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ABSTRACT: Construction of ceria-metal/titanate heterostructure via exsolution is a promising
strategy to improve the catalytic activity of titanate perovskites and broaden their applications in
various energy conversion scenarios. However, the species exsolved after reduction are limited to
reducible metal cations, such as Ni, Co, Fe, and precious metals. Herein, we report a modified
exsolution approach for co-exsolving active oxides and metal nanoparticles from a titanate
perovskite, LaggCeo.1Ni0.4T10.603-5 (LCeNT). We highlight strained facet-specific CeO» cubes can

be grown on the support after an air-annealing process with their morphology tunable by varying
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annealing temperature, whilst exsolution of Ni nanoparticles form subsequently following
chemical/electrical reduction. An electrolyte-supported SOFC utilizing CeO>-Ni@LCeNT anode
achieves maximum power density of 642 mW cm? at 900 °C in H> (~3% H>0). Exceptional
robustness of the heterostructure is illustrated after running the cell in CH4 (~3% H20) for 20 hrs.
Overall, this work demonstrates an intriguing pathway to constructing stable and active ceria-

metal/titanate heterostructure for energy applications.

1. Introduction

Titanate perovskites consisting of various alkaline and/or rare earth metals at the A-site have
been continuing to attract a great deal of attention in various fields, including catalysis and energy
applications [1-3]. This is due to their capability of accommodating multiple oxidation states at
the B-site, which catalyzes various oxidation/reduction reactions and provides superior
conductivity [4-7]. Besides, titanates are relatively stable against carbon deposition and redox
cycling, offering excellent efficiency and durability for long-term operation [8-11]. Nevertheless,
the broad utilization of titanate is hindered by its insufficient electrocatalytic activity when
compared with that of the conventional nickel-based catalysts [12, 13].

Modification of titanate to enhance its catalytic properties is therefore imperative to enable its
wider application. Creating heterostructure is one of the predominant methods for fabricating
highly active materials in catalytic and electrocatalytic systems. By carefully designing the
heterointerface, the attributes of a heterostructure could be efficiently tuned. Impregnation is a
widely used and economically feasible technique for dispersing nanoparticles (NPs) on titanate
surface to build heterostructures. Titanates decorated with impregnated CeO>-Ni nanostructures

were reported to demonstrate substantially improved electrochemical performance for fuel



oxidation, making it a good candidate for electrochemical systems [14-16]. Lu et al. infiltrated
CeO2 and Ni NPs into a Lao.2Sro25Cao.45T103 (LSCT) backbone in an anode-supported solid oxide
fuel cell (SOFC), which exhibited a remarkably boosted electrochemical oxidation activity,
achieving a peak power density of 0.96 W cm™ at 800 °C in Ha [16]. Disturbingly, the infiltrated
NPs are found prone to aggregating at elevated temperatures due to their weak particle-substrate
interactions, leading to inevitable performance degradation with extended operation time. A
heterostructure with thermodynamically stable catalyst NPs can be alternatively built by in-situ
exsolution, which has attracted intensive interests in recent years due to the inherently stronger
particle-substrate interaction and diverse catalyst components it introduced. So far, the studies
have been focused on the exsolution of singular transitional metal or alloy catalysts from titanates
[17-21].

In this work, we aim to develop an approach to co-exsolve ceria and Ni nanoparticles and
construct the ceria-Ni/titanate heterostructure in situ from a titanate substrate,
Lao 8Ceo.1Ni04Ti0.603-5 (LCeNT). A previous report attempted to co-exsolve CeO>-Ni NPs from
the same titanate backbone by a single reduction treatment (1000 °C in 5% H»/Ar) [17], however,
despite a diffraction peak of ceria and that of metallic Ni detected by X-ray diffraction, CeO>
nanostructure was never microscopically evidenced on the surface of the titanate and as such,
application of this material with both ceria and Ni NPs from exsolution has not been reported to
the best of the authors’ knowledge. In contrast, the approach developed in the present work consists
of an air-annealing process and a subsequent reduction treatment, from which nanoscale ceria
cubes featuring {111}ceo2 facets and Ni NPs were successfully constructed respectively on the
surface of the parent titanate perovskite. The heterostructure, specifically the heterointerface

between CeO2 and LCeNT support, was tuned by varying annealing temperature, yielding different



size and population in ceria nanocubes. The underlying mechanism for the controllable ceria
exsolution was explored. The application of this new heterostructure was exemplified as a SOFC
anode, with its performance and stability evaluated in H, and/or CH4 fuels. The contribution of the
exsolved ceria nanostructure and the ceria-Ni/titanate heterostructure was assessed and discussed

towards the electro-oxidation of H, and CHa.

2. Experimental
2.1. Material synthesis and sample preparation

Lao gCeo.1Ni04Ti0.603-5 perovskite, as a substrate for co-exsolving ceria and Ni nanostructure,
was fabricated via a modified solid-state synthesis method, following the procedures in Ref [11].
A stoichiometric amount of dried La;0O3 (Pi-Kem, 99.99%), CeO> (Acros, 99.9%), Ni(NO3), -
6H>0 (Acros, 99%) and TiO2 (Alfa Aesar, 99.6%) were mixed homogeneously, and after that, the
mixture was calcined at 1000 °C for 12 hrs. The resultant precursor was ball-milled for 2 hrs,
followed by a final firing at 1400 °C for 12 hrs to form a pure perovskite phase. Following the
same procedure, Lao 43Cao37Nio.1Ti0.903.5 was prepared using La>O3, CaCOs (Alfa Aesar, 99.99%),
Ni(NOs3)2 - 6H20 and TiO2. LCNT served as a comparing composition with only metallic Ni
exsolution after reduction, removing the effect of ceria contribution as encountered in LCeNT.

The as-synthesized LCeNT and LCNT were ground in an agate mortar and then ball-milled with
a planetary ball miller for 2 hrs to obtain fine powders with an average particle size of ~3 pm and
~2 um, respectively. The LCeNT fine powder was mixed with 10 wt.% rice starch (Sigma-Aldrich,
US) as pore former and pressed into pellets, followed by calcination at 1400 °C for 2 hrs. To
introduce exsolved ceria phase, the prepared pellets were annealed at different temperatures

ranging from 800 °C to 1400 °C for 2 hrs in ambient air to study the effect of temperature on the



segregation of ceria particles. The annealed samples were named with annealing temperature
following LCeNT, e.g. LCeNT800, LCeNT1100, etc. thereafter. The generation of metallic Ni
NPs happened during a reduction of the annealed samples at 900 °C in 5% Hz/Ar flow. A sample
without annealing treatment was also reduced under the same conditions, referred to as rLCeNT

herein.

2.2. Material Characterizations
2.2.1 X-ray diffraction (XRD)

Room temperature XRD was used to analyze the phase purity and crystal structure of the as-
synthesized powder and those treated at varying temperatures and after reduction. Pellet-form
samples were crushed into powders using agate mortar and pestle for XRD analysis. XRD
measurement was performed on a PANalytical Empyrean X-ray diffractometer with Cu-Kq1
radiation in reflection mode, and the samples were scanned from 10 to 90 degrees with a step size
of 1.3 °/ min. The obtained XRD patterns were then analyzed with Xpert HighScore plus software
to confirm the crystal structure. Rietveld refinement was done on selected data using GSAS-II
software to determine the unit cell parameters and the weight fraction of any secondary phase [22].
A set of refined parameters include linear background interpolation, scale factor, unit cell
parameters, peak profile parameters u, v, and w, sample displacement, atomic positions, site
occupancies, and thermal factor for individual atom sites, similar to that reported previously [23].
2.2.2. Scanning electron microscopy (SEM)

The porous LCeNT pellets' surface morphology before and after annealing/reduction was
characterized by a FEI Scios Dual-Beam Focused lon Beam — Scanning Electron Microscope

(FIB-SEM, FEI company, US). Backscattered electron (BSE) mode was adopted as well in some



cases to highlight the compositional variation. The working voltage for imaging was 5 kV. Energy-
dispersive X-ray analysis (EDS) was conducted at 15 kV to identify elemental compositions of a
specific area. The studied pellet samples include as-prepared LCeNT (reference) and annealed
LCeNT before and after reduction.

2.2.3. Scanning transmission electron microscopy (STEM)

High resolution high-angle annular dark-field STEM (HAADF-STEM) imaging, EDS, and
EELS analysis were performed at 200 kV using a scanning transmission electron microscope
equipped with an objective Cs aberration corrector (FEI Titan Themis 200, fitted with a Super-X
windowless EDX detector). TEM and EDS allow us to inspect the microstructural and
compositional information of the material before and after various treatments, and EELS enables
us to identify the valence state of Ce in the as-prepared and annealed LCeNT.

Thin LCeNT lamellae, as TEM/EDS/EELS sample, were prepared from the pellet samples using
the Scios microscope in FIB mode, at a voltage of 30 kV with Ga" ion source. A typical FIB milled
lamella containing desirable surface nanostructures is displayed in Figure S1. The final lamella

was around 50 nm in thickness, ideal for further atomic resolution examination.

2.3. Electrochemical characterization
2.3.1. Fuel cell fabrication

All cells fabricated in the present study had identical electrolyte and air electrode configurations,
with a sole variation in fuel electrode. Zro.89Sco.1Ce0.0102+y (ScSZ) electrolyte (thickness in the
range of 120 - 130 um) was made by tape casting and sintering at 1400 °C. Electrodes having an

2

active area of 0.5 cm” were introduced by screen-printing on both sides of the dense ScSZ

electrolyte, which served as support to the electrodes. LCeNT ink was prepared by mixing the



perovskite powder (average particle size ~3 pm) with dispersant and organic binder.
(Lao.8S10.2)0.9sMnO3 (LSM)-ScSZ (50:50 by weight), pure LSM, and LCNT inks were prepared in
a similar fashion. After screen printing, the LCeNT fuel electrode was fired at 1200 °C while the
LSM based air electrode was fired at 1100 °C. The thickness of both electrodes was in the range
of 20-30 um. Gold paste/wires were used for current collection on both fuel electrode and air
electrode. An overview of the single cell can be found in Figure S2, which shows the sandwiched
cell configuration of LCeNT|ScSZ|LSM-ScSZ|LSM (namely LCeNT cell). The cell with LCNT
fuel electrode (i.e. LCNT|ScSZ|LSM-ScSZ|LSM) was prepared and evaluated using similar
procedures to help understand the catalytic contribution from exsolved ceria in the LCeNT
electrode.
2.3.2. Electrochemical testing

The ScSZ-supported button cell was amounted to the testing jig and sealed to the fuel chamber
with ceramic paste (Ceramabond 552, Aremco). The assembly was then placed in a vertical
temperature-controlled furnace. To firstly demonstrate the contribution of CeO; exsolution on
anode performance, the LCeNT and LCNT cells (noted as Cell-1 and Cell-2, respectively) were
heated to 900 °C in N (40 mL min™') with their performance assessed in wet H, and CH4 (3% H-O,
40 mL min™) fuels subsequently. It was believed that Ni exsolution was at a minimum in this
manner in both electrodes; therefore its contribution towards cell performance could be excluded
and as a result, the main difference in performance between Cell-1 and Cell-2 can be attributed to
the exsolved ceria participation in catalytic reactions on SOFC anode.

To construct the ceria-metal/titanate (namely CeO>-Ni@LCeNT) electrode, 5% H2/N»> (40 mL
min™') gas was introduced to a fresh LCeNT cell (Cell-3) and maintained for 20 hrs at 900 °C to

exsolve Ni NPs. In addition to the chemical reduction (CR), the fuel electrode was further reduced



electrically by applying an electrolysis potential to it (electrical reduction, namely ER). In contrast
to the lengthy CR process (~20 hrs), it is reported that applying a high electrolysis voltage can
almost instantly reduce the titanate perovskite, generating numerous nanocatalysts (e.g. Ni NPs)
on its surface and thus reinforcing catalytic activity [24, 25]. Therefore, a voltage of 2.1 V was
employed to Cell-3 after CR at 900 °C to boost cell performance further. This was done in wet H»
(3% H20) for 20 min in total, with 5 min in each cycle. During the course of the electrochemical
test, the fuel electrode was fed with a wet (3% H20) H» or CH4 stream at a constant flow rate of
40 mL min’!, while the air electrode was exposed to ambient air.

Impedance, current density-voltage (I-V) and stability characteristics of the cells were measured
using a Solartron 1470B instrument coupled with a 1252A frequency response analyzer.
Impedance data with AC voltage amplitude of 10 mV and frequency ranging from 100 kHz to 100
mHz were collected under open-circuit voltage (OCV) conditions. A stability test of the CeO»-

Ni@LCeNT cell (Cell-3) was conducted in wet CH4 under a constant voltage of 0.7 V at 850 °C.

3. Results and discussion
3.1. Characteristics of pristine LCeNT

Figure 1a displays the Rietveld refined XRD characteristic reflections of the as-prepared
LCeNT and rLCeNT at room temperature. A pure orthorhombic perovskite structure is seen for
the pristine LCeNT, confirming the successful synthesis of the A-site deficient titanate in air. The
pure phase titanate is further evidenced by its smooth and clean surface microstructure in Figure
1b, with compositions closely matching the expected stoichiometric ratio as measured using
STEM-EDS (Figure S3). After reducing the as-prepared LCeNT in 5% H/Ar at 900 °C for 20

hrs, a small yet noticeable peak can be seen at 44.5° in the XRD pattern in Figure 1a. It indicates



the exsolution of Ni metal, which is accompanied by a slight lattice expansion (~0.42%) in

perovskite. As a support to this, densely packed NPs can be seen on the surface of rLCeNT (in

Figure 1c¢).
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Figure 1. (a) Rietveld refined XRD patterns of the as-prepared LCeNT and rLCeNT; SEM

micrographs of (b) the as-prepared LCeNT and (c) reduced LCeNT (rLCeNT) after flowing 5%

Hy/Ar at 900 °C for 20 hrs

The absence of CeO: in both XRD and SEM-EDS (Figure 1c and S4) analysis of rLCeNT
suggests no evident CeO» precipitation occurred after reduction under 5% H»/Ar at 900 °C for 20
hrs. According to an earlier study, the co-exsolution of a fluorite-type structure (possibly CeO2)
and Ni was induced after reducing LCeNT at 1000 °C in a diluted hydrogen atmosphere [17]. It

was assumed such fluorite phase reflected the possible presence of reduced CeO»-5, which was



triggered by the high local depletion of Ni on the B-site and the significant distortion in the
perovskite caused by the undersized Ce*”*". Nevertheless, no direct proof of microscopic
observations of CeO» was reported, and the material was adopted for catalytic applications merely
based on exsolved Ni nanoparticles functioning as a catalyst. This altogether implies the exsolution
of readily observable CeO> phases is not guaranteed in reducing atmosphere, especially at lower
temperatures that are close to operating temperature in catalytic and/or electrocatalytic applications
(e.g. 900 °C in our work). Alternatively, we disclose, for the first time, facet specific CeO> cubes
can be grown in situ by annealing the pristine LCeNT in air, with the exsolved nanostructure
tunable by varying temperature, and the titanate perovskite with decorated ceria cubes is still
capable of exsolving numerous metallic Ni NPs when exposed to reducing atmosphere, thus
yielding a hierarchical structure with ceria and Ni NPs on titanate surface. This will be discussed

in detail in the following sections.

3.2. A-site exsolution of CeO: cubes

3.2.1. Annealing induced CeO> growth

Upon air-annealing the pristine LCeNT at 1200 °C, numerous cube-like nanostructures (~220
nm in size) grow on the surface of titanate in Figure 2a, which is a distinct feature comparing to
the smooth surface topography of the as-prepared counterpart (Figure 1b). As evidenced by the
XRD analysis (in Figure S5b), the cube-like structure is most likely CeO: due to the appearance
of its {111}ceo2 main reflection peak at 28.6° [26], indicating the segregation of ceria from the
perovskite lattice during annealing. It appears that the LCeNT perovskite structure only
experiences a slight unit cell volume shrinkage (~0.11%), rather than decomposition, as a result of

the segregation of CeO2 nanocubes.
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The faceted ceria cubes develop a well-socketed interface structure on the substrate without any
visible cracks or voids, explicitly revealed by the cross-sectional STEM imaging in Figure 2b.
The STEM-EDS analysis was performed at the CeO2/LCeNT interface area to study the elemental
distribution across the exsolved interface, and the results are illustrated in Figure 2(b, ¢). The EDS
line scan spectrum and element maps prove that the cube consists of cerium and oxygen, with a
ratio of 1: 2 matching the stoichiometric value of ceria. It means that the Ce component in the
exsolved cubes predominantly exists as Ce (IV).

High-resolution STEM imaging was conducted to investigate the crystalline structure of the
exsolved CeO: cube, as shown in Figure 2(d, e). The atomic geometry of the faceted ceria cube
is characterized by the densely packed and periodically arranged Ce atoms, and the fast Fourier
transform (FFT) pattern of the ceria single crystal implies its octahedral cubic structure. In
addition, the edge lattice fringes of the ceria cube with the spacing of 0.348 nm and 0.305 nm can
be indexed to {111} ceo2and {200} ceo2 planes, respectively. Unlike randomly orientated ceria NPs,
the well-ordered ceria cubes consisting of multiple termination facets and orientations were
suggested to possess two times higher activity per surface area for CO; conversion [27].
Comparing to a typical cubic cerium oxide, where d(111;= 0.311 nm, d200;= 0.269 nm [28], in our
experiment the lattice of the exsolved ceria cube seems to be notably expanded, indicating a
strained crystal structure, which will be discussed further in the following part.

Figure 2 (f, g) presents the high-resolution STEM images of the interface between an exsolved
CeO; cube and the LCeNT substrate. The measured lattice fringe spacings of 0.348 nm and 0.305
nm of the substrate can be indexed to the {111}rcent and the {200} rcent planes, respectively.
These are identical to the exsolved ceria single crystal, as shown in Figure 2 (d, e), indicating the

epitaxial growth of CeO> cubes with an expanded lattice structure. The exsolution of the ceria
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epitaxy, which is thermodynamically favorable, minimizes the interfacial strain due to lattice
mismatch between the two phases. As shown in Figure 2g, the atom geometry at a cube/substrate
interfacial region exhibits an abrupt transition from one phase to the other with no observable
micropores in between, suggesting a coherent interface structure. The closely packed Ce atoms
well align to the B-site cations of the titanate, which reflects a parallel orientation relationship
between the two lattices. A similar coherent heterointerface structure was observed by Neagu et
al. at the epitaxially grown Ni/Lao 4Sro4Nio.03Ti0.9703.y substrate interface, stressing that such well-
pinned interface architecture was beneficial not only for providing superior stability of the
exsolved NPs against aggregation but also for facilitating the ion interdiffusion process between

the two phases [29].

@A B @Ce

Figure 2. Microstructure and element distribution of LCeNT1200. (a) SEM micrographs of the
titanate surfaces after annealing at 1200 °C; (b) STEM-HAADF image of an exsolved ceria

nanocube and the corresponding EDS line scan spectrum. The upper grey and black bands are
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carbon protection layers deposited during FIB milling. The inserted arrows and pie chart indicate
the direction of the corresponding EDS line scan, and the rough atomic ratio between Ce and O,
respectively; (¢) STEM-EDS element mapping showing the element distribution across the
exsolved titanate interface; (d, e) High-resolution STEM images of the terminating facets of an
exsolved CeO; cube, taken along CeO»[011] zone axis; (f, g) atomic geometry at the CeO2/LCeNT

interface.

3.2.2. Temperature-controlled ceria growth

The exsolution of ceria cubes from LCeNT is found sensitive to annealing temperatures; hence
the microstructures of the as-synthesized LCeNT annealed at different temperatures in the range
of 1300-800 °C for a fixed 2 hrs duration were monitored. It is aimed that by adjusting the
annealing conditions, ceria cubes with desirable size and surface coverage can be grown.

Figure 3 shows the BSE micrographs of the surface morphology of LCeNT annealed at 1300,
1200, 1100, 1000, 900, and 800 °C respectively, and Figure 4 (a, b) displays the corresponding
XRD patterns after annealing at these temperatures. The behavior of ceria cube exsolution as a
function of annealing temperature is illustrated by a schematic diagram shown on the right-hand
side in Figure 3. Depending on the annealing conditions, the size of exsolved ceria cubes and their
population vary greatly. At 1300 °C, there are no obvious CeO> cubes emerging on the surface of
the titanate grain. Nevertheless, some stripe-shaped ceria phase can be seen along the grain
boundaries, which is confirmed by the appearance of a small peak at 28.5°, corresponding to CeO»,
on the XRD pattern in Figure 4 a-b. Figure 4c illustrates the weight fraction of exsolved ceria and
the corresponding unit cell shrinkage of the parent LCeNT as a function of annealing temperature,
which is acquired based on the Rietveld refinement analysis of XRD patterns (Figure SS). Worth

noting that the weight fraction of the ceria dopant in pristine LCeNT 1is approximately 7.6 wt.%.
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Compared to the pristine LCeNT, around one-third of ceria segregated from the titanate (~2.7
wt.%) after annealing at 1300 °C, accompanied by a ~0.16% cell volume shrinkage in perovskite.
When annealing temperature drops to 1200 °C, the exsolution of ceria can also be seen from the
XRD pattern in Figure 4 (a, b). However, the morphology of ceria now displays pronounced
faceting on the surface of the substrate in Figure 3. Comparing to 1300 °C, lowering annealing
temperature leads to a gradual decrease in the normalized intensity of the ceria diffraction peak in
Figure 4b, indicating lowered ceria segregation extent with temperature, e.g., ~1.4 wt.% of ceria
weight fraction and 0.11% of perovskite volume shrinkage after annealing at 1200 °C.

As the annealing temperature drops to 1100 °C, substantial exsolution of fine CeO> cubes takes
place on the titanate surface, as shown in the BSE image in Figure 3, revealing ceria cubes with a
much smaller size (~130 nm vs ~220 nm) and larger population (~9 particles per pm? vs ~1 particle
per um?) as compared to those after annealed at 1200 °C. It should be noted that although the
exsolution of ceria cubes at 1100 °C is seen under SEM, the diffraction peak of CeO cannot be
detected by XRD. This is most likely due to the low amount of ceria exsolved at reduced
temperatures, which is below the detection limit of the diffractometer employed (<1 wt.%). Further
decrease in annealing temperature gives rise to the formation of even smaller ceria cubes (e.g. ~55
and ~40 nm in cube size, and ~20 and ~10 particles per um?in cube density at 1000 and 900 °C,
respectively). The precipitation of CeO: cubes from the substrate seems to disappear after
annealing at 800 °C, which is possibly originated from the insufficient thermal energy for the bulk

diffusion of Ce cations at such a low temperature.
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(a) KU (d)

500 nm »,

Figure 3. Backscattered electron micrographs of LCeNT pellet surfaces annealed at (a) 1300, (b)

1200, (¢) 1100, (d) 1000, (¢) 900, and (f) 800 ‘C for 2 hrs in air, respectively, and a (g) schematic
diagram showing the trend of CeO2 cube exsolution as the temperature increases (from bottom to

top).
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Figure 4. (a) XRD reflections of LCeNT annealed at 1300, 1200, 1100 and 800 °C for 2 hrs and
(b) the magnified area showing CeO> (111) peak with rough quantification results obtained from
Rietveld refinement, (c) LCeNT unit cell shrinkage following ceria exsolution as well as exsolved
CeO; weight fraction as a function of annealing temperature, (d) BSE image of the LCeNT1200
surface after treated at 1400 °C for 2 hrs in air and (e) the corresponding XRD patterns. The dashed

circle in (d) highlights the presence of a possible ceria phase.

To examine whether the exsolved CeO» phase can be re-incorporated back into the underlying
perovskite lattice, we fired the LCeNT1200 at 1400 °C in the air for 2 hrs, namely LCeNT1200-
1400. Figure 4d shows the BSE image of the surface morphology of LCeNT1200-1400. After

being subjected to high temperature again, the exsolved ceria cubes on the grain surfaces disappear,
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with some small patches of possible ceria phase (highlight by a dashed circle in Figure 4d) left at
the grain boundaries of the substrate. Compared to LCeNT 1200, the absence of the ceria reflection
peak in the XRD pattern in Figure 4e confirms that most of the exsolved ceria have been re-
incorporated into the underlying perovskite structure after being subjected to 1400 °C. A low
magnification SEM micrograph of the LCeNT1200-1400 is provided in Figure S6 where it is
compared to that of LCeNT1300, with the latter having significant ceria segregation along grain
boundaries (confirmed by XRD in Figure 4b).

Herein, we propose a feasible method for adjusting the ceria exsolution by taking advantage of
the annealing temperature, which could grow CeO: cubes with desired size and population on the
substrate surface. Since the exsolved ceria phase is re-dissolvable, it could be advantageous to
regenerate the particle-substrate interfaces after degradation despite the high operation temperature

required; however, this needs further investigation.

3.2.3. Mechanistic understanding of CeO- exsolution

Based on the results discussed so far, it appears that the incorporation of ceria in the titanate was
successful at 1400 °C in air during the initial synthesis, producing a pure orthorhombic perovskite
structure. When annealed at lower temperatures (1300 °C~ 900 °C), up to one-third of the doped
ceria in LCeNT segregated from the perovskite lattice, forming patch-like structure on grain
boundaries at 1300 °C and cubes with different sizes on the surface of the substrate at lower than
1300 °C. Upon firing at 1400 °C again, the segregated ceria can re-dissolve into the underlying
titanate lattice. It seems temperature is a critical factor affecting the dissolution/segregation of ceria
in titanate perovskite. Worth noting that although ceria exsolution will introduce higher A-site
deficiency (a) to the LCeNT structure (where o= 0.1), earlier studies suggested that similar titanate

perovskites are capable of accommodating an A-site deficicency of up to 0.2 without
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decomposition [17, 30]. It is therefore unsurprising to see the persisted perovskite structure after
ceria exsolution (up to one third of doped level, see Figure 4a) in our study. Herein, we propose
that the incorporation of ceria into LCeNT perovskite at 1400 °C and the ceria
segregation/dissolution from the perovskite structure at 1300-900 °C involve (a) thermal reduction
at high temperature during synthesis, (b) low-temperature oxidation, and (c) titanate lattice strain
relaxation during annealing.

The incorporated Ce in the as-prepared LCeNT was often considered Ce (IV), as the titanate was
fabricated in air using CeO; as a starting material [17]. However, Ce (IV) cations have been found
too small to fit into the A-site of the titanate perovskite, which causes significant lattice strain and
distortion [31-33]. Some researchers found in their study that ceria can only be successfully doped
in titanate under a reducing atmosphere, with cerium preferentially occupying the A-site as Ce
(III) [33-35]. Indeed, the presence of Ce (III) in the pristine LCeNT in the present work is
unambiguously revealed by the EELS analysis (Figure 5a), though cerium doping into the A site
of titanate was realized through the solid-state synthesis in air. The characteristics and intensity
ratio of Ce M4, Ms edges in EELS have been used to determine the oxidation states of Ce [36-38].
Buseck et al. reported that for Ce*', M4 5 peaks feature two shoulder peaks (named as B and B’) at
higher energies, while the peak intensity ratio I(Ms)/[I(My)+I(Ms)] is around 0.49; for Ce** only
one shoulder peak (named as A) is observed at lower energy of Mg, and the peak intensity ratio is
around 0.55 [37]. In Figure 5a, the peak intensity ratio /(Ms)/[I(M4)+1(Ms)] is close to 0.55, and
the Ce My edge is more asymmetrical than the Ms edge, though less obvious due to the low
concentration of Ce, with a shoulder peak A at 896.4 eV. These features suggest the dominant
presence of Ce (III) in pristine LCeNT. As a comparison, Figure Sb shows the EELS spectrum of

Ce acquired from an exsolved CeO; cube. The My s peaks of Ce in ceria cube can be identified by
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two shoulder peaks, B and B', originated from transitions to 4f states in the conduction band [39];
the intensity of Ms peak is lower than that of M4, distinct from what is observed in Figure 5a. These
characteristics denote the Ce (IV) nature of cerium in the exsolved nanostructure, in line with the

EDS analysis in Figure 2b.
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Figure 5. A comparison of Ce EELS spectra acquired from (a, a') an as-prepared LCeNT particle

and (b, b') an exsolved ceria cube.

Cumming et al. [31, 40] also reported the presence of Ce*" at the A-site of the doped SrTiO;
after sintering in air at 1400 °C. It seems that Ce*" is reduced to Ce*" during synthesis to occupy
the A-site of the titanate perovskite. Such a phenomenon, commonly referred to as thermal
reduction, has been widely observed in many oxide systems [41-46], which generally requires a
high temperature (> 1400 °C) and a low oxygen partial pressure (< 107 bar) [41]. Gokon et al. [45]
evaluated the activity of CeO> at thermal reduction temperatures of 1300-1500 °C for the two-step
water-splitting reaction. The CeO> material treated at a higher temperature was found to result in
a higher reduction extent and thus, a higher hydrogen production rate. Following several
prerequisites, the thermal reduction process has been well explained by a charge compensation

model proposed by Peng ef al. [47]. In the case of La (III) substitution by Ce (IV) in the present
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work, the defect models describing the processes that occurred during the synthesis of LCeNT can

be written in Kroger-Vink notation:

4Laj, + 3Ce** 2 3Cej, + V[ + 4La®* 6]
Vi 2 V5 + 3e (2)
3Ce;, + 3e 2 3Ce}, 3)
Overall:

4Lay, + 3Ce*t 2 3Ce), + V5 + 4La3* 4)

The above defect models depict that Ce (IV) cations are thermally reduced to Ce (III) during high
temperature synthesis, and then incorporated into the A-site of the titanate perovskite.

During the annealing in the temperature range of 1300 °C to 900 °C, the conditions required for
thermal reduction no longer exist, on the contrary, oxidation of Ce*" dopant in LCeNT occurs,
generating many undersized Ce*" cations on the A-site of the titanate (i.e. rcesr, cn=12= 1.14 A vs
rLas+, cn=12=1.36 A). Such significant cation size discrepancy consequently drives the Ce*" dopant
out of the host lattice, with numerous patch and cube-like ceria precipitates on the titanate grain
boundaries and surfaces, respectively, depending on annealing temperature. When the annealing
temperature decreases to below 900 °C, the ambient environment cannot provide enough thermal
energy for the above processes to proceed, in addition to the sluggish relaxation of the strain in the
perovskite lattice which retards the cation diffusion. Therefore, the ceria exsolution was not
observed on the micrograph nor the XRD pattern of LCeNT800 shown in Figure 3 and 4b,
respectively.

Generally, the main driving forces for such cation segregation, e.g. Sr segregation, are
recognized as a combination of electrostatic interactions and elastic energy, with the latter resulting
from cation size mismatch [48, 49]. Herein, to relax the elastic energy generated around the

oxidized Ce*" dopants that are much smaller than the host ions, cation re-arrangement would occur
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spontaneously, leading to the segregation of CeO; on the surface. This process can be influenced
by temperature, polarization, oxygen partial pressure, efc. [50], thus could provide means for
optimization to tune the material properties. It is worth noting that the ceria segregation mechanism
is in contrast to that of typical reduction induced B-site metal exsolution (from an A-site deficient
perovskite), with the latter driven by the compositional difference between the surface and the bulk
of the parent material.

Concerning the different exsolution behavior of CeO> at grain boundaries (GBs) and free

surfaces (FSs), e.g. only GBs segregation is observed at 1300 C whilst FSs exsolution becomes

pronounced at lower temperatures (Figure 3), it is likely attributed to their different nucleation free
energies and temperature-dependent kinetics. As GBs generally have higher free energies than
FSs, they are energetically favourable locations to minimize the nucleation energy barriers [51,
52]. In some Sr-containing perovskite systems, Sr segregation has been found to initiate at the
grain boundaries, followed by surface accumulation of island-like precipitates [53, 54]. Similar to

Sr segregation phenomena, CeO> segregation from GBs at 1300 ‘C is dominating due to the lower

activation energy barrier of GBs for nucleation as compared to that of FSs. As annealing
temperature decreases, exsolution of ceria cubes from FSs starts to occur, most likely due to the
accelerated nucleation rate at reduced temperatures (see Figure S7). However, the growth of ceria
nuclei at either GBs or FSs will become retarded as a consequence of slowered cation diffusion
kinetics at lower temperatures, which results in decreased ceria segregation level observed in
Figure 4b as anmealing temperature drops.

Besides, the morphological difference in the microstructure of the exsolved ceria, i.e. stripes
along the grain boundaries and facet-specific cubes on surfaces, is most likely determined by the

local atomic geometry of the substrate. On grain surfaces, the growth of ceria is strained by the

21



underlying perovskite lattice, and it is thermodynamically favorable for the cerium atoms to grow
epitaxially to the substrate lattice to minimise the ceria/perovskite interfacial free energy as well
as the msfit strain [55, 56]. This eventually leads to the growth of cube-like ceria epitaxy. In
contrast, the ceria stripes/patches exsolved at the grain boundary are less confined. Its growth
appears to be more ‘freely’, i.e. not constrained to align in an ‘atom-by-atom’ manner to the

substrate lattice, as compared to that of the surface-grown cubes.

3.3. A-site CeO; and B-site Ni co-exsolution

To construct the CeO2-Ni@LCeNT heterostructure, we further reduced the CeOz-anchored
LCeNT (e.g. LCeNT1200) in 5% Hz/Ar at 900 °C for 20 hrs. Figure 6a displays the microstructure
of the LCeNT1200 after the reduction treatment. It can be seen that a significant number of Ni NPs
(~50 nm, ~25 particles per pm?) with an even distribution have formed on the surface of the titanate
perovskite. The inserted model in Figure 6a vividly illustrates the LCeNT backbone covered with
uniformly exsolved CeOz and Ni NPs. The XRD pattern of the LCeNT1200 after the reduction is
shown in Figure S8. One can see that reflection peaks for CeO2 and Ni can be resolved; in the
meantime, the perovskite crystalline structure of the titanate is still preserved, denoting its
outstanding stability. The exsolution of Ni NPs was also observed on the LCeNT annealed at
different temperatures and reduced subsequently in 5% H/Ar at 900 °C (see Figure S9). These
indicate that after the emergence of ceria cubes with varying extent, the titanate is still capable of
forming Ni NPs on its surface upon reduction. STEM-EDS analysis was conducted at an exsolved
interface to examine its element distribution with the results presented in Figure 6(b, ¢). The EDS

element maps in Figure 6¢ confirm the presence of ceria and metallic Ni on the titanate support.
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Besides the formation of Ni NPs, partial reduction of the CeO» cubes also occurs; from the EDS
quantification analysis (Figure 6b), the atomic ratio between Ce and O in the ceria cube rises to 1:
1.54 after the reduction treatment. To examine the ceria/LCeNT interface stability against reducing
atmosphere (5% Hz/Ar, 900 °C), we carried out high-resolution STEM inspections with the results
shown in Figure 6 d-f. In Figure 6e, the lattice fringe alignment between CeO,-x and the support
is identical to that of the CeO2/LCeNT interface before reduction. It seems the socketed particle-
substrate interface structure is retained, indicating the good stability of exsolved ceria particles.
Nevertheless, as highlighted by red arrows in Figure 6f, atomic distortions in the ceria lattice are
observed. Such lattice defects are possibly due to the lattice strain accumulated during the
reduction of the CeO; cube.

Furthermore, the Ni/LCeNT interface is inspected by STEM imaging (in Figure 6 g-i). As
displayed in Figure 6g, the exsolved Ni NP also develops sharp and pinned interface nanostructure
with the parent perovskite. In the vicinity of the Ni/LCeNT interface region, the titanate lattice
appears to have a brighter contrast compared to its bulk lattice (shown in Figure 6h). This is
possibly a result of the partial submergence of the Ni particle into the supporting perovskite upon
exsolution, which causes lattice superimposition. Note that at the edge of the Ni/LCeNT interface
in Figure 6f, a small 'neck' structure, which shares an identical atom arrangement to the host
perovskite, tightly wraps up the Ni particle. The formation of the necking structure is likely due to
the surface diffusion of the perovskite towards the Ni/LCeNT interface to minimize the surface
energy of the system during Ni growth, similar to the particle sintering behavior reported in the
literature [57]. These features pertaining to the exsolved interfaces are widely observed in many
Ni exsolution-based systems and are believed to provide good anchorage for the metal particles to

their host [58, 59].
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Figure 6. Microstructure and element distribution of LCeNT1200 after reduction at 900 °C for 20
hrs. (a) SEM micrographs of the titanate surfaces and the inserted model showing the exsolved
titanate structure (pink: CeQa, steel blue: Ni, gold: LCeNT); (b) STEM-HAADF image of a CeO».
x cube with exsolved Ni NPs and the corresponding EDS line scan spectrum. The inserted arrows
and pie chart indicate the direction of the corresponding EDS line scan and the rough atomic ratio
between Ce and O, respectively; (¢) STEM-EDS element mapping showing the element
distribution across the exsolved titanate interface. High resolution STEM images at exsolved

(d,e,f) CeO2/LCeNT and (g,h,i) Ni/LCeNT interfaces. (¢) Atomic geometry at CeO2/LCeNT
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interface and its magnified area shown in (f). The atomic arrangements of Ni/LCeNT interfaces
are given in (h) central region and (i) edge region. The arrows in (f) point out two distinct atomic
distortions near the interface, indicating strained ceria lattice. The dashed circle in (i) shows the

neck formation at the interface edge due to perovskite surface diffusion.

3.4. Electrocatalytic performance of CeO>-Ni@LCeNT as SOFC anode.

Following the structural characterizations, we evaluated the electrocatalytic activity of the CeO»-
Ni@LCeNT heterostructure as a potential anode material in SOFC fed with H> and CH4 (3% H20
humidified) respectively. The exsolution of both ceria and Ni is believed to be beneficial for
improving the catalytic activity and stability of the titanate-based anode. It should be noted that
CeO; cubes were introduced to the LCeNT during anode calcination (1200 °C, see Experimental
for details), which was similar to the annealing treatment discussed in the previous sections. The
electrochemical results, as well as the post-mortem analysis of the LCeNT single cell, are presented

in Figure 7 and Figure 8, respectively.

3.4.1. Catalytic activity of exsolved CeO: cubes

In this section, the electrochemical performance of the LCeNT cell (Cell-1) and LCNT cell
(Cell-2) were evaluated. Since the LCNT electrode has no ceria but only Ni nanoparticles after
reduction, the implication of CeO: cube growth on the cell performance can be best demonstrated
by comparing these two cells. To exclude the influence of Ni exsolution, no reduction treatments
were applied to either cell. In this sense, the impedance spectra of these cells were recorded at
OCV at 900 °C in wet H> and CHa, respectively. In Figure 7a, the ohmic resistances (Rq) of the
two cells are close (0.17 vs 0.14 Q cm?in Ha, 0.20 vs 0.16 Q cm? in CH4, Cell-1 and Cell-2

respectively), and the main difference is exemplified by a massive gap in the polarization
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resistance (Rp). The Rp of the LCeNT cell is 3.0 and 16.3 Q cm? in 3% H>O humidified H, and
CHarespectively, whereas the Rp of the LCNT cell is roughly around 39.9 Q cm? in wet Hz with a
significantly larger Rp, 105.6 Q cm? in wet CHa, the value of which is more than 13 and 6 times
higher than the value from the LCeNT cell in wet H, and methane, respectively. Apparently, the
exsolved CeO: cubes are exceptionally instrumental in improving the electrode electrocatalytic
activity in the LCeNT cell in comparison to that of the LCNT counterpart. Owing to the abundance
in surface oxygen vacancy and Ce*"/Ce** redox couple, ceria has been reported to possess superior
activity towards the adsorption of reactant molecules and the subsequent bond activation [60].
Moreover, the CeO: cubes in LCeNT electrode display strong particle-substrate interactions (as
discussed in previous sections), and therefore facilitated oxygen spillover effect between ceria and
the support which may have played a vital role in boosting the oxygen ion exchange. Ultimately,
a trivial amount of exsolved ceria (up to 3 wt.% in LCeNT) proves to be effective in catalyzing

the oxidation of H, and CH4 in the present study.

3.4.2. Electrochemical activity of CeO2-Ni@LCeNT

In Cell-3, reduction treatments (i.e. both chemical and electrical) were employed to the LCeNT
fuel electrode to construct the CeO2-Ni@LCeNT heterostructure prior to the electrochemical
evaluation. The CR treatment was carried out at 900 °C in dry 5% H2/Nz for 20 hrs with the
resulting anode microstructure shown in Figure S10. The exsolution of abundant Ni NPs (46 + 20
nm) is evidenced, in conjunction with the exsolved CeO: cubes on the titanate anode surface.

In addition to the CR, the fuel electrode was further reduced electrically, i.e. applying a 2.1 V
electrolysis voltage to the cell in a 3% H>O/H> atmosphere. ER treatment has been reported to
reduce the titanate electrode dramatically within a few minutes due to the availability of sufficient

electrons and accelerated ion diffusions. The accelerated reduction of titanate by ER results in the
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exsolution of more nanocatalysts with smaller particle size and thus greatly improves electrode
performance [24]. The initial Rp of the LCeNT cell before ER is 3.86 Q cm? and 21.04 Q cm?in
humidified (~3% H20) H> and CHs, measured under OCV conditions at 900 °C respectively
(Figure 7b). Noting these values are slightly larger than Cell-1, and could be attributed to the
deviation between cells (e.g. up to 10 um difference in electrolyte thickness). Upon ER treatment,
the Rp of the cell in H> and CHa drops rapidly to 0.47 Q cm?and 3.75 Q cm?, respectively. The Ra
of the cell also experiences a slight decrease, an indication of the reduction of titanate. As a result,
the peak power density (PPD) of the cell surges to 642 mW cm™ in H, and 306 mW cm™ in CHa,
increased by 150% and 53% of its initial value, respectively (see Figure 7¢). As a comparison, a
similar electrolyte-supported cell setup Lao2Sro.25Ca0.45T103/ScSZ (~160 um)[LSM-YSZ|LSM was
reported by Verbraeken ef al., where the fuel electrode was impregnated with 10 wt% CeO> and 5
wt% Ni [61]. The impregnated cell showed a PPD of 290 mW c¢m™ at 900 °C in wet H (~3%
H>0), which is much less than the power output achieved from the CeO2-Ni@LCeNT cell. Further
performance comparison with similar SOFC systems is provided in Table S1.

Furthermore, a stability test (~20 hrs) at a constant voltage of 0.7 V for Cell-3 was done in wet
CHs4 at 850 °C. This was carried out to evaluate the robustness of the CeO>-Ni@LCeNT anode as
well as its tolerance to fibrous carbon buildup. As presented in Figure 7d, the current density of
the cell at 0.7V descends quickly initially (~1 h) before reaching an equilibrium for methane
conversion. In the succeeding ~19 hrs run, a steady current density vs time is seen without notable
degradation. An extended operation (~105 hrs) in 3% H>O humidified CH4 was performed on an
identical cell with the results given in Figure S11, from which the outstanding stability of the

CeO2-Ni@LCeNT cell is also demonstrated.
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Figure 7. Electrochemical performance and stability evaluation. (a) Impedance spectra of un-
reduced LCeNT (Cell-1) and LCNT (Cell-2) single cells measured in wet (3% H>0) H> and CHg4
fuels at 900 °C; (b) Impedance spectra and (c) I-V curves of the CR-treated LCeNT single cell
(Cell-3) at 900 °C, before and after ER treatment; (d) Short-term stability of Cell-3 measured in

wet CHs fuel at 0.7 V at 850 °C.

3.4.3. Post-mortem analysis

Figure 8a presents the XRD pattern of the LCeNT fuel electrode from Cell-3 after testing.
Reflection peaks that pertain to the ScSZ electrolyte and Au current collector are resolved. The
perovskite structure persists in the LCeNT fuel electrode after the chemical/electrochemical
reduction and the stability test, reflecting its exceptional stability in solid oxide cell application.

Noting that CeO», Ni and NiO peaks are also observable in Figure 8a. The appearance of NiO
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reflections suggests partial oxidation of the Ni NPs while cooling down the cell from high

temperature. The presence of partially oxidized Ni NPs is evidenced by the corresponding STEM-

EDS element mapping results as well (see Figure S12).
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Figure 8. Post-mortem structure analysis. (a) Room temperature XRD pattern of the CeO»-
Ni@LCeNT anode of the tested Cell-3 specimen; (b) SEM micrograph of the cross-section of the
cell at anode/electrolyte side, and (c) a magnified region of the anode in (b); (d) Cross-sectional

STEM-EDS analysis of the cell at the anode/electrolyte side, and (e) a zoom-in area of the anode.

With respect to the microstructure, Figure 8 b and ¢ reveal the post-mortem SEM micrograph

of the anode and the topography of a typical anode particle, respectively. Well-pinned CeO> and
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Ni (or NiO) NPs of considerable amount can be seen on the anode support, similar to those found
on pellet samples (Figure 6a). Noting that the particle size of Ni NPs (48 £+ 23 nm) stays close to
the pre-test state (46 £ 20 nm). This indicates once again the remarkable thermal stability of in situ
grown NPs. Moreover, a cross-sectional STEM-EDS analysis was performed at the
anode/electrolyte side, where the elemental distribution is characterized (see Figure 8d). A
zoomed-in EDS map of the anode confirms the uniform decoration of the titanate by a large amount
of CeOz and Ni NPs (Figure 8e). It is worth mentioning that based on the SEM and STEM
examination, no fibrous carbon is discernible on the anode, which corroborates our early
conjecture that the CeO2-Ni@LCeNT heterostructure has superior coking resistance. As explained
before, both exsolved CeO; and Ni NPs exhibit a well-pinned and coherent interface structure with
the LCeNT substrate (see Figure 2f and 7h). Such strong particle-substrate interactions were found
responsible for the exceptional anti-coking properties of a similar exsolved
Ni/Lag.52S10.28Ni0.06 T10.9403 heterointerface, observed after being exposed in dry 20% CHa4/H>

atmosphere for 4 hrs at 800 °C [29].

3.4.4. Implications of CeO; and Ni exsolution on fuel electro-oxidation

Intuitively it is postulated that the exsolved CeO, and Ni NPs function in tandem toward the
catalytic adsorption and activation of H> or CHs molecules, see Figure 9 where a schematic
mechanism for H/CH4 oxidation on LCeNT is shown. Since they both individually show good
catalytic activity toward fuel oxidation, a synergistic effect may be in place for catalyzing the
reactant molecules. Focusing on methane oxidation in SOFCs, it is accepted that multiple
competing processes, e.g. partial oxidation, oxidative coupling, cracking, internal reforming and
direct oxidation would occur concurrently in the anode chamber [62, 63]. Although determining

each reaction pathway has been challenging due to the complexity of the system, a sequence of

30



elementary steps can be proposed to describe methane oxidative dehydrogenation. It is generally
acknowledged that methane oxidation includes steps of hydrogen extraction toward the formation
of chemisorbed carbon and hydrogen species on the catalyst surface [64], as illustrated in Figure
9, and subsequent oxidation of the absorbed species by O* flux through the electrolyte in SOFCs,

as shown below:

CHygp+(5—x)" > CHy+ (4—x)H", x =0~ 4 (5)
C*+0" > CO" ++ (6)
CO™ + 0" - COyy + 2° (M
2H* + 0" > H,0(45) + 3" ®)

where * denotes the active site on the catalyst surface. Equation 8 also applies to H» fuel oxidation.
A thermodynamic calculation has predicted that methane partial/complete oxidation is dominant
under SOFC operation conditions especially with dry feed [65], thus internal reforming is not
discussed here for simplification. According to previous studies, the rate-limiting step of methane
oxidation is the initial breakage of the first C-H bond to form an adsorbed methyl group (Equation
5, x = 3) [66]. Regarding LCeNT electrode, the exsolution of CeO; cubes has improved
performance, significantly outweighing the ceria-absent LCNT counterpart (Cell-1 vs. Cell-2, see
Figure 7a). The abundant active sites and lattice oxygen supplied by ceria nanocubes may have
facilitated the CH4 absorption and oxidation processes on the anode surface. Nevertheless, reports
suggested that ceria alone cannot provide sufficiently high catalytic activity for methane activation
in practical applications [67, 68], thus the addition of an effective catalyst, such as Ni which
possesses intrinsic ability to break C-H bonds is essential [69]. Indeed, further exsolution of Ni
NPs on LCeNT anode (Cell-3) has induced markedly enhanced performance towards both H» and
CHy4 electro-oxidation, demonstrating nearly one order of magnitude lower Rp than that of the

anode without Ni NPs (Cell-1, see Figure 7 a-c). It is worth noting that Ni alone favors carbon
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deposition due to its ability to catalyze C-C bond formation and the considerable solubility of
carbon, while CeO> is known as an effective catalyst to suppress/remove carbon deposits via
Equation 6 and 7 [70, 71]. The combination of CeO> and Ni NPs appears to be advantageous in

preventing fibrous carbon buildup (see Figure 8).
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Figure 9. The possible catalytic tandem effect from CeO> and Ni NPs for boosting H> and CH4

electrochemical conversion.

Moreover, both CeO2 and Ni NPs exhibit strained structure with the titanate support, i.e. strong
catalyst-support interactions (Figure 2 and Figure 6), which have been widely recognized to greatly
affect the reaction pathways as well as the product distribution during methane (and hydrogen)
catalysis [72, 73]. It is explained by oxygen adatom transfer from the support to the NPs surface
or vice versa, a process known as the spillover effect [ 74]. In addition to the ion exchange, catalyst-
support interactions also involve electron donation or back-donation between the NPs and the
surface adsorbate. As electron transfer alters the chemisorptive bond strength of the surface

species, such electronic effects were suggested to play an equally important part in facilitating
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methane (and hydrogen) catalysis [66]. As a consequence, the heterostructured titanate displays
satisfactory electrochemical performance as SOFC anode and yet, there is great room for
improvement, e.g. by optimizing the LCeNT particle size and the resulting electrode

microstructure as well as by varying ER conditions, which will be reported in future.

4. Conclusion

In this work, we demonstrated a viable approach to constructing the CeO>-Ni@titanate
heterostructure in situ with stable and controllable nanoscale architectures. We firstly highlighted
that abundant growth of faceted CeOx cubes (e.g. ~50 nm in size, ~20 particles per um? in
coverage) from the titanate could be realized via a simple air-annealing treatment (e.g. electrode
calcination in SOFCs), with the exsolution of densely packed Ni NPs (~50 nm, ~25 particles per
um?) taking place following a subsequent reduction in 5% Ha/Ar.

We further revealed that the morphology of exsolved ceria cubes, i.e. size and population,
depends greatly on annealing temperature. When annealed in the range of 1300 - 900 °C, lower
temperature led to the growth of finer but more CeO: cubes, e.g. ~220 nm, ~1 particles per pm? at
1200 °C vs ~130 nm, ~9 particles per um* at 1100 °C. Moreover, the exsolved CeO> cubes
displayed pronounced faceting, featuring {111} cco2 and {200} ceco> terminating planes. A coherent
interface structure was established between the ceria epitaxy and the titanate substrate, reflecting
an inherently strong particle-substrate interaction. It was speculated that the successful
incorporation of Ce in LCeNT perovskite during synthesis was most likely ascribed to a thermal
reduction process (i.e. Ce*" — Ce’"), and the subsequent air-annealing led to the oxidation of Ce*".

The undersized Ce*' cations were then segregated due to the perovskite lattice strain relaxation.
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Finally, the CeO2-Ni@LCeNT heterostructure was evaluated as a potential fuel electrode in Ha-
and/or CHs-fed SOFCs. Compared to an electrode without exsolved ceria, the LCeNT electrode
displayed significantly higher performance for H»/CHs oxidation, due to the superior catalytic
activity from the strained ceria nanocubes formed on the surface of the LCeNT support. The
electrolyte-supported cell utilizing CeO2-Ni@LCeNT as fuel electrode yielded a satisfactory
maximum power density of 642 mW c¢cm™ and 306 mW cm at 900 °C in humidified H> and CHa4
fuels (~3% H20) respectively, attributed to enhanced electrocatalytic properties from both the
exsolved ceria and Ni nanoparticles. Superior structural and chemical robustness of the material
was substantiated by a short-term (~20 hrs) stability test in methane and subsequent post-mortem
analysis. It thus demonstrated the promising application of the CeO2-Ni@LCeNT nanohybrid as,
but not limited to fuel electrode material in SOFCs.

In a word, we believe that the surface re-structuring strategy exemplified here sets a facile
example to construct active ceria-metal/titanate heterostructure and provides insights for the future

design of more sophisticated oxide systems.
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Appendix A. Supplementary data

TEM image of a typical FIB lamella in Figure S1; BSE image of the cross-section of the
fabricated fuel cell in Figure S2; STEM-EDS analysis of the as-prepared LCeNT in Figure S3;
SEM-EDS analysis of the rLCeNT in Figure S4; XRD Rietveld refinement of LCeNT annealed at
different temperatures in Figure S5; BSE images of LCeNT1300 and LCeNT1200-1400 in Figure
S6; temperature denpendence of nucleation rate graph in Figure S7; XRD pattern of reduced
LCeNT1200 in Figure S8; SEM images of the co-exsolved LCeNT surfaces in Figure S9;
Microstructure of the CR-treated LCeNT cell in Figure S10; Extended operation of durability test
of CeO2-Ni@LCeNT cell with CH4 fuel in Figure S11; STEM-EDS mapping of CeO2-Ni@LCeNT

anode in Cell-3 in Figure S12; a comparison of cell performance data in Table S1.
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