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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, La0.8Ce0.1Ni0.4Ti0.6O3-δ (LCeNT). We highlight strained facet-specific CeO2 cubes can

be grown on the support after an air-annealing process with their morphology tunable by varying

annealing temperature, whilst exsolution of Ni nanoparticles form subsequently following

chemical/electrical reduction. An electrolyte-supported SOFC utilizing CeO2-Ni@LCeNT anode

achieves maximum power density of 642 mW cm−2 at 900 ℃ in H2 (∼3% H2O). Exceptional

robustness of the heterostructure is illustrated after running the cell in CH4 (∼3% H2O) for 20 h.
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Overall, this work demonstrates an intriguing pathway to constructing stable and active ceria-

metal/titanate heterostructure for energy applications.

KEYWORDS: titanate perovskite, CeO2 exsolution, co-exsolution, tunable heterostructure,

SOFCs

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 a variety of 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 metal-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 CeO2-

Ni nanostructures were reported to demonstrate substantially improved electrochemical

performance for fuel oxidation, making them good candidates for electrochemical systems.14-16

Lu et al. infiltrated CeO2 and Ni NPs into a La0.2Sr0.25Ca0.45TiO3 (LSCT) backbone in an anode-
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supported solid oxide fuel cell (SOFC), which exhibited a remarkably boosted electrochemical

oxidation activity, achieving a peak power density of 0.96 W cm−2 at 800 ℃ in H2.16

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,

La0.8Ce0.1Ni0.4Ti0.6O3-δ (LCeNT). A previous report attempted to co-exsolve CeO2-Ni NPs from

the same titanate backbone by a single reduction treatment (1000 ℃ in 5% H2/Ar),17 however,

despite a diffraction peak of ceria and that of metallic Ni detected by X-ray diffraction,

CeO2 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 H2 and/or
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CH4 fuels. The contribution of the exsolved ceria nanostructure and the ceria-Ni/titanate

heterostructure was assessed and discussed towards the electro-oxidation of H2 and CH4.

2. EXPERIMENTAL

2.1 Material synthesis and sample preparation

La0.8Ce0.1Ni0.4Ti0.6O3 perovskite was fabricated via a modified solid-state synthesis method,

following the procedures in Ref 11. A stoichiometric amount of dried La2O3 (Pi-Kem, 99.99%),

CeO2 (Acros, 99.9%), Ni(NO3)2 ∙ 6H2O (Acros, 99%) and TiO2 (Alfa Aesar, 99.6%) were mixed

homogeneously, and after that, the mixture was calcined at 1000 ℃ for 12 hrs. The resultant

precursor was ball-milled for 2 hrs, followed by a final firing at 1400 ℃ for 12 hrs to form a pure

perovskite phase.

The as-synthesized LCeNT was 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 µm. 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 ℃ for 2 hrs. The prepared pellets were

annealed at different temperatures ranging from 800 ℃ to 1400 ℃ 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 nanoparticles happened during a reduction of the

annealed samples at 900 ℃ in 5% H2/Ar flow. A sample without annealing treatment was also

reduced under the same conditions, referred to as rLCeNT herein.

2.2 Material Characterizations

X-ray diffraction (XRD). Room temperature XRD was used to analyze the phase purity and

crystal structure of the as-synthesized LCeNT powder and the LCeNT pellets annealed at
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varying temperatures as well as after reduction. XRD measurement was done on a PANalytical

Empyrean X-ray diffractometer with Cu-Kα1 radiation in reflection mode, and the samples were

scanned from 10 to 90 degrees with a step size of 1.3 o/ min. The obtained XRD patterns were

then analyzed with Xpert HighScore plus software to confirm the crystal structure. Selected data

were refined using GSAS-II software to determine the unit cell parameters and the weight

fraction of any secondary phase.36 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.

Scanning electron microscopy (SEM). The surface morphology of the porous LCeNT pellets

before and after annealing/reduction was characterized by a FEI Scios Dual-Beam Focused Ion

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 pellets include as-

prepared LCeNT (reference) and annealed LCeNT before and after reduction.

Scanning transmission electron microscopy (STEM). High resolution high-angle annular dark-

field STEM (HAADF-STEM) imaging, EDS, and Electron energy loss spectra (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 using the Scios microscope in

FIB mode, at a voltage of 30 kV with Ga+ ion source. A typical FIB milled lamella containing
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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

Fuel cell fabrication. Zr0.89Sc0.1Ce0.01O2-γ (ScSZ) electrolyte (thickness in the range of 120 to 130

µm) was fabricated by tape casting and sintering at 1400 ℃. Electrodes having an active area of

0.5 cm2 were introduced by screen-printing on both sides of the dense ScSZ electrolyte, which

served as support to the electrodes. LCeNT ink was made by mixing the perovskite powder

(average particle size ~3 µm) with dispersant and organic binder. (La0.8Sr0.2)0.95MnO3 (LSM)-

ScSZ (50:50 wt%) ink, as well as LSM ink, were prepared in a similar fashion. After screen

printing, the LCeNT fuel electrode was fired at 1200 ℃ while the LSM based air electrode was

fired at 1100 ℃. The thickness of both electrodes was in the range of 20-30 µm. 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.

Electrochemical testing. The ScSZ-supported button cell was amounted to the testing jig and

sealed with ceramic paste (Ceramabond 552, Aremco). The assembly was then placed in a

vertical temperature-controlled furnace. Prior to the measurement, 5% H2/N2 (20 mL min-1) was

introduced to the anode side and maintained for 20 hrs at the operating temperature (900 ℃) to

exsolve Ni nanoparticles. After this, humidified H2 at a constant flow rate of 40 mL min-1 flowed

to the anode for fuel cell performance evaluation. During the course of the electrochemical test,

the air electrode was exposed to ambient air.

The chemical reduction of the perovskite to exsolve nanoparticles is a lengthy process (~20 hrs),

and it has been found that applying a high electrolysis voltage, such as 2V during steam

electrolysis operation, can almost instantly reduce the perovskite.37, 38 Such an electrochemical
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activation (EA) process was reported to produce sufficient B-site exsolution and thus reinforced

fuel electrode performance. Therefore, sequential EA operations were employed to the LCeNT

electrode at the operating temperature to boost the cell performance further. This was done in

humidified H2 (40 mL min-1) at 2.0 V for a total of 20 min.

Impedance and current-voltage (I-V) characteristics of the cell 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 conditions (OCV). After EA operation, IV and impedance

measurements were performed to record the fuel cell’s performance progression.

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 perovskite structure is seen for the pristine LCeNT,

confirming the successful synthesis of the A-site deficient titanate in air. The pure phased

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% H2/Ar at 900 ℃ for 20 hrs, a small

yet noticeable peak can be seen at 44.5o 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%

H2/Ar at 900 ℃ for 20 hrs

The absence of CeO2 in both XRD and SEM-EDS (Figure 1c and S4) analysis of rLCeNT

suggests no evident CeO2 precipitation occurred after reduction under 5% H2/Ar at 900 ℃ for 20

hrs. According to an early study, the co-exsolution of a fluorite-type structure (possibly CeO2)

and Ni was induced after reducing LCeNT at 1000 ℃ in a diluted hydrogen atmosphere.15 It was

assumed such fluorite phase reflected the possible presence of reduced CeO2-δ, 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 Ce3+/4+. Nevertheless, no direct proof of microscopic

observation of CeO2 was provided in that study. This implies the exsolution of readily
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observable CeO2 phases is not guaranteed in reducing atmosphere at a lower temperature (e.g.

900 ℃ in our work). Alternatively, highly faceted CeO2 cubes can be grown in situ by merely

annealing the pristine LCeNT in the air, whilst a consecutive reduction treatment leads to the

exsolution of metallic Ni nanoparticles on the perovskite surface. This will be discussed in detail

in the following sections.

3.2 A-site exsolution of CeO2 cubes

Annealing induced CeO2 growth. Upon annealing the pristine LCeNT at 1200 ℃, numerous

cube-like nanostructures (~220 nm in size) grow on the titanate surface in Figure 2a, which is a

distinct feature comparing to the smooth surface microstructure of the as-prepared counterpart

(Figure 1b). The distribution of the nanostructure appears to be uniform, preferentially anchored

on the surface of the titanate grain rather than grain boundaries after annealing at 1200 ℃. As

evidenced by the XRD analysis (in Figure S5b), the cube-like structure is most likely CeO2 due

to the appearance of its {111}CeO2 reflection peak at 28.6o,39 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%) due to the segregation of CeO2.

The faceted ceria cubes develop a well-socketed interface structure on the substrate without any

visible cracks or voids, which is 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 surface, and the results are illustrated in Figure

2(b, c). The EDS line scan spectrum and element maps prove that the cube consists of cerium

and oxygen, with a ratio 1: 2 matching the stoichiometric value of ceria. It means that the Ce

component in the exsolved cubes predominantly exists as Ce (IV).



10

High-resolution STEM imaging was conducted to investigate the crystalline structure of the

exsolved CeO2 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}CeO2 and {200}CeO2 planes, respectively. Differing from randomly

orientated ceria nanoparticles, the well-ordered ceria cubes consisting of multiple termination

facets and orientations were suggested to possess two times higher activity per surface area for

CO2 conversion.40 Comparing to a typical cubic cerium oxide, where d{111}= 0.311 nm, d{200}=

0.269 nm,41 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

CeO2 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}LCeNT and the {200}LCeNT planes,

respectively. These are identical to the values of the exsolved ceria single crystal, as shown in

Figure 2 (d, e), indicating the epitaxial growth of CeO2 cubes with an expanded lattice structure.

The exsolution of ceria epitaxy, which is favorable thermodynamically, is to minimize the

interfacial strain due to lattice mismatch between the two materials. 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 close-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/substrate interface.31 Such

well-pinned interface architecture was found to be beneficial not only for providing superior
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stability of the exsolved nanoparticles against aggregation but also for facilitating ion

interdiffusion process between the two phases.

Figure 2. Microstructure and element distribution of LCeNT1200. (a) SEM micrographs of the

titanate surfaces after annealing at 1200 ℃; (b) STEM-HAADF image of an exsolved ceria

nanocube 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 acquired through quantifying the EDS analysis, respectively; (c) 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 CeO2 cube, taken along

CeO2[011] zone axis; (f, g) atomic geometry at the CeO2/LCeNT interface.

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
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annealed at different temperatures in the range of 1300-800 ℃ 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 ℃ 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 ℃, there are no obvious CeO2 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 28.5o, corresponding

to CeO2, 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 S5). Worth noting that the weight fraction of the ceria dopant in pristine LCeNT

is approximately 7.6 wt.%. In comparison to the pristine LCeNT, there is around one-third of

ceria segregated from the titanate (~2.7 wt.%) after annealing at 1300 ℃, with a ~0.16% cell

volume shrinkage in perovskite accompanying ceria segregation. When annealing temperature

drops to 1200 ℃, the exsolution of ceria can also be seen from the XRD pattern in Figure 4 (a-

b). Still, the morphology of ceria displays pronounced faceting on the surface of the substrate

grain in Figure 3. Comparing to 1300 ℃, 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 ℃.
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As the annealing temperature drops to 1100 ℃, substantial exsolution of fine CeO2 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 per µm2 vs ~1 per µm2) as

compared to those after annealed at 1200 ℃. It should be noted that although the exsolution of

ceria cubes at 1100 ℃ is seen under SEM, the diffraction peak of CeO2 cannot be detected by

XRD. This is most likely due to the low amount of ceria exsolved at low temperatures, which is

lower than the detection limit of the diffractometer employed (<1 wt.%). Further decrease in

annealing temperature gives rise to the formation of even smaller ceria cubes. However, the

population does not tend to increase significantly (e.g. ~55 and ~40 nm in cube size, and ~20 and

~10 per µm2 in cube density at 1000 and 900 ℃, respectively). The precipitation of CeO2 cubes

from the titanate perovskite seems to disappear after annealing at 800 ℃, which is possibly

originated from the insufficient thermal energy for Ce4+ bulk diffusion and nucleation at such a

low temperature.
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Figure 3. Backscattered electron micrographs of LCeNT surfaces annealed at 1300, 1200, 1100,

1000, 900, and 800 ℃ for 2 hrs in air respectively, and a schematic diagram showing the trend of

CeO2 cube growth 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 ℃ for 2 hrs and

(b) the magnified area showing CeO2 (111) peak with rough quantification results obtained from

Rietveld refinement, (c) LCeNT unit cell shrinkage following ceria exsolution as well as

exsolved CeO2 weight fraction as a function of annealing temperature, (d) BSE image of the

LCeNT1200 surface after treated at 1400 ℃ 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 CeO2 phase is capable of being re-incorporated back into the

underlying perovskite lattice, we fired the LCeNT1200 at 1400 ℃ 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, 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
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LCeNT1200, the absence of the ceria reflection peak in the XRD pattern in Figure 4e confirms

that most of the exsolved ceria have re-incorporated into the underlying perovskite structure after

being subjected to 1400 ℃.

Figure 5. A schematic diagram of the proposed CeO2-exsolution loop as a function of annealing

temperature, demonstrating a viable pathway to constructing the surface nanostructure with

desired particle coverage.

Herein, we propose a feasible method for adjusting the ceria exsolution by taking advantage of

the annealing temperature, which could be used to grow CeO2 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. A schematic diagram

illustrating such a process is shown in Figure 5.
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Mechanistic discussion of CeO2 exsolution. Based on the results discussed so far, it appears that

the incorporation of ceria in the titanate was successful at 1400 ℃ in the air during the initial

synthesis, producing a pure orthorhombic perovskite structure. At lower temperatures (1300 ℃~

900 ℃), up to one-third of doped ceria in LCeNT segregated from the perovskite lattice, which

formed patch-like structure on the grain boundaries at 1300 ℃ and cubes on the grain surfaces of

the substrate at lower than 1300 ℃. Upon firing at 1400 ℃ 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. Herein, we propose such an incorporation-

segregation-dissolution cycle is a process involving (a) thermal reduction at high temperature

during synthesis, (b) low-temperature oxidation, and (c) titanate lattice strain relaxation during

annealing.

The incorporation of Ce in as-prepared LCeNT was naturally considered to be Ce (IV), as the

titanate was fabricated in the air using CeO2 as starting material.15 However, Ce (IV) cations

have been found too small to fit in the A-site of the titanate perovskite, which causes significant

lattice strain and distortion.42-44 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).35, 44, 45 Indeed, the presence of Ce (III) in the pristine LCeNT is

unambiguously revealed by the EELS analysis, as presented in Figure 6a, though cerium doping

into A site in titanate was realized through the solid-state synthesis in the air in our work. The

M4, M5 edges of Ce in EELS can provide information regarding its oxidation states, which has

been utilized widely in many Ce-containing structures.46, 47 In Figure 6a, the Ce M4 edge is more

asymmetrical than the M5 edge, with a shoulder peak A at 896.4 eV; the branching ratio, i.e.

peak intensity I(M5)/[I(M4)+I(M5)], of M5: M4 is close to 0.55. These features suggest the

dominant presence of Ce (III) in pristine LCeNT. As a comparison, Figure 6b shows the EELS
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spectrum of Ce acquired from an exsolved CeO2 cube. The M4,5 peaks of Ce in ceria cube can be

identified by two shoulder peaks, B and B’, originated from transitions to 4f states in the

conduction band;48 the intensity of M5 peak is lower than that of M4, distinct from that of Ce

(III). These characteristics denote the Ce (IV) nature of cerium in the exsolved nanostructures,

consistent with the EDS analysis in Figure 2b.

Figure 6. 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. 42, 49 also reported the presence of Ce3+ at A-site of the doped SrTiO3 after

sintering in the air at 1400 ℃. It seems that Ce4+ is reduced to Ce3+ 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, 50-55 which generally requires a high

temperature (≥ 1400 ℃) and a low oxygen partial pressure (<10-7 bar).50 Gokon et al.54 evaluated

the activity of CeO2 at thermal reduction temperatures of 1300-1500 ℃ for the two-step water-

splitting reaction. The CeO2 material treated at higher temperature was found to result in higher

reduction extent and therefore, higher hydrogen production rate. Following several prerequisites,

the thermal reduction process has been well explained by a charge compensation model proposed
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by Peng et al.56 In the case of La (III) substitution by Ce (IV) in the present work, the defect

models describing the processes occurred during the synthesis of LCeNT can be written as:

(1)

(2)

(3)

During annealing LCeNT in the temperature range of 1300 ℃ to 900 ℃, the conditions required

for thermal reduction no longer exist, on the contrary, oxidation of Ce3+ dopant in LCeNT

occurs, generating many undersized Ce4+ cations on the A-site of the titanate (i.e. rCe4+, CN=12=

1.14 Å vs rLa3+, CN=12=1.36 Å). Such significant cation size discrepancy consequently drives the

Ce4+ dopant out of the host lattice, with numerous patch and cube-like ceria precipitates exsolved

on the titanate grain boundaries and surfaces, respectively, depending on temperature. When the

annealing temperature decreases to below 900 ℃, the ambient environment cannot provide

enough thermal energy for the above processes to proceed. Therefore, the ceria exsolution was

not observed on the micrograph of LCeNT800 (Figure 3) nor the XRD pattern of LCeNT800

shown in Figure 4a-b.

Generally, the main driving forces for such cation segregation, e.g. Sr segregation,59-66 are

recognized as a combination of electrostatic interactions and elastic energy which results from

cation size mismatch.57, 58 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

spontaneously, leading to the segregation of CeO2 on the surface. This process can be influenced

by temperature, polarization, oxygen partial pressure, etc.,59 thus could provide means for

optimization to tune the material properties.
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3.3 A-site CeO2 and B-site Ni co-exsolution

Although ceria exsolution does not exert a significant impact on the LCeNT perovskite structure

as revealed in Figure 4a, there could be a potential influence on the subsequent exsolution of Ni

nanoparticles in reducing atmosphere. Therefore, SEM and STEM measurements were

performed on the LCeNT1200 to examine its capability of releasing metallic Ni nanoparticles

upon reduction.

Figure 7a displays the microstructure of the LCeNT1200 after reduction in 5% H2/Ar at 900 ℃

for 20 hrs. It can be seen that a significant number of Ni nanoparticles (~50 nm, ~25 per µm2)

with an even distribution have formed on the surface of titanate perovskite. The inserted model

in Figure 7a vividly illustrates the LCeNT backbone covered with uniformly exsolved CeO2 and

Ni nanoparticles. The exsolution of Ni nanoparticles was also observed on the LCeNT annealed

at different temperatures (see Figure S6). These indicate after the emergence of ceria cubes with

varying extent, the annealed titanate is still able to form Ni nanoparticles on the surface of

perovskite after reduction. STEM-EDS analysis was conducted at an exsolved interface to

examine its element distribution with the results presented in Figure 7(b, c). The EDS element

maps in Figure 7c confirm the presence of the faceted ceria cube and metallic Ni particles

anchored on the titanate support. Worth mentioning that in addition to the surface exsolved Ni

nanoparticles, there are a tremendous amount of Ni nanoparticles precipitated inside the

perovskite. The bulk exsolved particles are much smaller than that of the surface counterparts

(~20 nm vs ~50 nm, respectively). Although these particles are inaccessible to surface reactants,

a recent report found that the endogenous exsolution of Ni nanoparticles remarkably enhanced

the oxygen transport and exchange properties of the parent material for CH4 conversion.60

Besides the formation of Ni nanoparticles, partial reduction of the CeO2 cubes also occurs after

the reduction treatment; from the EDS quantification analysis (Figure 7b), the atomic ratio
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between Ce and O in the ceria cube rises to 1: 1.54. To examine the ceria/LCeNT interface

stability against reducing atmosphere (5% H2/Ar, 900 ℃), we carried out high-resolution STEM

inspection with the results shown in Figure 7 d-f. In Figure 7e, the lattice fringe alignment

between CeO2-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, despite the

partial reduction of the ceria cube. Nevertheless, as highlighted by red arrows in Figure 7f,

atomic distortions in the ceria lattice are observed. Such lattice defects are possibly due to the

lattice strain accumulated during the reduction of the CeO2 cube; the pinned CeO2/LCeNT

interface structure will likely be impaired in a more reducing environment.

On the other hand, the Ni/LCeNT interface is inspected by STEM imaging as well (in Figure 7

g-i). As displayed in Figure 7g, the exsolved Ni nanoparticle 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 comparing to its bulk lattice (shown

in Figure 7h). This is possibly a result of the partial submergence of the Ni particle upon

exsolution, which causes lattice superimposition. Worth mentioning that at the edge of the

Ni/LCeNT interface in Figure 7f, 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.61 These features of 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.62, 63
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Figure 7. Microstructure and element distribution of LCeNT1200 after reduction at 900 ℃ for

20 hrs. (a) SEM micrographs of the titanate surfaces and the inserted model showing the

exsolved titanate structure; (b) STEM-HAADF image of a CeO2-x cube with exsolved Ni

nanoparticles 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 acquired through quantifying the EDS analysis, respectively; (c) 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. (e) Atomic
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geometry at CeO2/LCeNT 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 LCeNT as SOFC anode

Following the structural characterizations discussed earlier, the electro-oxidation activity of the

LCeNT as anode material in SOFC applications was evaluated in H2. It should be noted that

CeO2 cubes were introduced in situ on the LCeNT surface after the anode calcination stage

(1200 ℃, see Experimental for details). The LCeNT anode, supported on the ScSZ electrolyte,

was firstly reduced by 5% H2/N2 at 900 ℃ for 20 hrs to exsolve Ni nanoparticles. After the

chemical reduction, the titanate electrode was further reduced electrochemically by applying a

voltage of 2.0 V to the LCeNT cell in humidified H2 for a total of 20 min. The electrochemical

results, as well as the post-mortem microstructure of the LCeNT electrode, are presented in

Figure 8.

Prior to the chemical reduction, the initial performance of the single cell is characterized by a

considerable polarization resistance, RP = 7.55 Ω cm2 in 5% H2/N2, and an ohmic resistance (RΩ)

of 0.25 Ω cm2 measured under OCV condition (Figure 8a). The RΩ is mainly originated from

the 120 µm thick electrolyte at 900 ℃, as well as the lateral contribution from the LCeNT anode

due to its low conductivity value (Figure S7 and Supplementary Note 1). Upon reduction in 5%

H2/N2, the RP of the cell is substantially reduced to 3.13 Ω cm2. This is due to the exsolution of

abundant Ni nanoparticles on the anode surface, as evidenced in Figure 8b. In Figure 8b, the

LCeNT electrode surface is uniformly decorated by a large number of Ni nanoparticles (~46
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nm). The in situ growth of Ni nanocatalysts has been suggested to facilitate the hydrogen

dissociation and diffusion processes, thus significantly enhancing the fuel cell’s performance.16,

64

Figure 8. Electrolyte-supported LCeNT|ScSZ|LSM-ScSZ single cells. (a) Open circuit

impedance spectrum of the single cell before and after reduction in 5% H2/N2 at 900 ℃ for 20

hrs and (b) SEM micrograph of the reduced LCeNT electrode; (c) open-circuit impedance

spectrum and (d) I-V curves of the single cell during EA operation at 2.0 V in humidified H2. All

electrochemical measurements were performed at 900 ℃.

After the chemical reduction, the LCeNT electrode is further activated by employing several

short-term EA operations, i.e. applying 2 V to the cell. The EA treatment has been reported to

reduce the perovskite electrode within several minutes, resulting in the exsolution of more yet
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finer nanocatalysts and thus greatly improved electrode performance comparing to 20 hrs

reduction in H2 atmosphere.37 Before the electrochemical reduction, the initial RP of the LCeNT

cell is measured to be 2.82 Ω cm2 under OCV (Figure 8c). Upon EA for 5 min, a drastic

reduction in RP is seen, which drops rapidly by 65% to 0.98 Ω cm2; the RΩ also decreases from

0.24 Ω cm2 to 0.21 Ω cm2. Following a couple of sequential EA treatments, the RΩ and RP of the

cell continue to decline slowly, with 0.20 Ω cm2 and 0.59 Ω cm2 obtained respectively at the end

of the operation. As a result, the peak power density (PPD) of the cell surges to 545 mW cm-2,

increased by 153% of its initial value before the electrochemical reduction (215 mW cm-2 as

shown in Figure 8d).

The chemically and electrochemically reduced LCeNT cell has so far demonstrated very

competitive performance in humidified H2 fuel, with the PPD outweighing many other similar

single cells reported in the literature (see Table S1).38, 65-70 To aid the comparison, the titanate

electrodes reported in the literature are often modified by (1) impregnating or mixing with other

catalysts such as CeO2, Y2O3-ZrO2 (YSZ) and/or Ni, etc.; 66, 68, 70, 71 (2) introducing a high dopant

level on the B-site (e.g. 70% Fe vs 30% Ti, 0.37 W cm-2 at 900 ℃);67, 68 (3) pre-reduction at high

temperatures (e.g. 1350 ℃ in 4% H2/Ar, 0.51 W cm-2 at 900 ℃);65, 69 or (4) solely B-site

exsolution of metal catalysts (e.g. Ni nanoparticles, 0.36 W cm-2 at 900 ℃).38 In other words, the

co-exsolved LCeNT electrode, fabricated with ease and simplicity, substantiates itself as a

promising anode candidate for effective electrochemical fuel oxidation in SOFCs.

4. CONCLUSIONS

In the present work, we demonstrated a viable approach to co-exsolving densely packed CeO2

and Ni nanocatalysts in situ from a titanate perovskite backbone. We firstly highlighted that

abundant growth of faceted CeO2 cubes from the perovskite could be realized via a simple



26

annealing treatment (e.g. ~50 nm in size, ~20 per µm2 in coverage at 1000 ℃), and a subsequent

reduction treatment enabled the exsolution of densely packed Ni nanoparticles (~50 nm, ~25 per

µm2 at 900 ℃) in 5% H2/Ar.

We further revealed the close link between the ceria exsolution and the annealing temperature.

The incorporation of ceria in the titanate was successful at 1400 ℃ in the air mainly due to a

thermal reduction process. When annealed in the temperature range of 900 ℃ to 1300 ℃, up to

one-third of doped ceria in LCeNT segregated from the perovskite lattice, which formed cubes

on the grain surfaces of the support at lower than 1300 ℃ and patch-like structure on the grain

boundaries at 1300 ℃. Upon firing at 1400 ℃ again, the exsolved ceria re-dissolved into the

underlying titanate lattice. Hence, by making use of the annealing temperature, we proposed a

facile method for adjusting the ceria growth with varying coverage and sizes. The underlying

mechanism for such a ceria exsolution behavior was proposed due to the low-temperature

oxidation of Ce (III) and subsequent titanate lattice strain relaxation.

Finally, the exsolved LCeNT was evaluated as a potential fuel electrode in ScSZ electrolyte-

supported SOFC applications. The chemically and electrochemically reduced LCeNT electrode

yielded a satisfactory maximum power density of 545 mW cm-2 at 900 ℃ in 3% H2O/H2, a

competitive value that surpasses many infiltrated counterparts reported in the literature. It thus

demonstrated the promising application of the exsolved LCeNT as, but not limited to fuel

electrode material in SOFCs.

In a word, we believe that the surface re-structuring strategy exemplified here, i.e. CeO2-Ni co-

exsolution, sets a facile example to construct nanoscale-active architecture and provides insights

for the future design of more sophisticated oxide systems.
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