the j of DLP-NPs-GDC experiences dramatic decrease
in the first hour with a degradation rate of 220 mA cm™ h%, which is remarkably higher than 70
and 10 mA cm h! of DP-NPs-GDC and LP-NPs-GDC (Figure S5.14b). The post-characterization
results of the cathode morphology demonstrate that severe coarsening has occurred in the
exsolved nanoparticles on all perovskite substrates (Figure S5.14c), thereby ruling out the
possibility of exsolved nanoparticle thermal stability dominating the degradation. Meanwhile,

repeated local Raman analysis and XRD results reveal the detection of SrMoOs and SrCOs
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phases on both DLP and DP electrodes, while only SrMo0Q4 phase is present on the LP electrode
(Figures S5.14d-e). This observation suggests that perovskite scaffolds undergo varying degrees
of decomposition under the synergistic effects of CO,/CO atmosphere and external voltage. As
a result, diverse structural evolution occurs among the three P-eNs, including phase transition

and the formation of secondary phases.
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Figure 5.12 (a) Formation energy of first three oxygen vacancies on models DP-SFM, Ni-DP-SFM,
LP-SFM and Ni-LP-SFM calculated by DFT. (b) Co-segregation energies of Fe and Ni on slabs DP-
SFM (001), Ni-DP-SFM (001), LP-SFM-1 (001), LP-SFM-2 (001), Ni-LP-SFM-1 (001) and Ni-LP-SFM-

2 (001) calculated by DFT.

Given the ongoing depletion of lattice oxygen and subsequent removal of reducible cations
from the perovskite substrate during the electrolysis, [177, 251] DFT was adopted to examine
the structural stability of different perovskite substrates by calculating the formation energy of
Vo (EV(;) and co-segregation energy of reducible cations (EMco—seg' where M is donated as B-site

cations such as Ni, Fe) (Figures 5.12 and 5.13, Figures S5.15 and S5.16, Tables S5.6 and S5.7).
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[102] Based on different structures of substrate and different degrees of reducible Ni exsolution
(Figures S5.17), we constructed the DP models with/without Ni doping (Ni-DP-SFM/ DP-SFM)
and LP models with/without Ni doping (Ni-LP-SFM/ LP-SFM). Figure 5.12a illustrates that the
Ey; of the first three V,; of the DP and LP models all show a downward trend after Ni doping,
indicative of the detrimental effect of Ni doping on the stability of DP-SFM and LP-SFM. [219]

This is also confirmed by the lower Ey; g than EFeco—seg in Ni-DP-SFM (001) (-0.55 eV<-0.43

e

eV), Ni-LP-SFM-1 (001) (-0.03 eV<-0.01 eV) and Ni-LP-SFM-2 (001) (-0.49 eV<-0.21 eV) (Figure

5.12b). Furthermore, the Epeco_seg and ENico-seg in Ni-DP-SFM (001) are more negative than
that in Ni-LP-SFM-1 (001) and Ni-LP-SFM-2 (001) (Table S5.7). Likewise, the EFeco—seg in DP-SFM

is -0.39 eV, which is more negative than -0.12 eV of LP-SFM-1 and -0.34 eV of LP-SFM-2,
demonstrating that the LP structure has the higher resistance to reduction compared to the DP
structure. It well elucidates the excellent stability performance of LP at high voltages owing to
the perovskite scaffold's predominant composition of LP structure and relatively less residual Ni.
However, in DLP-NPs with a composite substrate, the DP part still retains a relatively higher
amount of reducible Ni, which can be readily released under the harsh reduction conditions
during CO; electrolysis, thereby leading to the rapid degradation in the initial stage of the long-
term stability test. When the newly born nanoparticles emerge on the surface, the catalytic
performance initially shows a recovery, but eventually deteriorates once the surface chemistry
reaches equilibrium with the electrolytic environments. In contrast, although DP-NPs still retain
almost intact DP structure, the relatively redox-stable Fe cations occupying B-sites significantly

reduce the rate of lattice oxygen loss and B-site cation exsolution, resulting in a relatively
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milder decline during the initial stages. The agreement between experimental and theoretical
calculations suggests that the structural stability of host perovskite itself and the reducibility of
B-site cations can serve as the indicators to predict the stability performance of P-eNs under

CO; electrolysis conditions.

5.3 Conclusions

We have fine-regulated the phase structures of host perovskite and elucidated the effects of
phase evolution of perovskite on the CO; electrolysis performances of exsolution-facilitated P-
eNs by establishing the structural characteristics-electrochemical performances on the SFNsM-
based P-eNs with diverse host perovskite composition. In particular, by implementing B-site
supplement strategy, we have broken the trade-off between suppressed phase transition and
facilitated exsolution, resulting in the P-eNs with the completely preserved DP structure and
promoted exsolution of Fe-Ni nanoparticles. During CO; electrolysis, DP-NPs exhibits the
highest catalytic activity, whereas LP-NPs demonstrates remarkable stability performance over
a broad range of operating voltages. Our experimental and theoretical findings have discovered
that the structural regulation of host perovskite plays a crucial role in optimizing the surface
chemical environments, strengthening the surface-bulk interaction, thus dominating the
cathode kinetics in response to applied voltages and even altering the rate-limiting step. The
outputs of this study also emphasize the importance of phase structure and reducibility of the
perovskite substrate in preventing P-eNs from decomposing during CO; electrolysis, these two
factors determine the CO productivity and lifespan across a wide range of voltages. Our
approach employs the unique regulation strategies of the perovskite structure and a combined

experimental-theoretic method and therefore, is able to offer a roadmap for the rational design
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and evaluation of novel exsolution-promoted P-eNs catalysts for a variety of applications and to

gain a comprehensive understanding of the reaction mechanisms in P-eNs based catalysts.

5.4 Supporting information
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Figure S5.1 XRD results of SFN3M before and after reduction (SFN3M and SFN3M-red-2h) at 850
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Figure S5.2 Ex situ XRD patterns of SFN3M after reduction at different temperatures and time.
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Figure S5.3 XRD patterns of SFNsM+ xFe-red-2h, (x=0.0, 0.5, 0.8, 1.2, where x is the molar ratio

of guest Fe/host Ni).

Figure S5.4 Distribution density of the exsolved nanoparticles (number/um?)) on (a) DLP-NPs, (b)

SFN3M+1.2Fe-red-2h and (c) SFN3sM-red-10h (It is 1 um? in one yellow box).
110



Figure S5.5 STEM-EDS results of (a) SFN3sM+1.2Fe-red-2h and (b) SFN3M-red-10h.

Table S5.1 Fe and Ni content in randomly selected nanoparticles on DLP-NPs, SFN3M+1.2Fe-

red-2h and SFN3M-red-10h.

P-eNs DLP-NPs SFN3M+1.2Fe-red SFN3M-red-10h

Fe/Ni ratio 0.67 2.72 1.29
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Figure S5.6 Low resolution TEM image of DLP-NPs.

Sray

Intensity (arb. units)
Intensity (arb. units)

138 136 134 132 130 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Figure $5.7 XPS of Sr and O of air sintered SFN3M.
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Table S5.2 Relative composition of Sr and O on DLP-NPs, DP-NPs, LP-NPs and SFN3M calculated

from respective XPS spectra.

B-site cations Sr (0]

Types Car. Oxi. COs%/0OH 0,%/0 oLy
DLP-NPs 60% 40% 9% 59% 32%
DP-NPs 65% 35% 12% 55% 33%

Samples
LP-NPs 34% 66% 5% 72% 23%
SFNsM 44% 56% 10% 37% 53%
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Figure S$5.8 CO. adsorption configuration on SFM-based DP with existence of one oxygen
vacancy on the surface. In these DFT models, the grey balls represent Sr atoms, the red balls
represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls represent Mo atoms,

the light blue balls represent O atoms.
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Figure S5.9 CO. adsorption configuration on SFM-based LP with existence of one oxygen
vacancy on the surface. In these DFT models, the grey balls represent Sr atoms, the red balls
represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls represent Mo atoms,

the light blue balls represent O atoms.
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Figure S5.10 DFT-based CO; surface adsorption configuration and energies, energetic analysis

of CO; electrolysis. Most stable CO; adsorption configuration on (a) DP-V,;-F2N3, (b) DP-V,-

F3N1, (c) LP-V;-F2N3 and (d) LP-V;-F3N2. In these DFT models, the grey balls represent Sr

atoms, the red balls represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls

represent Mo atoms, the light blue balls represent O atoms.
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Figure S5.11 (a-c) The cross-sectional button cells (a;-as: DLP-NPs-GDC, bi-bs: DP-NPs-GDC, c1-c3:
LP-NPs-GDC). (d) Electrochemical impedance spectra with subtracting the ohmic resistance part

for DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC.
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Table S5.3 EIS fitting values of R, (=Ru+R) for DLP-NPs-GDC, DP-NPs-GDC and LP-NPs-GDC.

Potential
Samples Ru(Qcm?) R (Qcm?) R, (Qcm?)

(V)
DLP-NPs-GDC 0.02372 0.6882 0.71192
1 DP-NPs-GDC 0.107 0.4324 0.5394
LP-NPs-GDC 0.04971 0.7114 0.76111
DLP-NPs-GDC 0.01823 0.3001 0.31833
1.2 DP-NPs-GDC 0.04578 0.2236 0.26938
LP-NPs-GDC 0.05758 0.2631 0.32068
DLP-NPs-GDC 0.069 0.1106 0.1796
1.4 DP-NPs-GDC 0.06367 0.08148 0.14515
LP-NPs-GDC 0.07214 0.119 0.19114
DLP-NPs-GDC 0.06628 0.07313 0.13941
1.6 DP-NPs-GDC 0.05156 0.04906 0.10062
LP-NPs-GDC 0.06089 0.0754 0.13629
DLP-NPs-GDC 0.05117 0.06324 0.11441
1.8 DP-NPs-GDC 0.04538 0.03572 0.0811

LP-NPs-GDC 0.02316 0.09059 0.11375
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Figure S5.12 DRT results of DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC at 1.0, 1.2, 1.4, 1.6 and
1.8 V (P1: oxygen ion transfer through electrolyte and oxygen evolution at anode, P,: charge

transfer, P3: surface CO, adsorption and activation, Pa: gas diffusion process at cathode from

high to low frequency).
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Table S5.4 Electronic conductivities (S cm™) of DLP-NPs, DP-NPs and LP-NPs under 1:1 CO-CO;

and 2:1 CO-CO; at 850 °C.

Atmosphere DLP-NPs DP-NPs LP-NPs
1:1 CO-CO, 1.02 1.62 0.42
2:1 CO-CO; 1.21 1.99 0.47

Intensity (arb. units)
Intensity (arb. units)

DLP-NPs

"'."‘ - l.""-..:.'_ - S—
730 725 720 715 710 705 238 236 234 232 230 228
Binding energy (eV) Binding energy (eV)

Figure S5.13 XPS of Fe and Mo of DLP-NPs, DP-NPs and LP-NPs.
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Table S5.5 Relative composition of Fe and Mo on DLP-NPs, DP-NPs and LP-NPs calculated from

respective XPS spectra.

B-site cations Fe Mo
Valence states 0 +2 +3 +5 +6
DLP-NPs 7% 52% 41% 8.5% 91.5%
Samples DP-NPs 8% 41% 51% 28% 72%
LP-NPs 7% 63% 30% 13% 87%
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Figure S5.14 (a) TGA profiles of DP-NPs, DLP-NPs and LP-NPs. (b) Long-term stability
performances (first hour) of DP-NPs-GDC, DLP-NPs-GDC and LP-NPs-GDC at 1.4 V and 850 °C. (c)
SEM images of cathode surface microstructure of (c1) DLP-NPs-GDC, (c2) DP-NPs-GDC and (cs)
LP-NPs-GDC after long-term stability. (d) Repeated Raman results and (e) XRD results of

cathode of (i) DLP-NPs-GDC, (ii) DP-NPs-GDC and (iii) LP-NPs-GDC after long-term stability.
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Figure S5.15 The most stable oxygen vacancy formation sites during the sequential formations
of oxygen vacancy in the DP-SFM, Ni-DP-SFM, LP-SFM and Ni-LP-SFM models. In these DFT
models, grey balls represent Sr atoms, red balls represent Fe atoms, dark blue balls represent
Ni atoms, pink balls represent Mo atoms, light blue balls represent O atoms, the white balls
represent oxygen vacancies, the 1%, 2", 3" in the white balls represent the order in which the

three oxygen vacancies are formed in these models.

121



a DP-SFM (001) b  Ni-DP-SFM (001)

C LP-SFM-1(001) d LP-SFM-2(001) e Ni-LP-SFM-1 (001) f Ni-LP-SFM-2 (001)

0:0°0 01616 o606

Figure S5.16 DP-based models and LP-based models for calculation of co-segregation energy.
The eight-layer metal-terminated (a) DP-SFM (001) and (b) Ni-DP-SFM (001) slabs based on the
DP-SrsFesM02024 and DP-SrsFesNiiMo020:4 unit cells. The metal-terminated (c) LP-SFM-1 (001),
(d) LP-SFM-2 (001), (e) Ni-LP-SFM-1 (001) and (f) Ni-LP-SFM-2 (001) slabs based on the LP-
Sr2sFe12Mo040s6 and LP-SraaFe11NiiMo04Ose unit cells. In these DFT models, the grey balls
represent Sr atoms, the red balls represent Fe atoms, the dark blue balls represent Ni atoms,

the pink balls represent Mo atoms, the light blue balls represent O atoms.

122



Table S5.6 Formation energy of oxygen vacancy (EV(-)-) on models DP-SFM, DP-SFNM, LP-SFM

and LP-SFNM.
Models 1stV, 2nd 1V, 3rd Vp
DP-SFM 0.98 2.22 3.14
DP-SFNM 0.62 1.77 2.32
LP-SFM 1.45 2.50 2.80
LP-SFNM 0.92 1.81 2.70

Table S5.7 Co-segregation energy of Fe and Ni (EMco—seg’ where M is donated as B-site cations

such as Ni, Fe) on slabs DP-SFM (001), LP-SFM-1 (001), LP-SFM-2 (001), DP-SFNM (001), LP-

SFNM-1 (001) and LP-SFNM-2 (001).

Models Fe Ni
DP-SFM (001) -0.39 /
LP-SFM-1 (001) -0.12 /
LP-SFM-2 (001) -0.34 /
DP-SFNM (001) -0.43 -0.55
LP-SFNM-1 (001) -0.01 -0.03
LP-SFNM-2 (001) -0.21 -0.49
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Figure S5.17 XANES results of DP-NPs, DLP-NPs and LP-NPs.
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Chapter 6. Fluorine-stabilized BOg octahedron of host perovskites for

robust CO; electrolysis on exsolved catalysts

6.1 Introduction

The significant enhancement in the catalytic activity of perovskites through in-situ exsolution
technique has stimulated extensive studies to promote the exsolution of nanoparticles. [159,
170, 174, 183] Although the increased surface nanoparticles and oxygen vacancies significantly
extend the TPB, [102, 184, 252, 253] it should also be pointed out that the facilitated process is
at the cost of consuming the host perovskite, which accelerates A-site surface segregation,
formation of B-site vacancies, and even phase reconstruction of host perovskite in the extreme

case of promoting exsolution. [238, 242, 254, 255]

Taking the advantage of the phase evolution of the host perovskite during exsolution process,
the P-eNs containing an optimized perovskite scaffold can be obtained by one-step in-situ
reducing the pristine perovskite, thus facilitating the electrode kinetics. [105, 107, 241, 256] For
example, the double perovskite PrBaMn1.8C00.204.99 with the higher oxygen ion conductivity can
be formed accompanied with the exsolution of Co nanoparticles by one-step reducing simple
perovskite ProsBaosMnoeoCo0.10239, leading to the enhanced catalytic activity for CO;
electrolysis. [167] However, for the cases where the pristine perovskites exhibit noticeably
superior characteristics compared to their derived counterparts, the occurrence of the phase

transition may undermine the catalytic performance. Typically, the double perovskite

124



SraFe15Moo506-5, known for its good redox stability and catalytic activity, represents a prime
illustration of a perovskite that holds more potential than its derived Ruddlesden-Popper
structure. [257-259] Nonetheless, the potential negative impact of phase transition on catalytic
performances is often overlooked in light of the overall performance enhancement from
exsolution. [230, 260] Therefore, there is still ample opportunity for further improvement in
reactivity by regulating exsolution process. In addition, we also need to acknowledge that the
resistance of pristine perovskites to phase transition during exsolution can be considered as an
indicator of their structural stability. Perovskites that exhibit greater susceptibility to phase
transition during pre-reducing treatment may suggest that the initial structure is unstable,
which is a great challenge for long-term stability in harsh reducing operating conditions. [177,

219, 251]

To address the aforementioned issues, it is imperative to boost the structural stability of such
perovskites and enhance their resistance to unfavorable phase evolution and decomposition
under reducing conditions. Based on the great promise of doping strategy in perovskites, a
large number of work have concluded that the enhanced structural stability can be achieved by
B-site substitution with highly redox-stable dopants, [127, 136, 200, 261] however, these stable
B-site dopants inevitably occupy the active sites and possibly exhibit relatively passivating
properties, eventually resulting in a trade-off between catalytic activity and stability. [262]
Inspired by the studies on modifying the structures and properties of perovskites through O-site
doping strategy that do not affect the occupation of B-site active sites, [139, 144, 145, 263] we
speculate that the highly electronegative F anion can maintain the high oxidation state of the B-

site cations, [263, 264] thereby enhancing the resistance of BOs octahedron to decomposition
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under reducing conditions. Furthermore, F- possesses an ionic radius similar to that of 0%, [143,
265] so that a certain amount of F anions can occupy O-sites of perovskites, making this

strategy applicable to a wide range of perovskite materials.

In this study, we demonstrate that the facile F doping strategy can suppress the phase
transition of SraFe1.2Nip3Mo00506-5 (SFN3M) during pre-reduction treatment, and significantly
enhance the robustness of the reduced SFN3M with F doping (F-SFN3M-red) for CO; electrolysis.
Our experimental and theoretical findings reveal that the structural robustness of BOs
octahedron can be improved by the partial substitution of O with F anions, thus inhibiting
exsolution and phase transition. As a result, the surface of F-SFN3sM-red with the well-preserved
double perovskite (DP) structure exhibits the stronger interactions with CO; in comparison to
the partially reconstructed surface of the reduced SFN3M (SFNs3M-red), which leads to the
facilitated cathode kinetics. Furthermore, F-SFN3M-red shows superior electrolytic stability than
SFN3M-red, especially at high voltages (1.4 V). This results in a continuous increase in CO
productivity as a function of voltage. In contrast, SFN3M-red experiences a significant decline in
CO productivity at 1.8 V due to the phase decomposition under harsh reducing conditions.
These findings highlight that F-doping strategy can aid in designing the P-eNs with high catalytic

activity and stability for a wider range of operating conditions and catalytic reactions.
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6.2 Results and discussion
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Figure 6.1 (a) Secondary electron-scanning transmission electron microscopy (SE-STEM) and
STEM with energy-dispersive X-ray spectroscopy (STEM-EDS) results of F-SFN3M. (bi-b2) XRD
patterns of air-sintered SFN3M and F-SFN3M. (c) XRD patterns of SFN3sM-red and F-SFN3M-red.
(In the 2D models, the grey balls represent Sr/F atoms, the red balls represent Fe/Ni/Mo atomes,

the blue balls represent O atoms, the light blue balls represent Fe-Ni nanoparticles).

Inhibition of phase transition by F doping. SFN3M and F-doped SFN3M (F-SFN3M) was prepared
by a sol-gel synthesis process, [194] followed by sintering in air. The external fluorine source
was introduced by incorporating FeFs into the nitrate solvents in preparation of complexing

agent. Using the secondary electron-scanning transmission electron microscopy (SE-STEM) and
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STEM with energy-dispersive X-ray spectroscopy (STEM-EDS), we confirmed the uniform
distribution of F anion throughout the SFN3M perovskite matrix (Figure 6.1a). [144] Figure 6.1b;
illustrates that the X-ray diffraction (XRD) patterns of both sintered samples match well with
the DP-typed Sr,FeMoOs (SFM) (PDF#00-060-0459) without any discernible second phase. The
magnified diffraction peak at about 32° of F-SFN3M shifts slightly to a higher angle with regard
to SFN3M (Figure 6.1b;), indicative of the lattice shrinkage. It may be ascribed to the partial
substitution of O anion (1.40 A) with the smaller-sized F anion (1.33 A), providing evidence of

successful F doping into the SFN3M lattice. [144, 266]
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Figure 6.2 SEM images and size distribution histograms of the exsolved nanoparticles on (ai-as)

SFN3M-red and (bi-b3) F-SFN3M-red. STEM-EDS results of (c) SFN3M-red and (d) F-SFN3M-red.
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To verify the capability of F doping to boost the structural robustness of SFNsM, the as-
prepared SFNsM and F-SFN3M were treated in a reducing condition containing 5% H/N;
atmosphere at 850 °C for 2h. As shown in Figure 6.1c, a layered perovskite-typed (LP-typed)
SrsFeMoQe s (PDF#00-052-1715) appears on the XRD pattern of SFNsM-red. By contrast, only
the pristine DP structure can be observed on the XRD pattern of F-SFN3M-red. By tracking the
structural evolutions of SFN3sM and F-SFN3M throughout the reducing treatment (Figure S6.1),
we identified that the pristine phase structures have been well-preserved on both samples
when the temperature increases to 850 °C. However, SFN3M undergoes a phase transformation
toward LP structure following a 1 h reducing treatment at 850 °C, whereas the initial DP
structure of F-SFN3M remains unchanged. This suggests that the partial replacement of O with F

contributes to the phase stabilization of the host perovskite under reducing conditions.

Insights into the enhanced structural stability of F-SFN3:M-red. The surface morphologies of
exsolved nanoparticles on SFNsM-red and F-SFN3M-red were subsequently examined by field
emission-scanning electron microscopy (FE-SEM). As can be seen from Figures 6.2a-b, the
nanoparticles on both samples exhibit a uniform distribution and display a comparable size
distribution in the range of 10-30 nm, with an average size of approximately 21 nm. Upon closer
examination of individual nanoparticles using STEM-EDS, it is evident that the exsolved

nanoparticles on both substrates are comprised of Fe and Ni (Figures 6.2c-d and S6.2).

Further analyses of the surface electronic structures of both P-eNs using X-ray photoelectron
spectroscopy (XPS) reveal that the proportions of metallic Fe and Ni on the surface of SFN3M-
red are 8% and 38%, which are higher than 7% and 23% of F-SFN3M-red, respectively (Figures
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6.3a-b and Table S6.1). It suggests that the stripping amounts of reducible Fe and Ni cations in
F-SFN3M-red have been significantly reduced by F doping, below the threshold that triggers the
structure collapse and reconstruction of the host perovskite. In addition, we have noticed that
F-SFN3sM-red contains higher proportions of Fe and Mo in their higher oxidation states (+3 and
+6) compared to SFN3sM-red (Figures 6.3b-c). Specifically, 56% of Fe3* and 92% of Mo®* exist in
the host perovskite of F-SFN3M-red, while in that of SFNsM-red, the corresponding proportions
are 44% and 90%, respectively (Table S6.1). It implies that the F anion in SFN3M perovskite
lattice is capable of maintaining the high valence state of B-site cations, thus enhancing the

redox stability of F-SFN3M-red.
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Figure 6.3 XPS of (a) Ni 2p, (b) Fe 2p, (c) Mo 34 for SFN3M-red and F-SFN3M-red. (d) TGA profiles

of SFN3M-red and F-SFN3M-red in the 5% H,/95% N, atmosphere.
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Figure 6.4 (a) Change of bond length of B-O after F doping in SFN3M. Bader charge transfers on
(b) SFN3M and (c) F-SFN3M models (In the DFT models, the grey balls represent Sr atoms, the
red balls represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls represent
Mo atoms, the light blue balls represent O atoms, the orange balls represent F atoms). (d-e)
Partial density of states analyses depicting the interaction between Fe/Ni 3d orbitals adjacent

to F/O anions and the 2p orbitals of surrounding oxygen atoms.
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To validate this point, we conducted thermogravimetric experiments in a reducing gas flow
containing 5% H/N; to investigate the ability of two P-eNs to impede lattice oxygen loss under
reducing conditions. As depicted from the weight loss profiles in Figure 6.3d, the initial weight
loss of both samples below 200 °C can be assigned to the desorption of physically adsorbed
species on the surface. [127, 137] Subsequently, both samples undergo a moderate weight
increase starting at 200 °C, followed by another weight loss as the temperature reaches 300 °C.
This unexpected weight gain could be explained by the adsorption of H; or other impurity gases
from the feeding gas by the transition metals present on the surface. [267] Intriguingly, once
the temperature reaches 500 °C, the weight loss profile of F-SFN3M-red is steeper than that of
SFN3M-red, however, upon further increase in temperature to 780 °C, F-SFN3;M-red
demonstrates a total weight loss of 2.28%, slightly lower than 2.44% recorded for SFN3M-red.
This observation highlights the ability of the F anion to impede the loss of lattice oxygen in the

host perovskite.

To better understand the inhibitory effect of F-doping on exsolution and phase transformation
at the atomic level, we performed density functional theory (DFT) calculations to investigate
the effects of F anion on the BOs octahedral structure. During the optimization of the F-SFNsM
model, we found that the F anion manifests a preference for occupying the O-site that is shared
by Fe and Ni cations, showing a minimum free energy of -539.22 eV across all possible F-SFN3M
models (Figure S6.3). Since bond length is an important geometric characteristic indicating the
interactions between neighboring atoms, the B-O bond lengths from the optimized SFNsM and
F-SFN3M models are depicted in Figures 6.4a, S6.4 and Table S6.2. These results indicate that

upon F doping, a reduction in bond length occurs for all Ni-O bonds (oxygen number 6-10),
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whereas three of the Fe-O bonds undergo compression (oxygen number 1, 3, 5), with the other
two experience slight elongation (oxygen number 2, 4). This observation provides concrete
evidence that the introduction of F dopants can reinforce the chemical stability of the BOs¢

octahedron, thereby boosting the structural stability of the F-SFN3M.

On the basis of the preliminary understanding of the effect of F doping on surrounding B-O
bonds, the charge transfer within BOs octahedron was further investigated through Bader
charge analyses (Figures 6.4b-c). In the SFN3sM model, the Fe and Ni atoms that share the same
oxygen atom display a charge of +1.85 and +1.40, respectively (Table S6.3). However, upon
replacing O with F, the charges of Fe and Ni atoms are reduced to +1.68 and +1.25, respectively.
This suggests that the robust electrophilic nature of F anion is beneficial for preventing B-site
elements from losing electrons. [188] Moreover, it can be observed that more electrons are
transferred to the adjacent O atoms of Fe and Ni, as indicated by the overall decrease in Bader
charges. We then performed partial density of states (PDOS) calculations to probe the d-p
interaction between Fe/Ni 3d orbitals adjacent to the F/O anions and O 2p orbitals of the
surrounding oxygen atoms (Figures 6.4d-e). It is evident that replacement of O with F causes an
upward shift of the O 2p orbitals, which brings the O 2p orbitals closer in energy to the Fe/Ni 3d
orbitals, thereby enhancing covalent bonding and Fe-O/Ni-O hybridizations. These results
suggest that there is a stronger interaction between B-0O, which is believed to play a pivotal role

in inhibiting phase transition of F-SFN3M during pre-reduction treatment.

Strengthened interaction between CO: and host perovskite. To gain a comprehensive

understanding of the role of F-induced structural evolution in CO; electrolysis, CO;
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temperature-programmed desorption (CO,-TPD) experiments were firstly performed to
evaluate the CO; adsorption capacities of SFNsM-red and F-SFNsM-red. [127] As shown in
Figure 6.5a, SFN3sM-red and F-SFN3M-red display similar desorption process below 400 °C,
which can be ascribed to the physical desorption of the dipole—dipole coupling of CO;
molecules with the surface of perovskite substrates. [89, 137] Although both samples initiate
the chemical desorption at 440 °C, their desorption behaviors remain dissimilar. SFN3sM-red
displays a moderate desorption profile, where no observable desorption signals beyond 730 °C
can be identified. On the other hand, F-SFNM-red exhibits a relatively intensive CO; chemical
desorption peak alongside a wider range of desorption temperature up to 800 °C, indicative of
a stronger interaction between the environmental CO; and the surface of F-SFN3sM-red at high
temperatures. However, XPS spectra of O 1s results reveal that both samples display the similar
surface concentration of chemisorbed oxygen species (02%/0;, at the binding energy of ~531
eV), which act as the accommodation sites for the O atom of CO; molecules, with 70% of F-
SFN3M-red and 69% of SFNsM-red, respectively (Figure 6.5b and Table S6.4). Therefore, the
difference in CO; adsorption capacity between the two P-eNs is likely due to differences in the
chemical environment of surface oxygen vacancies caused by different perovskite substrates.
[138, 185, 268, 269] Consequently, maintaining a well-structured perovskite lattice via F-doping
is more advantageous for surface CO; adsorption, which could greatly accelerate the surface
kinetics of F-SFN3sM-red. Since a depletion layer of B-site reducible cations and a structure-
restructured region appear near the surface within a few micrometers of host perovskites, [193]

the high-activity interface formed between the perovskite scaffold and exsolved nanoparticles
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in SFN3sM-red is primarily composed of LP structure and Fe-Ni alloy, thus leading to a relatively

lower CO; surface exchange rate. [102, 230]
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Figure 6.5 (a) CO,-TPD results of SFN3sM-red and F-SFN3M-red up to 800 °C. (b) XPS of O 15 for
SFN3M-red and F-SFNs3M-red. (c) Current density-voltage curves of SFN3M-red-GDC and F-
SFN3M-red-GDC for pure CO: electrolysis at 850 °C. (d) Comparison of simulated polarization

resistance of SFN3sM-red-GDC and F-SFN3M-red-GDC using the equivalent circuit LR(CR)(QR).

After gaining initial understanding of the interaction between the two P-eNs and environmental
CO,, both P-eNs were subsequently mixed with the pure oxygen ion conductor gadolinium

doped ceria (GDC) to fabricate the composite cathodes (SFN3M-red-GDC and F-SFN3M-red-GDC)
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for CO; electrolysis at 850 °C. This allowed us to gain in-depth understanding of the impact of F-
doping-induced structural evolution on the practical catalytic performances. The SOECs
supported by YSZ electrolyte with GDC barrier layers on both sides (P-eNs-
GDC|GDC|YSZ|GDC|(Lao.6Sro.4)0.95Co0.2Fe0.803-5-GDC) were well-assembled, which were
simplified as SFN3M-red-GDC and F-SFN3M-red-GDC in following discussions. Figure 6.5c
presents that the current density-voltage (j — V) curves of both SOECs for CO; electrolysis at
850 °C. It can be seen that F-SFN3M-red-GDC exhibits the higher j compared to that of the
SFN3M-red-GDC at the same voltage. Specifically, the j of F-SFN3M-red-GDC reaches 0.82 A cm™
at 1.4 V, slightly higher than 0.72 A cm™ for SFN3sM-red-GDC. Electrochemical impedance
spectra (EIS) analysis was conducted to track the reactivity of two cathodes as a function of
voltage. Using the equivalent circuit model LR(QunRu)(QiRL), we obtained the simulated
polarization resistance (Rp) of both SOECsat1V,1.2V,1.4V, 1.6 Vand 1.8V (Figures 6.5d, S6.5
and Table S6.5). F-SFN3M-red-GDC shows the smaller R, than that with cathode SFN3sM-red-GDC
at all monitored voltages, indicative of the facilitated CO; electrolysis process of F-SFNsM-red-
GDC than that of SFN3sM-red-GDC over a wide range of voltages. The enhancement of catalytic
activity by F doping can be mainly attributed to the stronger CO, adsorption of on the DP

structure compared to that on LP structure, as elucidated by the CO,-TPD results.

Robust CO productivity of F-SFN3M-red over a wide range of voltages. The robustness of P-eNs
catalysts for CO; electrolysis is another crucial indicator for determining the efficiency of CO
production over prolonged operation and evaluating their feasibility in further scale-up
experiments and industrialization. Firstly, we conducted the 20 min potential step

chronoamperometry tests ranging from 1.0 V to 1.8 V at 850 °C to obtain preliminary stability
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information of both P-eNs. As shown in Figure 6.6a, both SOECs exhibit the satisfactory j
response curves below 1.4 V. However, a notable difference is observed in the j curves of the
two SOECs at and above 1.4 V, where the j of SFN3sM-red-GDC experienced a rapid decay, while
F-SFN3M-red-GDC maintains the appreciable j output up to 1.8 V. Myung et al. have
demonstrated that external voltage can serve as a driving force for exsolution of nanoparticle,
[165] the strong reducing conditions generated during electrolysis at high voltage may lead to
the continued stripping of B-site reducible cations and lattice oxygen loss in the host perovskite.
[177] Therefore, the superior short-term stability performances of F-SFNsM-red can be

attributed to the robust BOs octahedral framework conferred by the F anions.

Due to the near-unity Faraday efficiencies of both cells for producing CO (FE;y) at all
monitored voltages, the disparity in the capacity of both P-eNs to maintain stable j curves at
high voltages results in an evidently distinct trend in CO production rate as a function of applied
voltage (Figure 6.6b). In details, the CO productivity of SFN3sM-red-GDC displays a feeble CO
output performance as the external voltage shifts more negatively, peaking at 1.6 V with a
value of 5.00 mL mint cm2, much inferior to the 7.09 mL min cm™ achieved on F-SFN3M-red-
GDC under the same condition. Furthermore, the stable j output of F-SFN3M-red-GDC results in
a monotonically increasing trend of the CO productivity as the applied voltage is increased,
reaching 9.58 mL min cm at 1.8 V. This demonstrates a broad operational voltage suitability

of F-SFN3M-red-GDC for CO; electrolysis.

We proceeded to monitor the long-term stability of both SOECs at 1.4 V and 850 °C to

investigate the degradation behaviors of both P-eNs. From Figure 6.6¢, it is evident that SFN3M-
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red-GDC undergoes a j profile of “degradation-reactivation-degradation”, which was recently
identified as the predominant degradation pattern of SFM-based P-eNs CO; electrolysis at 850
°C in our previous study. [177] Within expectations, such trend was absent in the j profile of F-
SFN3M-red-GDC, instead, it displays rather mild degradation throughout the electrolysis process.
In particular, significant differences in the j profiles of the two cells were observed during the
initial stage (0-4 h) (Figure S6.6). SFN3M-red-GDC exhibits an extremely rapid degradation rate
of 100 mA cm™ hl, which is nearly twice as fast as that of F-SFN3sM-red-GDC in the same period,
the latter degraded at a rate of 52 mA cm™ hl. After an activation process, SFN3sM-red-GDC
shows a peak j value of 0.5 A cm at 18 h, but the subsequent degradation leads to a j decline
to 0.42 A cm? after 90 h of electrolysis, which is significantly lower than 0.61 A cm for F-

SFNsM-red-GDC.

Raman analysis was then performed on the surface of the cathodes after long-term stability
tests to investigate the presence of any post-reaction surface species. As shown in Figure 6.6d,
the characteristic peaks of SrCOs (located at 701 cm™), SrMoO4 (located at 795, 842, and 887
cm™?) and carbon (D band, located at 1345 cm™2, G band, located at 1590 cm™) can be detected
on the cathode of SFN3sM-red-GDC, while only the specific peak of perovskite was found on that
of F-SFN3M-red-GDC. The emergence of Sr- and Mo-related species points to the occurrence of
significant phase decomposition on the perovskite matrix of SFN3sM-red under the synergistic
effects of high temperature and high voltage. [251, 270] For F-SFN3M-red, on the other hand,
the F anion doping unambiguously relieves the structural decomposition of host perovskite
upon the high-voltage electrolysis by reinforcing the BOs octahedral structure. All the stability

test results strongly suggest that F-SFN3sM-red-GDC demonstrates an outstanding performance
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in improving CO productivity, and also highlights the great potential of F doping in

highly efficient CO, conversion of perovskite materials over a wide range of voltages.
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Figure 6.6 (a) The current density response curves for the 20 min potential step

chronoamperometry and (b) the corresponding CO productivity (histogram) and FEco (markers)

for SFN3M-red-GDC and F-SFN3M-red-GDC. (c) Long-term stability performances of SFN3sM-red

and F-SFN3M-red at 1.4 V and 850 °C. (d) Raman results of SFNsM-red and F-SFNsM-red after

100 h long-term stability tests.
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6.3 Conclusions

In summary, we have demonstrated that the facile F doping strategy can prevent phase
transformation and enhance the robustness of F-SFNs3M-red for CO; electrolysis. The well-
preserved DP structure on the surface of F-SFN3M-red displays more robust interactions with
CO,, leading to an enhanced catalytic activity. In addition, the higher resistance of host
perovskite to decomposition is responsible for the stable j output of F-SFN3M-red-GDC and
consequently, an exceptional CO productivity over a broad range of voltages, particularly above
1.4 V. SFN3M-red-GDC, on the other hand, displays a feeble CO output performance as a result
of its rapid degradation above 1.4 V. By a combination of experimental characterizations and
DFT calculations, we have discovered that F anion occupying O-site is capable of preserving the
high oxidation states of B-site reducible cations and hindering the lattice oxygen loss, which can
be ascribed to the enhanced robustness of BOs octahedron in host perovskite. These findings
highlight a simple yet effective F doping approach to engineering perovskite-based catalysts
with high catalytic activity and stability, which is of great significance to realize the commercial

applications of P-eNs for the large-scale energy storage and conversion in SOCs.
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6.4 Supporting information
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Figure S6.1 Ex situ XRD patterns of (a) SFNsM and (b) F-SFN3M after reduction at different

temperatures and time.

Figure S6.2 Secondary electron-scanning transmission electron microscopy (SE-STEM) and

STEM with energy-dispersive X-ray spectroscopy (STEM-EDS) results of (a) SFN3sM-red (b) F-

SFN3M-red.
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Table S6.1 Relative composition of Fe, Ni and Mo on SFN3M-red and F-SFN3M-red calculated

from respective XPS spectra.

B-site cations Ni Fe Mo
Valence states 0 2 0 2 3 5 6
SFN3M-red 38 62 8 51 41 10 90
Samples
F-SFN3M-red 23 77 7 41 52 8 92
E=-539.22 eV E=-538.77 eV

Figure S6.3 Possible configurations and corresponding free energies of F-SFN3M based DFT-
models. (In the DFT models, the grey balls represent Sr atoms, the red balls represent Fe atoms,
the dark blue balls represent Ni atoms, the pink balls represent Mo atoms, the light blue balls

represent O atoms, the orange balls represent F atoms)
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SFN,M model F-SFN,M model

Figure S6.4 DFT models of SFN3M and F-SFNsM. (In the DFT models, the grey balls represent Sr
atoms, the red balls represent Fe atoms, the dark blue balls represent Ni atoms, the pink balls
represent Mo atoms, the light blue balls represent O atoms, the orange balls represent F

atoms).

Table $6.2 Calculated B-O bond length in SFN3M and F-SFN3sM models.

Bonds SFN;M F-SFNsM Change of bond length (A) with
Bond length (A) substitution of O with F

Fe-O1 2.07324 2.05698 -0.016(26)

Fe-02 1.97143 1.97172 +0.000(29)

Fe-03 1.90281 1.87242 -0.030(39)

Fe-04 1.97136 1.97418 +0.002(8)

Fe-O5 2.07324 2.05698 -0.016(26)

Ni-06 2.07412 2.07015 -0.003(97)

Ni-07 2.03984 2.03514 -0.004(7)

Ni-08 2.06072 2.00297 -0.057(75)

Ni-09 2.03984 2.02631 -0.013(53)
Ni-010 2.07412 2.07015 -0.003(97)
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Table $6.3 Local Bader charge analysis on SFN3M and F-SFN3sM models.

Atom SFN3M F-SFN3M
01 -1.22 -1.35
02 -1.14 -1.15
03 -1.14 -1.08
o4 -1.14 -1.14
05 -1.22 -1.33
Fe +1.85 +1.68
Ni +1.40 +1.25
06 -1.09 -1.17
07 -1.14 -1.16
08 -1.14 -1.13
09 -1.14 -1.15
010 -1.09 -1.17

Table S6.4 Relative composition of O on SFN3M-red and F-SFNsM-red calculated from

respective XPS spectra.

0
Species
CO3%/OH" 0,%/0 0>
SFN3;M-red 1 69 30
Samples
F-SFN3;M-red 1 70 28
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Figure S6.5 Simulated electrochemical impedance spectra of SFNsM-red-GDC and F-SFN3M-red-

GDC with removing the ohmic resistance part.

Table S6.5 EIS fitting values of Rs, Rp (=Rx+R.) for SOECs with SFN3M-red-GDC and F-SFN3M-red-

GDC as cathodes.

Potential (V) SOECs Ru(Qcm?) R (Qcm?) Ry, (Qcm?)
SFN3M-red-GDC 0.1607 0.413 0.5737
' F-SFNsM-red-GDC 0.12 0.39 0.51
SFNsM-red-GDC 0.05994 0.2741  0.33404
-2 F-SFNsM-red-GDC 0.03 0.26 0.29
SFN3M-red-GDC 0.02 0.16 0.18
L4 F-SFNsM-red-GDC 0.08 0.08 0.16
SFN3M-red-GDC 0.02 0.13 0.15
Lo F-SFNsM-red-GDC 0.06 0.05 0.11
SFN3M-red-GDC 0.02 0.14 0.16
-8 F-SFNsM-red-GDC 0.05 0.04 0.09
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Figure S6.6 0-4 h long-term stability performances of SFN3sM-red and F-SFN3M-red at 1.4 V and

850 °C.
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Chapter 7. Summary and prospects

This thesis focuses on designing P-eNs materials with high catalytic activity and high stability for
CO; electrolysis in SOEC, and investigating the electrolysis mechanisms and degradation
mechanisms on P-eNs-based electrodes. In recent decades, tremendous efforts have been
devoted to regulating the features of exsolved nanoparticles on the various perovskite scaffolds,
including the size, distribution density, composition, and morphology, to meet the demands of
various catalytic reactions and improve the catalytic activity. However, the host perovskite
substrate, which is responsible for preserving the highly active sites and extending the TPB, has
received relatively little attention. We still have insufficient comprehension of the effects of the
host perovskite’s phase evolution on catalytic reactions occurring on P-eNs, including the
catalytic activity and stability. In my thesis, | focused on the structural evolution of perovskite

substrate during exsolution and its effects on the overall performances of P-eNs based catalysts.

Firstly, | found that although the catalytic activity of P-eNs has been improved compared to
their counterparts without exsolution, there are still serious degradation problems on P-eNs-
based materials, especially when working at high voltages. By analyzing the common exsolution
process, | identified the B-site vacancies in the perovskite substrate as the main cause of the
rapid degradation. To verify this point, a promising perovskite, SFNM, was selected as
prototype due to its satisfactory redox stability and conductivity under both reducing and
oxidizing conditions. Then, | used ion exchange to achieve B-site supplement to maintain the B-
site saturation during the exsolution process. In terms of CO, reactivity improvement, B-site

supplement significantly circumvents Sr segregation, facilitates the charge conductivity by
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liberalizing oxygen vacancy distribution and offering more B™*-0- B™ pathways within
perovskite lattice. Combining with the promoted exsolution, excellent catalytic performance
can be achieved even at high potentials. In terms of stability, in addition to the stable anchored
nanoparticles, transformation of reduced perovskite SFNM into a delicate substrate SFM with
negligible B-site vacancy and Ni incorporation renders robust structural stability of nanoparticle
support under harsh reducing conditions. Furthermore, the degradation mechanisms on SFM-
based P-eNs with and without B-site supplement at high voltages have been proposed from the
perspective of structural evolution of parent perovskite. It reveals that the structural integrity

of perovskite scaffold is of great significance to the overall durability of P-eNs.

Consequently, | aimed to regulate the structural evolution of parent perovskite without
compromising the exsolution of nanoparticles, and gain insights into the reaction mechanisms
on P-eNs, thus providing guidance on designing P-eNs-based materials for CO; electrolysis and
even a wider range of applications. Firstly, | successfully suppressed and accelerated the phase
transformation of SFN3M by B-site supplement and prolonged exsolution strategies, without
compromising exsolution. This has resulted in the production of three P-eNs, each possessing
distinct metal supports, including pure double perovskite (DP-NPs), pure layered perovskite (LP-
NPs) and their composite perovskite (DLP-NPs). In CO; electrolysis, DP-NPs exhibit the highest
catalytic activity, whereas LP-NPs demonstrate remarkable stability performance over a broad
range of operating voltages. The results show that the chemical environments of oxygen
vacancies on the surface of perovskite substrates, as well as the structures of host perovskite,
play an important role in determining the CO, adsorption capacity of P-eNs. Furthermore, the

electronic structure of the perovskite scaffold not only dominates the activation of surface-
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adsorbed CO; and the subsequent reduction of carbonate intermediate, but also determines
the surface relaxation and preservation of high reactivity at high voltages. By DFT calculation, |
demonstrated the switching of the rate-limiting step is thermodynamically unfavorable on DLP-
NPs when phase transformed from double perovskite to layered perovskite. Lastly,| have
revealed that the structural configuration and reducibility of perovskite substrate are
responsible for the decomposition of P-eNs during CO; electrolysis. This work contributes to an
in-depth understanding of the reaction mechanisms occurring on the P-eNs catalysts, and

provides the guidance of rational design of P-eN-based catalysts for a variety of applications.

Based on the studies in this thesis, the suggestions of future work are listed below for
researchers who are dedicated to the development of P-eNs-based materials for CO;

electrolysis and other reactions in SOCs.

(1) Mechanism investigation of the exsolution process. Since exsolution is a decomposition
process of perovskite, the growth of nanoparticles via exsolution will inevitably lead to the
structural collapse of parent perovskite. A comprehensive understanding of the exsolution
process and the reasons behind the improved performance of P-eNs-based materials compared
to those without exsolution can provide valuable insights for the advancement of P-eNs-based

materials.

(2) Investigation of in-situ electrolytic characterization techniques. Since exsolution results in
many defects on the surface of perovskites, it complicates the surface chemical environments
of perovskites. Furthermore, the harsh reducing environment under the electrolysis conditions

leads to the dynamic alteration of the chemical surroundings on the surface of perovskites.
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Hence, in-situ exploration of the electrolysis reaction on P-eNs can facilitate an understanding
of the underlying reaction mechanisms. This, in turn, enables the optimization of electrolysis
conditions to enhance the yield of CO and extend the operational duration, which holds

significant implications for commercialization.
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