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Electrochemical reduction of CO, into valuable fuels and chemicals has become a contemporary research area,
where the heterogeneous catalyst plays a critical role. Metal nanoparticles supported on oxides performing as
active sites of electrochemical reactions have been the focus of intensive investigation. Here, we review the CO5
reduction with active materials prepared by exsolution. The fundamental of exsolution was summarized in terms
of mechanism and models, materials, and driven forces. The advances in the exsolved materials used in high-

temperature COy electrolysis were catalogued into tailored interfaces, synergistic effects on alloy particles,
phase transition, reversibility and electrochemical switching.

1. Introduction

The unprecedented increased energy consumption creates the civili-
zation of our modern world but unavoidably coupled with the emission
of contamination compounds to the environment, including nitrous ox-
ides, sulfur oxides, volatile organic compounds and CO». The excessively
released CO; into the atmosphere absorbs infrared heat and has recently
been a concerned cause to global warming as a result of burning fossil
resources.'> Converting CO, into oxygen and other high-value fuels is
essential for not only achieving low-carbon energy but also powering the
exploration of space.>"

The reduction of CO, to target products is restricted by the strong
C=O0 bonds (805 kJ mol_l) in the linear molecules. Powered by inter-
mittent energy, electrolyzers are promising to achieve the aforemen-
tioned goals. Solid oxide electrolysis cells (SOECs) possess advanced
features, including high operating temperatures and the ability to inte-
grate with downstream chemical syntheses.” In CO, SOECs, gases
directly diffuse to the solid electrodes and are electro-reduced/oxidized
to products. SOECs have been explored for years to develop high
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efficiency and stability, while this conversion technique is still far from a
market requirement.

Among various challenges, the development of efficient materials is
crucial for further improving efficiency and stability. Metal electrodes
were first applied on SOECs, however, they normally exhibit lower ex-
change current densities.>° Ni metal has relatively lower prices and
possesses high catalytic activity, thus, attracting more attention. To
endow high ionic conductivity for the electrode, ionic oxides were added
to the metal system, such as Ni/yttria stabilized zirconia (YSZ) cermet
which is the most common cathode material for CO2 SOEC. The coupling
between Ni (electron conductor) and YSZ (ion conductor) provides more
triple-phase boundary (TPB) which acts as the active site for the reac-
tion.'%!2 However, the large amount of utilized Ni metal causes degra-
dations including volume change (during redox), agglomeration and
coking. Reducing gases are normally necessary to protect the cermet
electrode during operation unless a high electrolysis voltage is
applied.'>!*

Mixed ion and electron conductors demonstrate the potential to
tackle the aforementioned issues, due to their flexibility in redox
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atmosphere and the entire active surface.'>'® However, their limitation
has been inferior catalytic reactivity compared to Ni/YSZ. Recently, the
exsolution of nanoparticles on electrodes has exhibited promising per-
formance in CO5 SOECs.'” The exsolved nanoparticles form an embedded
structure in the support, a trait that makes it useful as an active support in
solid oxide electrochemical cells. The supported nanoparticles together
with the active dopants seem to be an efficient method for facilitating
CO,, reduction.'®2° Metal nanoparticles play a crucial role in improving
the activity and the stability of CO5 reduction. The performance of SOECs
is determined by types of metal nanoparticles, the interface of
metal-oxides and properties of support oxides.?!??

In this review, we summarize the current advances in CO, SOECs with
exsolved materials. We briefly introduce the fundamentals of exsolution
and COg electrochemical reduction, followed by the development of
electrochemical CO, reduction based on nanoparticle-supported mate-
rials. In addition, we summarize the mechanism of improvement for
utilizing those electrodes by reviewing various literature on the exact
exsolution objects. The challenges and perspectives will be concluded on
the advancements that are required to make this system feasible and
efficient.

2. Exsolution fundamentals

In contrast to traditional deposition techniques, exsolution is an ‘in-
side-out’ technique that produces precipitation in a solid-phase solution.
Exsolution involves two phases from a solid solution that becomes un-
stable on redox or cooling processes. Exsolution offers an alternative way
to anchor the nanoparticles on parental materials, thus providing excel-
lent stability. Generally, catalytic nanoparticles emerge by phase sepa-
ration in the exsolution process. The process of exsolution can be
described as metal-oxide chemical bonds breaking in the solid solution,
making it easy to reveal its lattice mechanism. Here, theoretical routes
based on segregation energy, thermodynamic model and driven forces
will be discussed.

2.1. Oxygen vacancy and segregation energy

A mechanism that explains the driving force of exsolution is the
cations diffusion accompanied by the lattice oxygen loss. Deliberate
removal of oxygen to the opposite side causes irritability for the lattice
which expels the cation out as a response, such as in A-site deficient
perovskite®®:

Reduction

o
A ,BO; — A _B_,0; 5+xB + 502 (€D)

where the B-site cation exsolved out from the lattice to re-establish
stoichiometry when the oxygen vacancies reach a sufficiently high con-
centration. The loss of oxygen engenders the developed model of the
redox process. The extent of reduction is generally extrinsically deter-
mined by the temperature and oxygen partial pressure effects that can be
denoted by the chemical potential (ﬂ0)24’251

HolT) = () + KT @

In exsolution, metal segregation is correlated with the formation of ox-
ygen vacancy. Segregation energy based on the density functional theory
(DFT) method was developed on the exsolution of both noble metals and
transition metals.’®?” The segregation energy is normally defined as the
energy difference between the slab surface with metal atoms and the bulk
with metal cation in the lattice:

Eseg = Egurace — Epuik (3)

From this model, chemical defect influence can be concluded as the
coulombic attraction between the vacancies and deficiencies. With the
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combination of the chemical potential of oxygen and surface energy, this
model is associated with the exsolution trend of metal and the significant
effect of oxygen vacancy. The segregation energies of Pd, Rh and Pt
doped LaFeO3; were calculated based on the ab initio thermodynamics
calculation of Gibbs free energy and oxygen chemical potential. The
calculated Egeg shows that the surface segregation of Pd is favorable over
a wide range of oxygen partial pressure.?® In comparsion, the Pt is stable
only below 1.0 x 10~* atm at 1000 K. The thermodynamic potential was
also employed to study the phase equilibria in Pt doped CaTiOj3 in regards
of the influence of temperature, pressure and oxygen chemical poten-
tial.>* The study shows that the self-regenerative effect of Pt is a conse-
quence of thermodynamic phase stability under redox conditions. The
value of segregation energy is performed to describe the possibility of
exsolution for a certain system. A more negative segregation energy value
generally indicates ready exsolution, while a smaller value indicates a
hard exsolved case.’®*® The smaller segregation energy of certain
orientation or termination can be used to understand the surface pref-
erential of emerged particles.?”” This model is also applicable for the
exsolution of double perovskites (DP) and links the transition metal
exsolution with vacancy formation energy.*’

Though the exsolution is normally the segregation of cations on B-site
in perovskite, the analogy on A-site segregation study is worthy of
reference here. It has been shown that the surface segregation of A-site
cation is proportional to its radius size.>! Gradient energy and defect
interactions were considered in a surface-mediated model using a
phase-field approach.®> A first-order phase transition may occur
depending on the strength of dopant interactions and the affinity of
dopants cations and oxygen vacancies for the free surface. However, a
holistic, quantitative thermodynamic framework has not yet been
established.

2.2. Phase transition and thermodynamic model

The exsolution was taken as a chemically driven heterogeneous phase
transformation, including four physical processes, namely diffusion,
reduction, nucleation and growth, as shown in Fig. 1a. Regarding the
phase transformation, we are always concerned with the changes to-
wards equilibrium, therefore, thermodynamics is a potent tool. Exsolu-
tion was triggered when the solid solution was saturated leading to an
unstable initial state. Thus, phase separation formed to further stabilize
the solid solution system. Thermodynamics provides an answer to how to
measure the exsolution stability. The classical isothermal nucleation
theory describes nucleation as a process attributed to the Gibbs free en-
ergy of the nucleus at the critical particle size (r*) and the nucleation rate
(N), as shown in Fig. 1b, which can be expressed as:>?

. C E, + AG

where the nucleation formation rate depends on the pathway, c is the
corresponding density of nucleation sites, 7 is the characteristic time-
scale, E, is the activation energy including the driven forces from both
strain (Egwin) and diffusion (Egirusion), and AG” is the critical Gibbs free
energy of the nucleus at the particle size contents of three parts:

%

AG% = AG;ulk+AG + AGsurface (5)

interface
where the free energy at the interface and surface contribute to the
tension (y) and area (S), i.e.

AG S?nlcr('acc (6)

interface — /interface

surface }laurfacessurface (7)

AG

Moreover, the Egysion may depend on termination during exsolution,
as shown in Fig. lc. The lattice restricts the doped cation to resist
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Fig. 1. (a) Ilustration of the exsolution process. (b) Gibbs free energy changes during nucleation and growth. Reproduced with permission from Ref. 38. (c) Height
and lateral diameter profiles (black symbol with line) of a representative exsolved particle on (111)-oriented film and (001)-oriented film. Reproduced with permission

from Ref. 39.

degradation of the original structure which endows the material to resist
harsh reduction® compared with the conventional wet chemical mix-
ing.>® Besides, spinodal decomposition is put forward mainly on the
exsolution of noble metal by thermodynamic theory.>®*” This can clearly

and accurately explain the order of ready exsolution for Pd > Pt > Rh.

2.3. Driving force for exsolution-external and internal

The external driving force includes thermal, chemical reduction (even
oxidation), electroreduction, photoreduction, and pre-decorated alien
species, as shown in Fig. 2. Thermally driven without reduction is
achievable for metal oxide migrating from the ceramet framework.*°
This is also common for noble metal cooperated material as the noble
metal cation endure reduction at high temperature even in ambient
condition.*! Generally, chemical reduction at high temperatures is
necessary to break the chemical bonding (metal-oxygen, M-O) as it is an
energetic process.*? Electrochemical reduction has been used to drive the
formation of metal near the surface.*>** Cathodic polarization offers a
fast kinetic effect that produces fine nanoparticles in a short time.
Recently, photo-reduction was examined to transfer the electrons to local
sites, which activates the ingress of metal particles.*> The Ny plasma was
applied to trigger the exsolution of Ni particle by forming an electron
accumulation layer.® It is even possible to drive the emergence of
nanoparticles at room temperature under the ion bombardment of an
argon low-pressure plasma.*” Thus, more possible ways to trigger the
exsolution could be explored.

To assist the separation of cations on B-sites, introducing A-site
deficiency was utilized in different materials. Non-stoichiometry plays a
pivotal role in fabricating the exsolution system.”>*® Designed
non-stoichiometry materials were reported to form more uniform nano-
particles, including single metals and alloys.*’ Besides, lattice strains
tune the size and population of exsolved nanoparticles on thin film.>°

2.4. Types of exsolved nanoparticles

The review of exsolved metallic particles can be categorized based on
the elemental blocks. Alkaline earth metal, especially strontium oxide
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Fig. 2. Outer: driving forces to trigger the exsolution in materials: chemical
reactions, biasing, plasma, light. Inside: approaches to tune the exsolution:
defective chemistry, strain, interaction.

has been extensively studied as a certain type of exsolution that occurs
when the secondary phase is formed during treatment under oxidation.>!
Though it can negatively impact charge transfer and material perfor-
mance, it can be beneficial if precise control can be achieved. Exsolved
B-site metal particles are known to provide catalytic performance and
have garnered significant attention in the catalytic field. In the following
sections, we will review the different types of metallic particles that can
be exsolved on materials.
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2.4.1. Noble metals

The regenerated Pd nanoparticles were the first report on LaFeq sy.
Cog.38Pdg.0503 by Y. Nishihata et al. as a ‘smart’ catalyst.52 The size of Pd
maintained ranges from 1 to 3 nm even after aging in the engine exhaust
gas at 900 °C for 100 h. Noble metals including Au®® Ag®>°* Pt>® Rh°°
Ru®”°8 and Ir°° have been reported in numerous systems and utilized for
renewable energy and catalytic applications. The diffusion of cations is
limited by the ionic radius and the ionic charge. The larger noble metal
cations are normally hard to diffuse to the surface of the host but are
trapped in the matrix of the host material.®

2.4.2. First-row transition metals

The exsolution of first-row transition metal flourishing after intro-
ducing the non-stoichiometry to facilitate the exsolving of nano-
particles.?® Exsolution started to receive increasing attention when its
capability was further expanded to first-row transition metals, such as
Ni?® Co®! Cu®? and Fe.®® The exsolved bimetallic nanoparticles also
exhibit promising synergic effects in various applications.®*®> The cat-
alysts with decorated bimetallic nanoparticles (for example, CoFe®¢”
and NiFe®®®?) show significant performance improvement due to the
synergic effect. The generation of core-shell rather than bimetallic par-
ticles relies on the mixing enthalpy conditions.”® Trimetallic are proved
to be more active than single or bimetallic catalysts. Tatsumi Ishihara
et al. demonstrate the possibility of forming Cu-Ni-Fe alloy matrix by
in-situ decomposing spinel oxides of Cu(Ni)Fe;O4 in a reduction atmo-
sphere.”! Ternary Ni-Co-Fe alloy formed on the A-site deficit perovskite
Sro.93(Tig.3Feg 56Nio.07C00.07)03_s and double perovskites has been re-
ported to improve the performance of the SOFC’? and dry-reforming of
methane.”?

2.4.3. Other potential candidates for exsolution

Exsolution of other transition metals such as W*® and Ce’* have also
been investigated. The metallic elements in the P block posse high
electronegativity and stable valence and serve no exsolution-like phe-
nomenon. However, it has been found that the oxide particles formed if
excess Bi-doped on the A-site while a detailed investigation is necessary
to confirm the separation of this phase.”” The decorated particles can be
reformed by post-treatment, such as sulphuration,*® phosphatisation,”®
or hydroxy absorption.””

It is, therefore, reasonable to introduce exsolution as a promising
method to produce multi-element nanoparticles. By tuning the thermo-
dynamic parameter, the production of poly-elemental nanoparticles with
multiple-interface architectures may also be possible. All those concep-
tions depend on a well understanding of exsolution and encourage the
discovery of further mechanism underpinning.

2.5. Applicable host material

A broad range of host materials will be studied to get insight into the
relationship between exsolution and the parent material composition.
Exsolution attracted much attention by widely investigating enriching
host materials, including perovskite, spinel, and other materials.”®

Titanates as popular host materials were reviewed to understand the
specific phenomenon. The prototype perovskite SrTiO3 has been widely
studied based on various doping strategies.”® As the most common sys-
tem, A-site doped strontium titanates demonstrate interesting proper-
ties.®” The acidity of titanium superior to scandium and zirconium
improves the hydrogen evolution reaction activity of the heterogeneous
catalysts.”” Metal-doped chromates®' 3% and ferrite-based®®%*%> perov-
skites were widely investigated in the exsolution field. Nanoparticles
exsolved on other perovskites have also been reported, including double
perovskites Ni-doped (PrgsBags)y _,MnOs,%° Ruddlesden-Popper (RP)
perovskite®” %% and hexagonal perovskite BagTagNiOz4.”°

Not limited to the perovskite, recognized oxides such as ceria and
zirconia have also been utilized as hosts for exsolution.’! Phase separa-
tion refers to extended exsolution reported on various solid solutions,
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such as NiO—MgO,92 NiO-Ce0,,”? Pyrochlore La222r0794 and Fluorite
type SmZCe207.95

Limited by the reservation of cation, the exsolution has been widely
reported on pellet/particle host and thin-film materials because of the
successive cation supply. The support size is essential to be more sig-
nificant enough to provide enough cations for the growth of the nano-
particles.”® The particular host material smaller than 1 pm demonstrates
a lower population of exsolved nanoparticles (except with the exsolution
of high percentage host cations®). As changing the morphology of the
support, the physicochemical role varied in determining the exsolution
process. The diffusion depth of cations/vacancies during reduction for
perovskites seems limited to 200 nm.”” In the thin film-based exsolution,
the surface nucleation would be predominated than the diffusion since
the travel distances would be shortened. The thin film has been utilized
to study the strain effect because of the facile modulated lattice
strain.”>?® Moreover, the thin film support generally exhibits control-
lable termination, which may lead to preferential segregation of exsolved
nanoparticles.>’

Although the loose powder (with a size below a micrometer) may
adhere to similar exsolution fundamental as a thin film, the small cation
stock limited by the volume restricts the exsolution proceedings. From
this point of view, the exsolution of powder-like structure was reported
only on considerable dopants rather than little dopants.”® A
one-dimensional continuous structure, i.e. fibers should be promising for
the diffusion of cations, thus, worthy to be used to investigate the exso-
lution. PrBag 5Sr( 5C0¢ 2Fe; §05. 5 nanotubes decorated with cobalt were
produced by thermal reduction. They promote the performance of soot
combustion compared with bulk-based catalysts.'°° The interval fiber
structure opens a way for easier transportation of solid carbon and intact
contact between catalysts and soot particles. Ni nanoparticles exsolved
on Lag 3Sr( ¢Nig 1Tig.9Os3 fiber calcined at 800 °C were reported.ml The
continuous fiber structure offers a pathway for the transition of cation
diffusion which is proved by the higher population of nanoparticles on
the thin fiber area.

3. Fundamentals of CO, reduction in SOECs

CO, SOEC:s are solid-state electrochemical devices that convert CO5 to
CO or COg-steam to produce syngas (CO and Hjy). The high-value fuel
products and the oxygen produced on the opposite side are precursors for
industrial utilization. Based on the highly efficient SOECs, a closed cycle
that achieves carbon capture and utilization could be built up.

3.1. Thermodynamics of CO, reduction

Thermodynamics determines reaction directions, equilibriums of re-
actions and minimum energy required to sustain electrochemical re-
actions. The thermodynamic process is important to understand the
performance of CO- solid oxide electrolysis cells (SOECs). Herein, the
thermodynamics of solid oxide electrolysis cells will be studied together
as the solid oxide cell system can be utilized in a reversible model. SOEC
as a candidate to produce value fuels has been investigated for CO5
emission control. COs electrolysis involves reducing CO5 to CO and oxide
anions (or combining with hydrogen to synthesize high-value products)
on the fuel electrode. The oxide ion-conducting SOEC can directly elec-
trolyze CO5 into CO and oxygen under externally applied potential. CO,
is adsorbed on the surface of the fuel side electrode (cathode in SOEC)
and split into CO and O%~. The 02~ will transport to the air side through
the electrolyte. The reaction of CO; electrolysis on the cathode can be
written as follows:

1
CO, + electric energy (AG) + heat (TAS) — CO + EOZ (€))

The energy demand as a function of operating temperature for CO,
electrolysis is shown in Fig. 3a (by HSC Chemistry software). AH (the
enthalpy change), AG (the Gibbs free energy change) and TAS (T:



M. Xu et al.

V]

300

AH (total energy requirement) 414
250

-412

s

B

iy

i‘/ 4

c 200+ . . 1.0
2 AG (electricity requirement)

= J

E 150 08
(2]

=

8 0.6
> 100 ]

2

2 04
W 501

TAS (heat requirement) 02

0.0
1200

T T T
600 800 1000

Temperature (°C)

T T
0 200 400

Materials Reports: Energy 3 (2023) 100198

Theoretical cell voltage (no losses)
—
S~
= 2
s &
E B
23
3.2
Q
o O
[
o
B
o
>
Activation Ohmic Concentration
« - > >

Current density (A cm™2)

Fig. 3. (a) Thermodynamics of CO, electrolysis. (b) Schematic of fuel cell -V curve. In contrast to the theoretical thermodynamically predicted voltage (dashed line)
and the actual voltage of a fuel cell (dotted line) due to unavoidable losses in the cell. Reproduced with permission from Ref. 104.

temperature; AS: the entropy change) are the demands of total energy,
electrical energy and heat, respectively. With increasing temperature, the
required electrical energy for SOEC decreases and the thermal energy
demand increases. Therefore, the heat supplied by the operating envi-
ronment or other thermal energy (for instance, nuclear reactor) can
compensate for the less electrical energy demand for the electrolysis.
While low-temperature electrolysis techniques face some crucial prob-
lems, including lean reaction kinetics (low CO5 solubility in the aqueous
electrolyte), catalyst degradation, and low selectivity.'°>'%® SOEC offers
a promising way to tackle those problems under high temperature
(700-1000 °C). The high temperature will improve the kinetics of re-
actions in SOECs, and in turn enhance the performance. Moreover, the
required heat of the electrolysis process can be obtained from joule heat
in the cell.

3.2. Reaction kinetic of CO3 reduction

Thermodynamics govern the electrochemical reactions in SOECs,
whereas kinetics dominates the reaction rates of SOECs. The electrolysis
of CO3 can be slow due to the limited kinetics even when cell voltages are
higher than the reversible potentials (thermodynamical available).

As the cell is connected to a complete circuit with loads or power
supply, the current flows in the circuit, indicating the cell is in operation.
The performance of a cell under operation is determined by many factors,
such as the materials (reactivity, conductivity, thermal expansion coef-
ficient), fuel contamination, redox stability and microstructure (thick-
ness, porosity). There are losses present in the cell that cause the cell
system to be irreversible. The practical performance is always lower than
the ideal condition, as shown in Fig. 3b, due to three major cell losses
(also referred to the polarization, represented as #) that exist during the
operating, including activation loss, ohmic loss and concentration loss,
leading to an actual operating voltage as:

E=Ey — (Nyex + Nohm + Meonc) ©

The voltage dropping at the low current density (especially for low-
temperature fuel cells) is responsible for the activation losses. At this
stage, the electronic barriers need to be overcome before ionic transport.
Though increasing the temperature may lead to an enhancement of
electrode kinetics, the key is the activity of the electrode material itself.
The exsolved materials are attractive due to the abundant metallic
nanoparticles that act as active sites for the reaction.

The ohmic losses are governed by material selection, operating tem-
perature and thickness of the components (or path for current) relay on
the electronic resistance of electrodes and ionic resistance of electrolytes.
The electrodes typically have high electronic conductivity, especially, an
improvement was achieved for the exsolved materials under

reduction.'% Thus the contribution of chmic losses for the electrodes was
relegated or even neglected. Therefore, minimizing the thickness of
electrolytes while ensuring gas tightness is crucial for building up a
high-performance fuel cell. Besides, the contact resistance should be
considered as a contributor to the ohmic losses.

The concentration losses are also known as mass/gas transport po-
larization caused by reactant depletion and concentration gradient. The
losses occur mainly due to diffusion problems in the system, including
not fluent circulation of reactants into electrode pores and the slow
dissolution of products out of reactive sites. A specific porosity of elec-
trodes or tailored microstructure allows electrodes to reduce cell losses
during the operation,'?%!0

3.3. CO; reaction mechanisms on exsolved materials

Taking the advantage of using renewable electricity resources, the
COy, electrolysis cell transfer the industrial waste CO, into CO and oxy-
gen. Both products can be utilized as feedstock for other applications, as
illustrated in Fig. 4. The CO; electrochemical reduction mechanism were
widely studied mainly on the low temperature transformation tech-
niques.'?® The theoretical studies on high temperature CO, reduction
were focused on the effects of the oxygen vacancies, for example the
adsorption of CO,, and the activation effect of nanoparticles on the
supports. The high-temperature electrochemical reduction of CO,

Source of CO,
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Fig. 4. Schematic diagram of CO, electrolysis using a solid oxide cell for syngas
and O, production.
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contains two half-reactions: CO, reduction at the cathode and oxygen
evolution reaction at the anode. As the former is the main topic in this
work, we will focus on the elementary steps in CO5 electrochemical
reduction.

Based on the Ni-based electrodes, Shi et al. proposed four elementary
steps mechanism for CO, electrolysis in Ni/YSZ electrode, including CO,
adsorption, CO, decomposition, surface diffusion of O(Ni) and charge
transfer reaction at the TPB and desorption.'%° Similarly, it is consensus
that the COx, firstly adsorbed on mixed ionic and electronic conductors
(MIECs) to form carbonate. The adsorbed carbonate species then
decompose into CO and oxygen ion, subsequent to the desorption of CO
and transfer the oxygen ion to the anode. However, it is still ambiguous
about the CO5 reduction mechanism in the SOECs, especially the
adsorbed sites on the cathode surface.'!”

The oxygen vacancy plays a key role in the adsorption of COs, specific
the bonding configuration and the intermediates.'!! The adsorbed CO,
molecule presents in a bidentate configuration with carbon atom on
lattice oxygen and A-site cation. The configuration shows an larger initial
0O-C-0 angle (171.47°), which decreased to 124.94° as carbonates in-
termediates formed. The angle increased again through the exchange
between oxygen and vacancy at the surface, left with linear CO adsorbed
on B-site atom. This dissociative adsorption of CO process had a highest
energy barrier among the reduction pathway and was the rate-limiting
step.'? In comparsion, the followed CO, desorbtion and oxygen inte-
gration are easy to proceed under the SOEC operating conditions.

The calculation results show that the presence of oxygen vacancies on
the catalyst surface can reduced the adsorption energy of CO2 compared
with stoichiometric surface.''®> The B-site cation seems affect the
adsorption of CO, as well, illustrated with diffuse reflectance infrared
Fourier transform (DRIFT) spectra. The oxygen affinity and activation
energy of B-site dopants tune the reduction reaction process. In the Ni
and Mn doped (La,Sr)FeOs, the Mn prefers to bind with oxygen while Ni
is more favor to bind with carbon in the CO,, therefore, the Ni-Mn
co-doping perform lower free energy of the CO5 electrolysis process.''*

Exsolved materials typically present an ionic conductivity due to the
high concentration of oxygen vacancies. Most of the exsolved species are
host in the B-site in oxides lattice and hybridized with the surrounding
oxygen ions in octahedral.''® It is therefore responsible for the catalytic
activity and electron transfer. In the case of CO5 reduction, the cations in
B-site coupled with oxygen vacancies to promote the adsorption and
activation of gas molecules.*"!!® A reasonable reaction step for GO,
electrolysis for mixed ionic-electronic conductor exsolved materials

a b

Energy (eV)

Fig. 5. Theoretical calculations Schematic of CO, reaction in exsolved electrode. (a) Charge density difference isosurface for CO, and CO configurations over exsolved
FeNi/SrFeOs. (b) Potential energy diagram of CO, reduction over SrFeOs surface and FeNi/SrFeOs interface. Reproduced with permission from Ref. 117.
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according to the calculation results, may involve both pathways. Most
likely, the CO4 adsorbed at the interface of metal-oxide support, as shown
in Fig. 5a. Theoretical studies reveal that CO, adsorbed at the interface
between metal and support oxide with linear O-C-O angle bent od an
angle during the transition state.'®!'%!7 The CO, molecular activation
and oxygen migration are important to understand the CO; reduction
process on exsolved material. The potential energy diagram of the CO,
activation process was calculated to provide insights into the reaction, as
shown in Fig. 5b. The calculation result indicates that exsolved nano-
particles can initiate CO5 activation, and improve CO desorption.

4. Materials for fuel electrode in CO, SOECs

The three main components in SOECs are air electrodes, electrolytes
and fuel electrodes. Their functions determine various requirements for
the materials used in SOECs such as chemical and mechanical compati-
bility of components, good conductivity, high activity, etc. Here, the
materials employed in solid oxide cells were reviewed together, with
specific highlights if needed.

4.1. Air electrode

The air electrode refers to the electrode exposed to air/oxygen, i.e.
cathode in SOFC or anode in SOEC. On this side, the O, is dissociated into
oxide anions. Thus, high electrocatalytic activity towards this process is
in high demand. The air electrode must possess sufficient electron con-
ductivity to accomplish this reaction. Besides, CO tolerance is needed if
the electrode is exposed to air rather than pure oxygen. It has been found
that the kinetics of oxygen reduction reaction (ORR) may restrict the
electrochemical effectiveness.''® Therefore, a better air electrode is
crucial to obtain an advanced fuel cell. Platinum has been used as an air
electrode to investigate the chemical and electrochemical steps on elec-
trodes but not for practical utilization.''° As an alternative, MIECs are
widely used as air electrodes, such as manganite (Ca'?® and Sr'?! doped
LaMnOs, SmBaanos,glzz), cobaltite and ferrite (LaC003,123’124
Ba; _,(Sr,(FeC003,125 SmBaC0205_5126) and nickelate (LanHNinOgnHl”).

4.2. Electrolyte

The electrolyte is made dense to avoid gases crossover, which causes
fuel leaking and wastage. An adequately high ionic conductivity ensures
the migration of ions (proton or oxide anion) through electrolytes while
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the electrons travel on electrodes and the loaded circuit. The electrolyte
type can be functionally categorized as the oxide ionic conductor or
proton conductor. The electrolyte can also be sorted based on the oper-
ating temperature, including high, intermediate and low-temperature
electrolytes. To date, the most widely employed electrolyte oxide ionic
conductor includes stabilized zirconia, doped ceria and doped lanthanum
gallate.'?® Zirconia-based fluorites, the ternary zirconia (with CaO, MgO,
Y203 and Scy03 doped), are commonly used in solid oxide cells.'?® The
application of zirconia is limited at high temperatures as its conductivity
falls at lower temperatures. Ce;_,Gd,O2 and Er;_,Bi,O3 demonstrate
superior chemical stability with various electrodes and high ionic con-
ductivity even at low temperatures.'>® The disadvantage of this electro-
lyte is the inferior stability in low oxygen partial pressure (high electronic
conductivity), which causes short-circuiting during operation.
Perovskite-structured oxides are promising because of their high ionic
conductivity. The most well-studied perovskite electrolyte is the (Sr and
Mg)-doped LaGaOs.'*! However, the development of doped LaGaOs was
hampered by serval factors, such as difficulty in obtaining pure phases,
volatility of gallium at high temperatures, and poor compatibility with
Ni-based electrodes. Building on ceria and bismuth oxides, electrolytes
that suit low temperatures have been developed.'*?

4.3. Fuel electrode

The fuel electrode is exposed to the fuel environment and converted
the fuels into oxidation products with oxide ions transported through the
electrolyte. The fuel electrode materials must possess sufficient catalytic
activity, high electronic conductivity, coking tolerance and a long life-
span during operation.133

Ni-YSZ cermet is currently the favored fuel side electrode material to
achieve most requirements.''® The advantage of this composite is its
superior performance with hydrogen fuel coupled with its good current
collection, leading to a low electrode resistance. NiO-YSZ porous
framework is easily fabricated by calcination in the air, followed by
in-situ reductions. Ni couples with ionic conducting YSZ in the composite
to offer electronic conducting and catalytic activity for fuels. Mixed YSZ
provides thermal expansion buffering for nickel metal with a
well-matched thermal expansion coefficient (TEC) with electrolyte.134
This mixture phase together with the gas phase formed TPB as active sites
for the transfer of the electrons, oxygen ions and gas molecules.
Increasing the TPB in the electrode is therefore crucial to improve the
fuel cell performance because of offering more reacting sites. Several
weaknesses restrict the broad applicability of Ni/YSZ electrodes, such as
coking,®® sulfur poisoning' > and redox instability due to fuel starvation
(through lack of fuel, on shut-down or under high current density for
electrolysis). Ni/YSZ in redox experiences volume changing and coars-
ening, leading to activation degradation and performance decrease.
Stemming from the Ni-YSZ concept, electrode materials formed by
mixing metallic catalysts and ionic conductors were developed, such as
electrodes based on Ni alloys,l?ﬂ’139 Cu—CeOz,g,MO and other
catalysts, ' 41-142

The state-of-art materials for solid oxide cells are single-phase mixed
ion and electron conductors (MIECs). As alternative electrodes, MIEC
materials are redox-stable, ideally providing more reaction sites (all the
surfaces in contact with the gas phase). The advanced MIEC materials are
widely investigated as fuel electrodes for solid oxide cells.

Doped pyrochlore systems exhibit both ionic and electronic conduc-
tivity, while the stability of the phases in reducing atmosphere was non-
adequate for application.'*® The most explored and exciting composition
recently is perovskite which exhibits programable properties with flex-
ible structural tolerance.''® The perovskite oxides exhibit good thermal
and mechanical stability and chemical compatibility with electrolytes.
Most importantly, a wide range of properties can be tailored by altering A
and B-site cations in perovskite. The multiple oxidation states of these
cations enable the creation of oxygen vacancies by doping and may give
rise to electronic conductivity under reducing conditions.
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Moreover, the active redox couple on B-site provides the active sites
for gas dissociation and adsorption on the electrode surface. Cr, V and Ti,
are commonly employed to avoid the collapse of the structure under
reducing conditions and have been frequently studied using doping
strategies.’>'*4 Recently, most of the perovskites studied stemmed from
chromites (LaCrO3) and titanates (SrTiOs3). In addition to conventional
Ni-based material, cermet electrodes present salient performance. The
stability of Lag75Srp.25CrosMng 503 5 in both oxidizing and reducing
environments endows it as a candidate electrode for CO, electrolysis.'*°
The titanate-based perovskites also possess superior redox stability and
n-type conductivity under strong reducing conditions as cathodes in the
electrolysis mode.'®!® Strategies in the search for promise materials
focus on metal decoration (impregnation and exsolution) and functional
engineering (surface defect and vacancy construction).

5. Exsolved material in CO5 reduction

The fuel electrode plays a crucial role in CO; electrochemical
reduction, thus has been widely investigated as seen from the above-
mentioned overview of CO; reduction fundamentals. Among various fuel
electrodes, electrodes decorated with exsolved particles demonstrate
more promising performance than bare composition and even those with
infiltrated active sites.?’?>1*” Here, we summarize the literature pub-
lished so far in this area with synthesis methods, types of exsolved metal
and structure of support, as shown in Fig. 6. The solid-state mothed was
the most used to prepare pure oxide electrode materials, followed with
sol-gel which provide smaller size samples with more active site. The
exsolution as a state-of-the-art method starts to attract much attention
with extended kinds of material systems in CO2 reduction applications,
such as perovskites, fluorite and spinel. The performance of the CO,
electrolyzer with exsolved materials was summarized in Table 1.

5.1. Types of exsolved metal particles

5.1.1. Electrode with single metal particles

It is widely accepted that the exsolved metallic nanoparticles provide
active sites for catalytic reactions.'®® The exsolved noble nanoparticles
such as Rh,163 Ru'®? attract attention for CO; electrochemical reduction.
The transition metals and their alloy were widely investigated to reduce
the usage of noble metals, as shown in Fig. 7a. Beyond the type of metals,
some other factors can be catalogued to understand the possible reason
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Fig. 6. Exsolution infographic on CO, electrolysis. Statistical analysis on about
60 papers published in the field of CO, electrolysis since 2014. Including the
structure of the exsolved material system and synthesis methods.
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Table 1
Performance for high temperature CO, electrolysis with exsolution cathodes.

Cathode material Feeding gas Ry(Q cm?)/Volt. (V)/Temp.(°C) Current density (A cm™~2)/Volt.(V)/Temp.(°C) Ref.
(Lag.755T0.25)0.9(Cro.5Mng 5)0.0Cto 1035 CO, 0.50/1.8/800 0.25/1.5/800 148
Ceo.g5Nig1502 CO, 0.38/2.0/800 0.25/1.6/800 149
NbTig 5(Nio 75CU0.25)0.504 CO, 6.21/1.4/800 0.11/1.6/800 150
NbTigsNig 504 CO, 1.25/2.0/800 0.16/1.5/800 151
(Lag.2ST0.8)0.9(Tio.oMng 1)0.0Nig 1035 CO, 3.50/1.6/800 0.08/1.5/800 152
Nig.oTiO3 CO, 1.70/-/800 0.16/1.6/800 153
(Lag.75570.25)0.9(Cro.sMng 5)0.0Nig 103 5 CO, 0.65/2.0/800 0.19/1.5/800 154
Ni-Fe-La(Sr)Fe(Mn)O3 50%C02-1%CO-49%Ar 2.33/-/800 2.32/1.6/800 155
Lag ¢STo.4Feq gNig 203_s 70%C0,-30%CO 1.08/-/800 0.70/1.6/800 o8
(Lag.3810.7)0.9Ti0.95Ni0.05035 CO, 0.80/1.6/800 0.19/1.6/800 156
Pro.4ST0,6C00.2Feq 7 M0 105_5 70%C04-30%CO 0.455/1.6/850 1.01/1.6/850 157
(La,S)TiO3. 5 30%C0/CO,-20%H,/N, 0.33/1.7/800 0.79/1.7/800 158
Sr;.oFe; sMog 4Nig 1065 CO, 0.265/-/800 2.16/1.5/800 69
SrFeOs3_5-10%Ni CO, 0.37/1.6/800 0.75/1.6/800 159
Lay 5S1.6C00.4Mng 604 70%C0,-30%CO 1.5/-/800 0.63/1.3/800 89
Lag ¢STo.4Feq gNig 203_s CO, 0.12/1.6/800 0.60/1.6/800 160
SryFe; sM0g 5065 95%C04,-5%N, 0.20/1.6/800 0.93/1.6/800 17
Ni/Cry03_s CO, 0.08/1.6/800 2.07/1.6/800 161
NbTig 4Cro.1Nig.504 80%C0,-2%CO-Ar 0.22/1.6/800 1.6/1.6/800 162
Lag.43Ca0.37RNg,06Tig.0405 25%C04-25%H,0-50%N5 0.21/-/850 1.57/1.0/850 163
SroFe; 45Nig 05M0g 5065 CO, 0.87/1.0/800 0.73/1.5/800 164
Lag 43Cag.37Nig.06Tio.0403 259%H,0-25%C0,-50%H, 0.73/-/850 1.10/1.6/850 165
SroFe; 3C00.2M0g 5065 50%C0,-50%CO 0.60/0CV/800 1.34/1.4/800 166
(Pr,Ba),Mn; goFep 15055 CO, 1.00/1.6/850 0.64/1.6/850 167
SroFeMog 55C00.4506_5 CO, 0.12/1.5/800 2.00/1.5/800 168
(Lag.655T0.3C€0.05)0.9(Cro.sFeq.5)0.85Ni0.1503_5 CO, 0.23/1.2/800 1.78/1.6/850 169
(Lag2Sr0.8)0.85Ti0.8Cro1Nig.105_5 CO, 0.43/1.6/850 0.80/1.6/850 170
Lag 4S10.6C0o.2Feq sMog 105_5 959%C0,-5%N, 0.08/1.6/800 1.45/1.6/800 171
SroFe; 35M0g 45C00.206_5 95%C0,-5%N, 0.12/-/800 1.20/1.6/800 172
Lag66Tio sFep203_s 20%C0,-80%CO 0.16/1.4/800 0.80/1.4/800 146
Lag 65r0.4C00.sNig.2Mng 303 70%C04-30%CO 0.85/-/800 0.79/1.5/800 173
GdsFes012 CO, 0.11/1.6/800 1.62/1.6/800 174
Lag 5Sro.sFeOs_s CO, 0.25/1.0/800 1.22/1.5/800 175
Lag6Sr0.4Mng 2Feq g05_g 70%CO2-30%CO 0.33/0CV/800 1.43/1.5/800 176
SroFe; 4Rug 1Moo 5065 CO, 0.11/1.2/800 1.30/1.6/800 177
SroFe; 55CUo 25M0g 506 o 50% C05-50% CO 0.81/-/800 2.50/1.5/800(CO>) 178
(Lag 2Sr0.8)0.0Tip.sMng 4Clig 1035 CO, 0.30/0CV/800 1.95/1.6/800 179
Lag 555r¢.45F€0.85M00.1503 CO> 0.14/1.6/800 1.15/1.4/800 180
Sr1.95Fe; 4Snp. 1Moo 5065 CO, 0.15/1.8/800 3.27/1.8/800 181
Pro.4Sro 6Feg gRUp1M0g 1035 CO, 0.32/1.4/800 0.83/1.4/800 182
Lag 6Sr0.4Nig 2Feg 75M0g 05035 CO, 0.80/1.5/800 0.59/1.5/800 183
Lag.5Sro.sFeo.5C00.203_5 95% CO2-5% Ny 0.13/1.2/800 1.80/1.6/800 184
Sr;.oFe; sMog 4Nig 106_5Fo.1 50% C05-50% CO 0.31/0CV/800 2.66/1.5/800(CO>) 185
Pro.4S11.6Nig 2Fe; sMog 5065 CO, 0.11/1.4/800 1.58/1.4/800 186
SryTig.gCog 2FeOg_s CO, 0.22/1.6/800 1.26/1.6/800 187
Lag 43Cao 37Tio.04Nio.0603_s-Ce 50% C05-50% CO 0.51/1.3/800 0.43/1.3/800 188
Lag.755T0.2Cag,05Cro.sMng 4sFeg.0s03 CO, 1.27/1.2/800 0.60/1.6/800 189
Lag 755r0.25Cro.5Fe0 575035 CO2 0.31/1.8/850 0.72/1.6/850 190
Pro.sBag sFeo gNig 2035 CO, 0.88/1.4/800 0.84/2.0/800 191
Lag.758T0.25Cro.sFeo 5035 CO, 0.26/1.0/800 1.15/1.5/800 147
Feg1Smg1Ce.g02_s 50% CO2-50% CO 0.34/0CV/800 1.34/1.5/800 192
(Lag.2570.8)0.0(Tio.oMng 1)0.6(Clig 025Nig.075)03_5 CO, 0.26/1.6/800 1.61/1.6/800 193
CaFe,04 CO, 0.55/1.0/800 1.20/1.6/800 194
SroFe; sM0g 3CUo.206 5 CO, 0.55/0CV/800 1.94/1.4/800 195
Lag 52Cag.28Nig.04F€0.04Tio.0203 CO, 0.60/2.1/900 0.76/1.6/900 196

for the promotion effect of utilizing exsolved materials. Hereafter, three
avenues for exsolved materials that are pivotal to understanding the
exsolution and their functionalities in the CO, electrochemical reduction
process will be analyzed, including the types of exsolved nanoparticles
and its effect, exsolution mechanism in SOECs and reversibility of
exsolved materials. The creation of interface, alloy effect, phase transi-
tion, self-assembly, reversibility, and electrochemical switching were
discussed in this part.

About half of the reported work is focused on investigating the
exsolution of single metals, such as Ni, Fe and Co, as shown in Fig. 7a. In
general, the SOECs with exsolved cathode display a good performance.
The tabulated current densities of reported CO SOECs were summarized
with exsolved materials as a cathode at an applied voltage of 1.6 V and
800 °C, as shown in Fig. 7b. SOECs with monometallic Ni decorated on
electrodes show slightly lower performance than Fe- and Co-based

monometallic systems, which is consistent with the oxophilicity of
metals from the theoretical calculation results.'%!%”

5.1.2. Alloy effect in exsolution

CO,, reduction based on the synergic effect of alloy nanoparticles has
been widely investigated. Bimetallic nanoparticles are more appealing
than their monometallic counterparts, because of the synergistic effects
between different metals, as shown in Fig. 7b.'°® The iron-nickel alloy
exsolved from LaFeg¢Nig2Aly 203 was used for solar thermochemical
CO,-splitting with 99% conversion at 850 °C.'°° Changrong Xia et al. has
found the NiFe alloy particles exsolved on the perovskite-structured
Sri.9Fe; sMog 4Nig.106_s, achieving a current density of 2.16 A em~2 at
1.5 V at 800 °C compared with 1.05 A cm™2 for the same composition
without nanoparticles.69 However, the amount of SrCOs increased
simultaneously with the exsolution of NiFe, which suppressed the
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Fig. 7. Exsolution infographic on CO; electrolysis. Statistical analysis on about
60 papers published in the field of CO, electrolysis since 2014. (a) Type of
exsolved nanoparticle the structure of the exsolved material system, (b) Current
densities of CO; SOECs with exsolved materials as the electrode at an applied
voltage of 1.6 V and 800 °C. Supply data in Table 1.

performance by blocking the charge transfer and diffusion of oxygenous
species on the electrode surface.'® They also developed a Ni and F
co-doping strategy to achieve a promoted surface reaction rate and ox-
ygen chemical bulk diffusion.'®> The CO, electrolyzer based on the
synthesized oxyfluoride presents a 2.66 A cm ™2 at 1.5 V at 800 °C.

5.1.3. Exsolved particles with heterostructure

Exoslved alloy structure exhibits high reactivity for COy electro-
reduction, while the structure of nanoparticle attracted less attention.
Control of the nanostructure of the catalyst is crucial for improving the
performance of the material as it contributes to the activity of the ma-
terial due to spatial and synergetic effects. The heterostructure of nano-
particles was well studied in the colloidal system, thus, it should be
possible to transform the structure of particles into diversity structure by
optimizing the composition of support and reaction conditions.??’
Exsolution with heterostructure nanoparticles with tuning of dopant
level were also reported recently, as shown in Fig. 8.2°" The exsolved Cu
seed facilitate the emergent of Fe by changing the surface energy. With
increasing the iron doping amount, the heterostructure particles gradu-
ally evolved into crescent and Janus structures. The electrode with
decorated Janus nanoparticles displays outstanding performance in the
reversible solid oxide cel fed with H,O/H, and CO/CO,, with
1.11 A cm ?at 1.3 V at 900 °C.

5.1.4. Exsolved particles with core-shell structure

It has been reported that a core-shell structure may also form during
the exsolution of NiFe particles from Pro 4Sr1 6(NiFe); sMog 506_5. °°
FeOy shell may form during the exsolution, as shown in Fig. 9a. The
increased oxygen vacancy after reduction was evident from the XPS
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(Fig. 9b). The FeOy as a shell in the particles may help to generate more
oxygen vacancies and greatly enhance the kinetics of adsorption, disso-
ciation and electrolysis of CO».

Tatsumi Ishihara et al. discovered the emergence of smaller particles
(<200 nm) for the Ni-Fe-Lag ¢Srg 4Feg gMng 203 cathode in CO, elec-
trolyzers.!>> Those Ni-Fe species significantly decrease the cathodic
overpotential by increasing the active sites on the electrode. Jing-Li Luo
et al. investigate the NiFe alloy exsolution on Lag Srg 4Feg gNip 203_5 in
COy, electrolysis cell, and no coking on the electrode even after 100 h
stability test in CO5 under 0.6 V at 850 °C.%® The symmetrical cell based
on this material shows a possibility of improvement by the novel struc-
ture of cells.'®® Another CoFe alloy nanoparticles were produced on
Co-doped layered perovskite (Prg.4Sr0.4)3(Feg gsMog 15)207.'> The layer
perovskite delivery more stable and efficient properties than cubic
perovskite Pry 4Srg 6Cog oFeg7Mog 103_5 due to the promotion of oxygen
vacancies. The Co dopant may decrease the segregation energy of the
exsolution of iron as Co-Fe bonds have lower formation energy than the
Fe—Fe bond.?%?02

Co-doped SryFeq 3C002Mogs50¢_ 5 electrode also demonstrates a
promising electrochemical performance with the in-situ exsolved Co
nanoparticles embedded in the material.'®® Increasing the amount of Co
dopants (>0.15 wt%) promotes the formation of CoFe alloy particles as
well as more defects sites.'®® A hollow Lag ¢St 4Nig 2Feg75M0g 05035
was synthesized by molten-salt-assisted approach.'®® The exsolved FeNis
displays reversibility in the symmetrical cell based on the material
electrode. The Sn-doped Sr; gsFe; 4Fe; 4Sng.1Mog 5065 exhibited prom-
ising CO; electrolysis performance with uniform Sn-Fe alloy particles
decorated on the electrode after reduction.'®' The enhanced ability to
adsorb more CO; on the particles may contribute to this improvement.
Besides, the A-site doped Sry_,La,Fe; sMog 506_5 can increase the oxy-
gen surface exchange and bulk diffusion, leading to better CO,
electro-reduction performance.?’*

5.2. Different mechanisms of exsolution for electrodes in SOECs

5.2.1. Phase transformation in exsolved material

Co-, Mn- and Fe-based oxides may undergo phase transition under
reduction condition.!?>2°42%5 By taking advantage of the synergetic and
interfacial effect of different materials, exsolved materials as electrodes
generally  demonstrate high efficiency. Materials  with
Ruddlesden-Popper structure present a high oxygen vacancy concentra-
tion. Moreover, the exsolved metal can further decrease polarization
resistance by facilitating CO, dissociation adsorption.'””> The phase
reconstruction under reduction results to exsolution on metallic particle
was correlated to the Gibbs free energy of oxygen vacancy formation.?*°
With Sr dopant in Prys(Ba/Sr)gsTOs_s (T = Mn, Fe, Co and Ni)
increasing, the oxygen vacancies are prone to form under reduction,
indicating more metallic species exsolved. This phase transformation was
observed in Sn-doped Sry.9sFeq sM0g.506_5. °' The cubic perovskite
structure transformed to an Ruddlesden-Popper structure with emerged
FeSn alloy nanoparticles, as shown in Fig. 10a. The phase transition has
also been observed from double perovskites (SroTiggFeCog 206 _5) to
Ruddlesden-Popper structure along with CoFe nanoparticles under
reduction.'®”

The reduction of GdsFes015 leads to the conversion of single-phase
garnet into perovskite with exsolved metallic Fe.!”* The resulting
oxygen-abundant species (GdFeO3; and CayFe;0s) and Fe particles pro-
mote the activation of CO; and electronic transfer by forming an active
metal-oxide interface. Similar to the ferrates, the Co decorated
Ruddlesden-Popper magnates (Laj 2SrggCog4Mng04) also display a
promoted CO,, reduction activity.®® The phase transformation was clearly
evidenced by the Co K-edge and Mn K-edge X-ray absorption near-edge
spectra (XANES) of Co and Mn in samples before and after reduction,
as shown in Fig. 10b. The redox cycles trigger the reversibility of struc-
tural transition between perovskite and Ruddlesden-Popper for those
materials which contributes to the formation of a higher concentration of
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Fig. 8. Morphology of exsolved particles with heterostructure. (a-c) TEM and EDX mapping of Lag 43S0 37F€0.12_xCu,Tip 8803 s reduced for 12 h in dry H,. (d)
Schematic illustration of co-exsolution mechanism. Reproduced with permission from Ref. 201.

oxygen vacancy. Besides, the catalyst decorated with CoNi nanoparticles
shows high sulfur tolerance and activity in the CO5 electrolysis cell.'”*

Though it has been reported the transformed phase and exsolved
nanoparticles work synergistically, the order of transformation and
exsolution is still not clear. The phase transitions may occur earlier than
the exsolution and act as a driving force to trigger the emergence of B-site
metals.>® The order of phase transitions and exsolution could be varied
for the different material systems, for example, the exsolution of metallic
particles prior to phase transition was observed in
Lag 5Sro sFeq gNig.1Nbg.103_5.2"

5.2.2. Self-assembly material together with metal nanoparticles

Distinct from solely metal nanoparticle exsolution, other oxide par-
ticles may segregate together to form a special structure that boosts CO
production. This situation was first reported on fluorite, rutile, spinel and
other non-perovskite ceramic materials that experience a phase separa-
tion during the reduction, such as Ce;_xNiyO0,'*° NiMnO4,'%? Ni and Cu
doped Nb1.33Ti045704,150 NbTio_sNi04504,151 Nio,gTi03,153 Ni—Cr203,161
etc. The significantly created metal-oxide active interfaces may serve to
promote CO, reduction and subsequently improve the performance of
electrolyzer.’’® Metallic species generated from Fe, Ni and Co-doped
Smg 1Ceo 8025 under the reduction of CO.!°? Different from the iso-
lated Fe nanoparticles, both Ni and Co species suffered with serve
agglomeration. The CO; electrolysis cell with partially reduced Fe species
on the cathode demonstrates a current density of 0.66 A cm ™2 at 700 °C.

A reconstruction of the electrode during the operating conditions was
reported for SroFe; sMog 3Cuo.206_5.'>> The perovskite reconstructed
into double perovskites, Ruddlesden-Popper and bimetallic phases, as
shown in Fig. 11. The formed oxygen vacancy-rich together with metal
phases together display high Faradaic efficiencies and current density
(1.94 A cm~2 at 1.4 V). This observation allows one to regard the elec-
tronic properties of perovskites as originating exclusively from the BO3
part of the ABOs, particularly from the BOg octahedra. The reduction of
Mo-doped Lag s55Srg.45Fep.gsMog 1503 can form Fe-Mo-O oxides, (La,
Sr)2(Mo,Fe)O4 instead of the decomposition of SrO and SrCOs on the

10

superficial of electrode for the undoped composition.'®® Similar phe-
nomenon was reported in Ru doped Prg 4SrggFeg.9Mog 103 s material
with a Fe-Ru alloy particles exsolved accompany the formation of
SroRuOy4. The current dentiy of the electrolyser was almost doubled
(~1.48 A cm™2) at 800 °C under 2.0 V. The formed metal-oxides heter-
ostructures provide a job-sharing function.?*’

The same phenomenon was discovered in perovskites, such as CeO3 in
La0,8Ce0,1 Ni0,4Ti0.503_5210 and MnOx in (Pr,Ba)zan_yFey05+5.167 Be-
sides the formation of simple oxides, the Prg2CaggFegNip203_5
self-assembled into perovskite Pr(Ca)Fe(Ni)Os_s and brownmillerite
CayFe,05 dual-phase composite during the calcination.?!’ Umit S. Ozkan
et al. investigate the exsolution structure-electrocatalysis performance on
La/SrFeOgs system. The A-site excess leads to the formation of a carbonate
layer, therefore, improving the performance.?'? The intensively designed
segregation of alkaline earth oxides seems to provide adsorption and
catalytic sites, thus improving the CO, electrolysis performance.'®®
However, the formed carbonate seems to block the active site for the
catalytic reaction, thus, there may be a trade-off between the carbonate
layer and metal nanoparticles.213 The stability of Lag 5SrgsFe;_xCoxO3
under reduction atmosphere was improved by doping with high-valent
niobium but resulting in limited CO; electrochemical reduction
activities.'®*

5.2.3. Electrochemical switching exsolution in the CO_ electrolysis cell

The electrochemical activation was applied as an effective approach
to facilitate the CO5 electroreduction of the cathode.'*® The electro-
chemical activation drives the exsolution within serval minutes and
produces uniform nanoparticles on the electrode surface.?'* The elec-
trochemical switching can be easily performed in the electrolysis mode
and achieve significant performance, as shown in Fig. 12.°%?!> When
deliberate activate the electrode under applied potential, the polarization
resistance was reduced significantly, as shown in Fig. 12a.19%216217 At
the meanwhile, metallic species emerged on the electrode surface. The
identification of surface species was used to illustrate the CO reduction
process, especially the formation of oxy-carbon adsorbate and metallic
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Fig. 9. NiFe particles exsolved on Prg 4Sr; ¢(NiFe); sMog 506_s. (@) TEM images of NiFe particle with FeO shell. (b) XPS spectra of O 1s for samples before and after
reduction. (c) Schematic illustration of CO, electrolysis process on cathode with core-shell alloy nanoparticle. Reproduced with permission from Ref. 186.

species. The contradictory results indicate the importance of studying the
adsorption and desorption under the presence of nanoparticles.

Weishen Yang and Xuefeng Zhu et al. systematically studied the COy
electroreduction with LaFeOs;_s (Ln = La, Pr and Gd) employed as
cathodes.?'® The cathode undergoes surface reconstruction under
applied voltage leading to the formation of oxygen vacancies and Fe
nanoparticles. Though the switching exhibits a higher efficiency on the
exsolution of nanoparticles, a sufficient potential and period are neces-
sary to fully activate the electrode, especially under pure CO2, as shown
in Fig. 12b.2'® Similarly, a critical applied voltage seems needed to
trigger the exsolution of Fe nanoparticles under electrochemical
SWitChiIlg for a PI‘O,4SI‘0.6FCO,375M00.12503_5 based COy SOEC.219
Compared with a larger amount of research on chemical reduction with
gases, the number of works reported on electrochemical reduction is still
rare. The electrochemical switching needs to be further investigated to
better illustrate its mechanism.?2%22!

5.3. Reversibility of exsolution in the CO; electrolysis cell

The exsolution study was first proposed in catalyst field as a ‘smart’
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catalyst, where the Pd exsolved from LaFe(s57C0¢.33Pdg. 0503 possess
reversibility during the redox process.”> Non-perovskite materials pro-
vide well-matched thermal expansion coefficients with electrolyte.
Spinel oxide CaFe;04 undergoes a phase transition to produce exsolved
Fe nanoparticles together with brownmillerites.'* Moreover, the orig-
inal structure can be recovered by calcining at higher temperature in air,
as shown in Fig. 13a. This material therefore exhibits reversibility under
the redox process under an electroreduction atmosphere. The exsolution
of Co assists the emergence of Fe in generating CoFe alloy nanoparticles
that oxidize into CoFeO, and then dissolve into the double perovskites
under an oxidizing atmosphere.'”? This evolution was monitored with
in-situ TEM under different conditions, as shown in Fig. 13b. The
reversibility of CoFe renders the catalyst redox stability for about 12
cycles.

The exsolved nanoparticles were reversible during the redox cycles.
The electrolysis performance was significantly improved with the syn-
ergy effect of exsolved nanoparticles. It was about 50% improvement for
the cathode as catalytic active Ni nanoparticles facilitate ion conduction
in titanate mixed with SDC and enhance the electrocatalytic activity for
electrolysis of CO». This synergetic exsolution effect was also disclosed in



M. Xu et al.

Materials Reports: Energy 3 (2023) 100198

& FeSn Alloy SESnM-R
A ﬂ J AA Al
S Fle
< A JLL A G e Phase
£ transformation
g Sr3FeMo06.5 PDF#52-1715
3 1 L L &
] FeSn PDF#09-0212
o Iy Ll 1
Fe PDF#06-0696
| A 800°C H,/Ar
L | L) L) L) T Sr O
20 30 40 50 60 70 80 ® N
26/degree ® Fe/Mo/Sn
b Co K-edge Mn K-edge
R.P.LSCoMn R.P.LSCoMn

Co-R.P.LSCoMn

LSCoMn

Normalized absorption (a.u.)

CoO

Co

Normalized absorption (a.u.)

Co-R.P.LSCoMn

LSCoMn

LaMnO,

MnO,

Mn,O,

MnO

1 1 1

7660 7680 7700 7720 7740 7760 7780
Energy (eV)

6490 6510 6530 6550 6570 6590 6610

Energy (eV)

Fig. 10. Phase transformation materials in CO, electroreduction. (a) XRD pattern and schematic illustration of Srj gsFej 4Sng.1Mog50¢6-_s phase structure trans-
formation under reduction. Reproduced with permission from Ref. 181. (b) XANES spectra of Co and Mn in Lag ¢Srg 4C0 7Mng 303 during the exsolution. Reproduced

with permission from Ref. 89.

(Lag.65510.3 Ce0.05)0.9(Cro.sFeo.5)0.8sNi0.1503-5 where the Ni doping re-
duces the segregation energy of Fe subsequent with the generation of
NiFe alloy particles.'®”

5.4. Role of interface in the exsolved electrode

The metal-oxide interface generated by the exsolution of nano-
particles addresses a crucial role in promoting CO, adsorption and acti-
vation.!”! The abundant oxygen vacancies generated on the periphery of
the socketed nanoparticles contribute to the improved activation of CO»
on electrodes proofed by the distribution of relaxation time analysis
combined with density functional theory calculations.'!” The DFT
calculation results demonstrate that the bidentate configuration and
carbonates formation for CO» chemisorption exhibit low energy
scenarios, 817919

The sluggish diffusion process of dopant cations inside the bulk
perovskite suppresses the generation of abundant metal/oxide interfaces.
Interestingly, the repeated redox cycles provide an enriched dopant
subsurface which promoted the exsolution population of RuFe nano-
particles on SraFe; 4Rup 1Mog 5065 perovskite.177 Metal-oxide interface
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formed at the border of nanoparticles can be seen in Fig. 14a, which
facilitates the CO, adsorption at low temperature compared with either
metal or oxide alone. High-temperature reduction treatment of
Sry gFe1 sMog 4Nip.106_5 can produce hetero-structure perovskite mix-
tures.!”® In the meanwhile, the exsolved FeCu bimetallic nanoparticles
create a metal-oxide interface that makes the electrode even more active
for CO, electrolysis with a current density of 2.5 A cm ™2 at 1.5 V.

The emerged Ni nanoparticles and the doped multivalence species,
such as Mn, Mo and Fe afford synergy effect to facilitate CO, reduc-
tion.'®1°® The oxygen exchange coefficient was enhanced with the for-
mation of metal-oxide interface accompanied with exsolution from the
electrical conductivity relaxation results, as shown in Fig. 14b. Based on
therotical calculation, the CO, adsorbed across the interface between the
exsolved metals (Ni, Cu and alloy) and titanate from
(Lao.zsro.g)o.gTio‘sMn()ACllo.103,5.193 Kui Xie et al explored the
metal-oxide interface with nanoparticles decorated electrodes in the COy
electrolyzer with perovskites, including Cu'*® and Ni'®* doped
(Lag75510.25)0.9Cro.sMng 5035, >
(Lag35t0.7)0.9Ti0.05Ni0.0503_s, * ' **17%19
Lao75510.25Cr0.5_xFeo sTixO3_5,°>*  Ni-doped

SrFe03,159 and
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SroFer 5.4xMo0g.506_5. 22> The CO productivity and Faraday efficiency was
improved by forming nanoparticles as the metal-oxide interface length
increased with the exsolved particle amount, as shown in Fig. 14c.
Ceria as a prototype oxide has been widely studied to understand the
functions of oxygen vacancy in various applications.?*??® To increase
the oxygen vacancy concentration on the electrode, the infiltration
combined with exsolution was used to fabricate the CO electrolysis
cell.'®® The CeO,_, formed on the electrode surface boosts the number of
oxygen vacancies and contributes to decreased polarization resistance.
The ceria-metal/titanate heterostructure was constructed by a
co-exsolving method with devised post-treatments.?!’ Contributing to
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the presence of ceria, the availability of electrons and ion was signifi-
cantly improved, resulting in enhanced electrochemical activities of
electrodes.

6. Challenges and perspectives

To meet the demands of the market, a CO, SOEC system based on
multifunctional oxide is essential as a complement to the traditional
materials that have been successfully utilized in space exploration.??%2”
Exsolved materials are potential candidates for achieving this objective.
Nevertheless, further exploitations, such as the development of high ionic
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conductivity, model systems, in-situ characterization techniques,
modeling and calculation, are necessary to obtain a better understanding
of the intrinsic properties of the exsolution. Without these advancements,
our understanding of exsolution phenomena remains limited.

(1) New exsolution materials and driven forces

Although the metal-oxide interface produced by the emergence of
nanoparticles promotes the electrolysis performance, the ionic conduc-
tivity still seems limited, especially for the single composition sys-
tem.'”%228:22% Therefore, the development of novel materials with both
high catalytic activity and ionic conductivity is crucial for building highly
efficient CO electrolyzers. To achieve this, it is necessary to selectively
drive cations out from the material while maintaining stability and ac-
tivity. Additionally, controlling nucleation on the surface, rather than in
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bulk, is of greater significance for increasing the atomic efficiency of
exsolved materials.

(2) In-situ techniques

Understanding the degradation of electrodes at higher potential/
current density will be the key to prolonging the lifetime of high-
temperature CO; electrolyzers. However, ex-situ measurements are not
sufficient to detect metastable adsorbates that only form under operating
conditions.?!” To better understand the rate-determined factors related
to both surface chemistry and electrochemical reactions, in-situ or
operando characterization techniques, such as ambient-pressure
XPS,2%%231 insitu XAS, environment-TEM and high-temperature
Raman, are necessary. These techniques are crucial for uncovering sur-
face reconstruction and interface evolution, which may play a vital role
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in enhancing the performance of electrocatalytic reactions.
(3) Model system

The non-uniform porosity and structural defects in powder material
can either promote or hinder the exsolution, making research into the
phenomenon more complex. To uncover the underlying mechanism for
the driving force and exsolution, well-defined geometry model systems
are needed, such as determining the quantitative relationship between
oxygen deficiency, electrochemical switching potential, and exsolved
nanoparticles. To aid in this effort, the thin film systems combined with
in-situ techniques, such as Electrochemical impedance spectroscopy
(EIS),232 surface-sensitive XRD** and APXPS,233 can elucidate more in-
sights into the exsolution process.

(4) Machine learning and calculation

The application of artificial intelligence techniques is revolutionizing
research. Advanced computational tools, such as high-throughput
screening on neural network?>* and mechine-learning,?>® are becoming
increasingly important in the design of novel materials and under-
standing of the evolution process. The machine learning provides an
efficient way to simplify the indispensable complex high-throughput
simulation and calculations. The machine learning approach is crucial
for screening huge potential materials with suitable descriptor, such as
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the oxygen p-band centre, the vacancy formation energy, the
charge-transfer energy and the Lewis acid strength. Thus, a key for
developing high-efficient machine learning method is obtaining an uni-
versal descripter which requires well-understanding of the mechanism of
reactions.?*® Besides, the this approach can be used to optimized a spe-
cific material system where a descripter was widely accepted.??”

To conclude, the exsolved materials show great potential in high-
temperature CO5 reduction cells. Further research should be done to
explore their full application, both in terms of fundamental under-
standing and engineering implementation. Opportunities for using
exsolved materials in the future remain largely unexplored, and their full
potential must be explored.
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