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Designing nanostructure exsolution-self-
assembly in a complex concentrated oxide

A new exsolution-self-assembly (ESA) approach was demonstrated during thin film

growth, combining aspects of immiscibility-driven one-step self-assembly with

defect-interaction-driven two-step exsolution to yield novel vertically aligned

nanostructures and particle-in-matrix nanocomposites. The one-step ESA

synthesis is applied to a model complex concentrated oxide, an emerging class of

materials including high-entropy and entropy-stabilized oxides, whose ability to

stabilize five or more cations in a single crystal structure provides a combinatorial

space for new materials with broad electrochemical and information storage

applications.
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SUMMARY

Complex concentrated oxides (CCOs) are an emerging material
class that includes high-entropy and entropy-stabilized oxides
whose properties stem from disorder-induced electronic structure
and chemistry caused by stabilizing solid solutions of >5 cations.
Integrating CCOs into composites will expand material design
beyond the single-phase paradigm. We demonstrate tunable CCO-
derived nanostructures by a simple method: exsolution-self-assem-
bly (ESA), a one-step approach to direct the evolution of nanopar-
ticles and nanorods in nanocomposites. We have developed a
fundamental understanding of driving forces and formation mecha-
nisms in CCOs using atomic-scale probes, which reveal that ESA can
be directed using Ellingham’s model of cation reducibility in a model
CCO perovskite LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-d. This approach
enables tailored growth of multielement nanorod and nanoparticle
composite structures whose formation is correlated with electronic
conductivity that exceeds 0.1 S/cm at room temperature. Given the
vast combinatorial space of CCOs, ESA is expected to be highly
extensible via the integration of various compositions and crystal
structures.

INTRODUCTION

Recently, unprecedented materials have been realized by stabilizing a relatively

large number (>5) of cations in solid solution, wherein phase stability is enhanced

or provided by high configurational entropy associated with compositional

complexity.1 This emerging class of complex concentrated oxides (CCOs)—

including high-entropy oxides (HEOs) with elevated configurational entropy and en-

tropy-stabilized oxides (ESOs), which are unequivocally stabilized by entropy2—pro-

vides a novel tuning route beyond conventional chemical composition to improve

material properties by controlling the distributions of lattice disorder, bond energy,

defect formation, and cation multivalency.3,4 Although research on CCOs/HEOs/

ESOs has focused mainly on single-phase materials, our very recent work shows

that ESO phase separation into a composite provides novel control over electrical

transport mechanisms by directing ionic and electronic current through the different

composite phases, highlighting the potential of composite micro- and nanostruc-

tures5,6 to finely tailor the properties of these emerging materials and broaden their

potential applications.

Exsolution7,8 is a multistep synthesis understood by considering atomistic interac-

tions between charged point defects. A reducible oxide is exposed to a reducing

PROGRESS AND POTENTIAL

Complex concentrated oxides

(CCOs) include high-entropy and

entropy-stabilized oxides, whose

ability to stabilize five or more

cations in a single-crystal structure

provides a vast design space for

new materials. In a model CCO,

we demonstrate exsolution-self-

assembly (ESA), a highly

extensible synthesis for diverse

and exotic nanocomposites. ESA
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reducibility-controlled metal

cation exsolution with the

spontaneity of immiscibility-

driven self-assembly to produce

intricate tailorable nanostructures

in a single synthetic step.

Application of ESA to CCOs and

advanced entropy-designed

chemical compositions and crystal
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multidimensional and

multielement nanostructures for
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electronic, and information

storage devices. The synthesis has

the potential to create highly

tunable nanocomposites that

combine the properties and

functions of emerging high-

entropy materials with precisely

designed embedded

nanostructures.
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atmosphere, forming oxygen vacancies that electrostatically promote the accumula-

tion of metal cations into nanoparticles anchored (i.e., partially submerged) in the

surface of a material9 and/or embedded (submerged) within the material.10 Exsolu-

tion offers tunable and stable nanostructures, flexible material selection, and struc-

ture modulation of the oxide matrix,11–14 but it requires relatively long treatment

time at high temperature under reducing gases. Unlike exsolution, nanocomposite

self-assembly occurs spontaneously in one step during thin film deposition by phys-

ical vapor deposition following one of two mechanisms: diffusion, nucleation, and

growth for materials systems with limited miscibility, and (pseudo)spinodal decom-

position for miscible materials.15 Self-assembled nanostructures have final shape,

size, spatial distribution, and crystallographic orientation relative to the matrix gov-

erned by free energy minimization.5

Here, we present the exsolution-self-assembly (ESA) method, whereby nanostruc-

tures form spontaneously from a miscible single-phase solid solution during film

growth due to both immiscibility of the new nanophase in the matrix and atomistic

interactions between point defects. We demonstrate tunable nanostructure growth

in a CCO by ESA, which should provide improved synthetic control of nanopar-

ticles and nanorods across a broader phase space than is currently possible.16

We present a case study demonstrating simple access of different nanostructures

via control of oxygen partial pressure (PO2
) during pulsed laser deposition (PLD,

Figure 1A). ESA using a CCO precursor enables novel multielement composite

morphologies with finely tuned subphase chemical composition that are not

possible by conventional exsolution or self-assembly independently. Moreover,

the demonstrated fabrication method is shown to work on a variety of substrate

materials with application potential in industrial semiconductors and electrochem-

ical devices. By mapping the distribution of distinct subphase structure and chem-

istry with nanometer spatial resolution, we show that Ellingham’s model of cation

reducibility predicts nanostructure chemical composition, whereas mass transport

via extended defects governs local morphology formation.17,18 This is demon-

strated in LaFe0.7Co0.1Ni0.1Ru0.05Pd0.05O3-d, a model CCO inspired by the

LaFeO3 perovskite, which has promising applications in solid oxide fuel/electrol-

ysis cell electrodes, hydride batteries, supercapacitors,19–21 gas sensors, electro-

mechanical devices, (photo)electrocatalysis, and photovoltaics due to its abun-

dance, nontoxicity, chemical stability, and direct band gap.22,23 However, a key

drawback of some LaFeO3-based materials is sluggish electronic conductivity

(<0.1 S/cm), weak sensing response, low catalytic selectivity, and poor charge sep-

aration that seriously restricts performance.22,24 More important, the electronic

conductivity of our nanocomposites exceeds 0.1 S/cm at room temperature,

with transport correlated to nanostructure formation primarily through B-site

cation (i.e., Ni and Co) mixed valency and site occupancy in the CCO matrix. Given

the vast combinatorial space of CCOs, ESA is expected to be highly extensible

through application to novel compositions and crystal structures, with the under-

standing presented here enabling one to take advantage of chemical complexity

in a rational way.

RESULTS

To demonstrate the potential of ESA to access diverse nanocomposite microstruc-

ture with simple process variations, we varied the PO2
during PLD to precisely tune

the V $$
O concentration, which in turn controls cation exsolution and matrix decom-

position (Figure 1M). At low PO2
, V $$

O formation in the perovskite oxide destabilizes

B-site cations, inducing exsolution and matrix decomposition. The orthorhombic/

pseudocubic (121)/(110)c X-ray diffraction (XRD) peak of the CCO matrix shifts
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from 32.4� to 31.6� with decreasing PO2
from 3 to 0.015 mTorr (Figures 1B, S1A,

and S1B; Note S1), indicating unit cell expansion due to lower V $$
O formation en-

ergy in oxygen-deficient environments.25,26 La2O3 (101) secondary phase peaks

appear after deposition at 0.015 mTorr, illustrating that the perovskite structure

collapses locally. Elevated V $$
O concentration with declining PO2

was corroborated

by tracking oxygen species by O1s X-ray photoelectron spectroscopy (XPS) in

Figure 1. Tuning the morphology of exsolution-self-assembled nanostructures via PO2

(A) Depositing LaFe0.7Co0.1Ni0.1Ru0.05Pd0.05O3-d thin films with PLD.

(B) XRD patterns of the perovskite thin films deposited at 3, 0.15,and 0.015 mTorr. Matrix diffraction

peaks shift left with decreasing PO2
, indicating that higher V$$

O content expands the unit cell.

(C–E) SEM secondary electron (SE) images of the films deposited at 3 (C), 0.15 (D), and 0.015 mTorr

(E), showing top view of self-assembled nanophases.

(F and I) Low- (F) and high-magnification (I) STEM bright-field images of the film deposited at

3 mTorr, with no self-assembled phase observed.

(G, J, and K) Low- (G) and high-magnification (J and K) STEMHAADF images of the film deposited at

0.15 mTorr showing the cross-section of self-assembled nanophases. Self-assembled nanorods

grow from the bottom of the thin film to the top surface.

(H and L) Low- (H) and high-magnification (L) STEM HAADF images of the film deposited at

0.015 mTorr. Self-assembled core-shell nanoparticles joined with percolating channels both

embedded inside the perovskite matrix and exposed on thin film surface.
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the film’s top-most �10 nm (Figures 6A and S2; Table S1; Note S2). When PO2
= 3

mTorr, no self-assembled phases are observed (Figures 1C, 1F, and 1I). When

PO2
= 0.15 mTorr, nanorods form in the matrix (Figures 1G, 1J, and 1K), with an

average width of 10 nm. Most grow from thin film bottom to the top surface

continuously, with an average length of 120 nm. White dots in the scanning elec-

tron microscopy (SEM) top-view image (Figure 1D) are nanorod tips. When PO2
=

0.015 mTorr, abundant and well-dispersed core-shell nanoparticles form, with sizes

of 7–26 nm (average 19 nm; Figures S27 and S28; Note S16), high population den-

sity (332 mm�2), and interconnected by percolating channels (Figures 1E, 1H, and

1L) similar to those reported in studies of two-step Fe exsolution.11,27 In addition,

similar phase composition and crystallographic textures are observed in films

grown on amorphous and crystalline oxides and metals (Figures S1A–S1C; Note

S1), suggesting the general applicability of this method to different device

architectures.

The chemical heterogeneity associated with the composite microstructures was

characterized using scanning transmission electron microscopy energy-dispersive

X-ray spectroscopy (STEM EDS) and electron energy loss spectroscopy (EELS) (Fig-

ures 2 and S3; Note S3). At PO2
= 3 mTorr, uniform elemental distribution

(Figures 2A, 2D, 2G, 2J, 2M, 2P, S3A, and S3B) demonstrates that B-site cations

remain stable in matrix, except Ru. At PO2
= 0.15 mTorr, nanorods are Pd with subtle

Ni and Co segregation at matrix–rod interfaces (Figures 2B, 2E, 2H, 2K, 2N, 2Q,

S3C–S3F, and S7). At PO2
= 0.015 mTorr, core-shell nanoparticles comprise Pd cores

and NixCo1-xO shells (Figures 2C, 2F, 2I, 2L, 2O, 2R, S3G, and S3H); La and Fe show

nonuniform distribution in the surrounding matrix (Figure 2F), consistent with XRD

detection of La2O3 (Figure 1B). All of the films show Ru surface segregation

(Figures 2P and 2R), which atom probe tomography (APT) confirms (Figure S4). Sur-

face accumulation of Ru at 3 mTorr reflects its greater tendency toward reducibility

compared to Pd, in line with its weak metal–support interaction compared with Pd in

LaFeO3
28,29 (Note S4).

Nanophase identification, composition, and formation mechanism

To confirm that the Pd-containing nanorods were Pd metal and to understand the

nanorod growth mechanism, atomic-resolution STEM high-angle annular dark field

(HAADF) imaging and geometric phase analysis (GPA) were used to identify the

nanorod crystal structure and map local strain in the matrix (Figures 3, S5, and S6).

When viewing the perovskite matrix along the perovskite [100]c zone axis, the Pd

metal nanorod lattice was directly visible in the [111] zone-axis orientation

(Figures 3A–3C). To decipher the formation mechanism of the Pd nanorods, GPA

was applied to Figure 3A to map the perovskite strain near the Pd nanorod

(Figures 3D and 3E). The tensile in-plane lateral strain of the matrix is 10 times larger

than the tensile out-of-plane vertical strain at the interface with the Pd nanorod (Fig-

ure 3F). The in-plane Pd lattice constant is compressed by 3.4% compared with stan-

dard Pd (Figure S6; Table S2), indicating that nanorod lateral growth is restricted by

thematrix. The compressive stress contributes to the balance of forces/energies that

defines the diameter of the Pd nanorod and thus the amount of laterally diffusing Pd

that can be accommodated in each growth layer.15 In addition, Pd nanorods grow

inclined at/near grain boundaries (GBs) with Pd segregation (Figure 3G). It is hypoth-

esized that Pd sourced from GBs creates nanorods inclined toward GBs (Figures 3H

and 3I). Therefore, the growth of Pd is restricted by both the elastic energy and the

availability of Pd in surrounding GBs (Figure 3J). Ni and Co segregation at the

matrix–Pd nanorod interface, observed by STEM EDS (Figures 2H, 2K, and S7)

may result from local tensile strain of the perovskite, which lowers the V $$
O formation
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Figure 2. Elemental mapping of exsolution-self-assembled nanostructures tuned by PO2

(A–C) STEM HAADF images of the CCO-derived nanocomposite thin films.

(D–N) STEM EDS mapping of (D–F) La and Fe, (G–I) Co, (J–L) Ni, and (M and N) Pd.

(P–R) STEM EELS mapping of Ru.
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energy30 to reduce Ni3+ and Co3+ and accommodates the larger-radii Ni2+ and Co2+

species.

In the core-shell composites, self-assembled nanostructures were confirmed to be

metal-oxide Pd-NixCo1-xO core-shells using crystal structure and composition map-

ping by fast Fourier transform (FFT) analysis (Figures S9–S11), STEM EDS (Figures 4B,

4C, S9, and S10), and APT (Figures 5 and S26; Note S15). Representative core-shell

nanoparticles and percolating channels connecting them are shown in Figure 4A and

Note S8. Crystal structures of the perovskite matrix, nanoparticle core and rock salt

shell, and La2O3 were resolved based on inverse FFT (IFFT) patterns (Figure S9F).

FFT patterns of the core show FCC {111} and {200} with lattice parameters of Pd

metal (Figure S9I). FFT patterns of the rock salt shell (Figure S9G) shows a lattice

parameter of 4.192 Å, which is between NiO (4.177 Å) and CoO (4.261 Å).31,32

Elemental mapping (Figures 4B, 4C, and S8B–S8D) is consistent with the FFT phase

Figure 3. Phase identification and formation mechanism of exsolution-self-assembled Pd nanorods

(A–C) Cross-section STEM HAADF image of a Pd nanorod embedded in the perovskite matrix (A). Local magnified image of area marked in (A), showing

Pd atom arrangement and Pd {220} plane spacing (B), and FFT pattern of (A) showing the Pd nanorod along the [111] zone axis and the matrix along the

[100]c zone axis (C).

(D and E) Strain mapping of perovskite matrix in (A) along lateral in-plane direction (Exx) (D) and vertical out-of-plane direction (Eyy) (E) via GPA.

Directions of Exx and Eyy are labeled in (A).

(F) Strain profile of the interface matrix with Pd nanorod along the direction marked in (D and E). Exx shows tensile strain approximately 10 times higher

than Eyy at the interface, indicating that compressive stress from perovskite matrix restricts growth of Pd nanorod in lateral direction.

(G–I) Plan -view STEM HAADF image of Pd nanorods embedded in the perovskite matrix (G), (H) is the local magnified image marked in (G), and

corresponding EDS mapping of Pd (I). Plan-view observation shows the Pd nanorods are located at or close to GBs, and Pd nanorods show inclined

growth as shown as the schematic inset in (G).

(J) Schematic illustration of mechanism of Pd nanorod growth. Pd nucleates at the beginning of PLD (i), then surrounding Pd diffuse to the nucleus to

grow laterally and vertically (ii). The lateral growth of Pd is restricted by compressive stress from matrix and limited availability of Pd from the

surroundings, forming Pd nanorods (iii). Nonuniform Pd sourcing from grains and GBs leads to inclined growth of Pd nanorods (iv).
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analysis, confirming that self-assembled core-shell nanoparticles consist of a Pd

metal core with a rock salt NixCo1-xO shell. The shell Ni:Co ratio ranges from 1.5

to 1.9 (1.7 average) in 7 core-shell nanoparticles, indicating that the shell is a Ni-

rich rock salt Ni0.63Co0.37O (Figure S26; Note S15).

The 3D core-shell nanoparticle reconstruction and chemical composition analysis by

APT confirm that Pd-NixCo1-xO core-shell nanostructures are interconnected with

percolating channels (Figures 5A–5C and S8; Videos S1, S2, S3, S4, S5, S6, and

S7). Both APT tomography (Figures 5A–5C and S8) and STEM EDS mapping (Fig-

ure S13) illustrate that percolating channels are composed of Co, Ni, and O.

Although percolating channels show similar chemical composition with NixCo1-xO

shells, the atomic structure was not resolved. Based on prior perovskite reduction

studies yielding Fe exsolution,11,27 Co-rich CoO4 ordered sublayers33 and

Ruddlesden-Popper domain boundaries,27 we infer that percolating channels are

Ni- and Co-rich transition sublayers33 and serve as mass transport pathways from

matrix to NixCo1-xO shell.33 APT 3D reconstruction (Figure 5D) shows La2O3 next

to the nanoparticle, which is consistent with FFT analysis (Figures S9F, S9J, and

Figure 4. Phase identification and formation mechanism of core-shell Pd-NixCo1-xO nanoparticles

(A) STEM HAADF image of a Pd-NixCo1-xO core-shell nanoparticle embedded in a GB of the perovskite matrix, where the matrix is along perovskite

[100]c zone axis (ZA) and the Pd core is along FCC [110] ZA.

(B and C) Corresponding STEM EDS mapping of Ni (B) and Pd (C).

(D) IFFT composite of Pd core (pink) and rock salt NixCo1-xO shell grains in (A). The shell is composed of 3 grains marked as shell grain 1 (red), 2 (green),

and 3 (blue). The shell grains nucleate and grow coherently at different facets of the Pd core.

(E) Composite FFT patterns of shell grain 1 (red) and Pd core (pink), showing NixCo1-xO shell epitaxially grows along Pd surface.

(F) Formation mechanism of Pd-NixCo1-xO core-shell nanoparticles: Pd nucleation (i) and growth (ii); Pd seeds exsolution of Ni and Co and nucleation of

NixCo1-xO at surface of Pd core (iii) and NixCo1-xO grow to form a shell by mass transport by percolating channels (iv). A new Pd nucleus forms on the

surface, initiating another core-shell particle (v).

(G and H) STEM HAADF images of self-assembled Pd-NixCo1-xO core-shell nanoparticles showing cavities at the edge (G) and interior of Pd cores (H).

These inverse-core-shell structures are filled with NixCo1-xO and connected by percolating channels, as shown in the schematic inset.

(I) Mechanism of inverse core-shell structure: Pd cavities arise from nano-Kirkendall effect induced by local surface oxidation of Pd during exsolution of

Ni and Co. NixCo1-xO grows inside Pd cavities via diffusion along percolating channels.
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S12A–S12I; Note S7) and STEM EDS mapping (Figures 2F, S9B, S12J, and S12K).

Compared with the film deposited at 0.15 mTorr, in which no La2O3 phase is

observed, La2O3 in the thin film deposited at 0.015 mTorr illustrates that the exso-

lution of Ni and Co promote local degradation of the perovskite phase associated

with A-site separation.34 In addition, the association of the secondary phase La2O3

with an adjacent core-shell nanostructure indicates that exsolution of NixCo1-xO

takes place around self-assembled Pd.

Tunable mixed-valence structure and its role in electrical transport

To understand the effect of nanostructure formation on material properties, electri-

cal conductivity measurements identified the conduction mechanism as n-type elec-

tronic transport by small polaron hopping (Figure 6B). Importantly for potential ap-

plications, electronic conductivity values are tunable via PO2
from 0.1 to 10 S/cm, and

in line with the most-conductive LaFeO3-type materials reported. Temperature-

dependent cyclic voltammetry (CV) measurements enabled the calculation of con-

ductivity activation energies (Ea) ranging from 79 to 232 meV (Figures S23 and

Figure 5. APT reconstruction of exsolution-self-assembled Pd-NixCo1-xO core-shell nanoparticles

interconnected by percolating channels

(A) Pd-NixCo1-xO core-shell nanoparticles in Fe-rich perovskite matrix. Ni- and Co-rich channels are

visible as blue-green filaments connecting the nanoparticles.

(B) Ni isosurface of Pd-NixCo1-xO core-shell nanoparticles in (A) with the matrix removed to better

reveal their 3D structure. An isolated core-shell particle with Ni (green), Co (blue), and Pd (purple)

isosurfaces is shown in the expanded view.

(C) Atomic concentrations of relevant elements along the surface normal of a Pd isosurface. The Pd

isosurface at zero distance is shown inset in (B).

(D) APT 3D reconstruction of secondary phase La2O3 showing its association with the core-shell

nanoparticle.
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S24; Tables S4 and S5; Notes S12 and S13), similar to expected values for Co- and

Ni-facilitated polaron hopping in B-site substituted LaFeO3-type materials (Fig-

ure 6C; Table S4).35–40 The importance of the mixed-valence structure of cations

(i.e., their content and distribution)41 is apparent by the fact that the conductivity

of the CCO films decreases with decreasing PO2
.

Thus, XPS was used to quantify the cation valence state in the films, which is tunable

via PO2
due to the binding of V $$

O to reduced cations in the matrix lattice and nano-

structure formation (Figures 6A and S17–S19; Table S3; Note S10). Given the exten-

sive Pd nanostructure formation, contributions of Pd2+ and Pd0 increase with

Figure 6. Tunable mixed-valence structure and its role in polaron hopping electronic transport

(A) XPS quantitative analysis of valence states of B-site cations and oxygen species in thin films deposited at different PO2
.

(B and C) Electronic conductivity as function of temperature (B) and activation energy, Ea (C), of bulk PLD precursor and thin films, with comparison to

typical LaFeO3-based perovskites in the literature (Table S3).

(D) Influence of PO2
on mixed-valence structure of thin films to modulate Ea of electronic conductivity.
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decreasing PO2
(increasing V $$

O ). Fe valence is nearly insensitive to V $$
O concentration

given its lower reducibility than Co and Ni.42 Co valence is highly sensitive to PO2
,

because Co2+ usually accompanies V $$
O formation for electroneutrality,43 with the

Co2+ concentration here increasing from 0% to 65% as PO2
decreased from 3 to

0.015 mTorr. Although it is difficult to quantify Ni valence due to peak overlap of

Ni 2p3/2 with La 3d3/244 in XPS (Note S14), qualitative XPS analysis shows mixed

Ni2+/Ni3+ in the 3 mTorr film, corresponding well with the fact that Ni is more reduc-

ible than Co42 (Figure S25).

In addition to XPS, the distribution of Co and Ni mixed valency was probed by

spatially resolved STEM EELS of a Pd nanorod and core-shell nanostructure,

revealing increased amounts of Co2+ and Ni2+ surrounding the nanostructures (Fig-

ures S20 and S22; Note S11). This indicates that self-assembled Pd triggers Co3+ and

Ni3+ reduction as part of the formation mechanism by a seed effect that is discussed

below.

DISCUSSION

As demonstrated, ESA yields tunable nanostructures spontaneously in one self-as-

sembly step, while allowing the cation exsolution sequence to be predicted by rela-

tive reducibility,17 highlighting the power of the chemical complexity of CCOs to

create diverse and unique nanocomposite materials. In this case, lowering PO2

causes strongly reducible Pd to take electrons from lattice oxygen during reduction

to Pd metal, releasing oxygen (Equation 1). Co and Ni with relatively weak reduc-

ibility may also take electrons from lattice oxygen to reach a reduced valence state,

but they form a thermodynamically stable suboxide phase instead of further reduc-

tion to metal (e.g., Equation 2).12

O3
O + Pd3

Pd /V $$
O + V 00

Pd + Pd +
1

2
O2 ðgÞ (Equation 1)

3 O3
O + 2 Co3

Co /3 V $$
O + 2 V%

Co + 2 CoO +
1

2
O2 ðgÞ (Equation 2)

Asmentioned above, Ni/Co-coated Pd nanorods are self-assembled by a variant of a

previously identified mechanism15; however, we observed an intricate core-shell

nanostructure growth mechanism that relies on sequential Pd metal phase forma-

tion, which seeds the mixed-oxide shell growth and whose constituents use perco-

lating mass transport channels. Recalling that the NixCo1-xO shell is polycrystalline

(Figures 4D, S9K–S9N, and S10) and each NixCo1-xO grain shows an epitaxial rela-

tion with its corresponding Pd core surface (Figures 4E and S10), it is hypothesized

that Ni and Co exsolution and nucleation and growth of NixCo1-xO are triggered by

Pd cores via a seed effect45 (Figure 6F; Note S6). Following Figure 4F, during PLD,

(i) exsolved Pd crystals nucleate on the surface of the film; (ii) additional Pd diffuses

to and coarsens the nuclei; (iii) Pd crystals seed the self-assembly of reduced Co and

Ni due to the Pd–matrix interfacial stress effect (see GPA; Note S5); (iv) NixCo1-xO

phase thickens around the Pd to form a shell via diffusion of Ni and Co along perco-

lating channels; and (v) Pd core growth is restricted by NixCo1-xO shell and nano-

structure growth is confined by the CCOmatrix, causing new Pd nuclei on the surface

and generating new core-shell nanoparticles via repeating steps (ii)–(v). Interest-

ingly, cavities appear at both edges and interiors of Pd metal cores (Figures 4G,

4H, S11, and S14; Note S9), supporting the hypothesis that cavities in the Pd metal

arise from the nano-Kirkendall effect46 induced by local surface oxidation of Pd by

O2 released from lattice oxygen during exsolution47 of Ni and Co (Figure 4I; Note

S9). During surface oxidation, Pd vacancies form in the metal due to their faster
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outward diffusivity compared to the inward diffusivity of O, generating Pd-depleted

cavities that merge at the surfaces and interior of Pd cores (Figure 4I(i)). This allows

self-assembling NixCo1-xO growth within cavities, again via percolating channels

(Figures 4I(ii), S15, and S16).

Lastly, interpretation of the correlation of electronic transport with nanostructure for-

mation considers their effects on the CCO perovskite matrix, whose mixed-valence

cation network needed for polaron hopping is strongly affected by ESA (Figure 6D).

LaFeO3-based perovskites facilitate small polaron hopping (Note S12), but given the

recent emergence of CCOs, HEOs, and ESOs, their electronic (and generally electri-

cal) transport mechanisms are not well understood because they depend on interre-

lated factors such as the concentration and type of elements present, amount and

type of disorder, and spin states.2 Hence, the interpretation of electronic conductiv-

ity and activation energy focuses on three aspects: cation mixed valence, cation site

occupancy/vacancy, and secondary phases. Mixed-valence cation pairs facilitate

polaron hopping, and decreasing their separation decreases the activation energy

for polaron conduction by increasing electron wavefunction and orbital overlap.48

Cation vacancies lower the concentration of hopping sites, and thus absolute con-

ductivity value, without affecting the relative amounts of mixed-valence pairs (i.e.,

without affecting the activation energy). Secondary phases, concomitant with cation

vacancies, decrease the total volume of the polaron conducting phase. As detailed

in Note S12, the low conductivity (�10mS/cm) of the ceramic PLD precursor is attrib-

uted to insulating La2O3 secondary phases, and the sparse network of B-site cation

mixed valency they induce. We believe it is feasible to mitigate the formation of

La2O3 and propose several design strategies regarding CCO targets and PLD

growth conditions (Note S17).

All thin films have higher conductivity than the precursor, although their conductiv-

ities decrease with decreasing PO2
(i.e., increasing V,,

O concentration), suggesting a

complex electronic transport mechanism that is sensitive to nanostructure formation

and cation mixed valency (Figure 6D). Ru surface accumulation is expected to pro-

duce �5% B-site vacancies (V ==
Ru) compensated by V,,

O in the matrix. The 3-mTorr

film is the only single-phase sample (Figures 1 and S1) and is the most conductive

despite also having the highest Ea of 232 meV (Figures 6B and 6C), which, given

no XPS or EELS evidence for Co2+/Co3+ mixed valency, is attributed to Ni2+/Ni3+-

facilitated polaron hopping (Figures 6A, S20, and S21; Note S11). The 0.15-mTorr

film has Pd nanorods with Ni- and Co-enriched nanorod–matrix interfaces

(Figures 2H, 2K, and S7) and lower conductivity and Ea (79 meV) than the 3-mTorr

film (Figures 6B and 6C); lower Ea is attributed to increased Co2+ concentration,

which decreases the Co, and presumably Ni, small polaron pair separation,48 and

approaches that of 50% Ni-substituted LaFeO3 (66 meV).35 The 0.015-mTorr film

contains connected Pd-NixCo1-xO core-shells and La2O3 volumes; compared to

the 0.15-mTorr film, insulating La2O3 lowers conductivity, whereas higher Ea (152

meV) is attributed to the further increased Co2+ concentration that widens Co and

Ni small polaron pair separation and thus Ea,
48 which is comparable to 30% Ni-

doped LaFeO3 (Ea = 156 meV).35 It is also hypothesized that V ,,
O causes strong elec-

tron localization at a subset of cations (e.g., Fe49), which halts charge transport near

these cation-vacancy associates.49,50 This reduces the total percolating volume for

current carriers (via other mixed-valence cations, e.g., Co and Ni), leading to a

more tortuous conduction pathway and lower conductivity.

In summary, we demonstrated tunable nanostructure growth in a CCO by a simple

method: ESA. ESA is a one-step approach to direct the evolution of nanoparticles
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and nanorods in CCO-derived composites in a perovskite LaFeO3-inspired model

CCO, and we present a case study demonstrating how to simply access different

nanostructures via the control of oxygen partial pressure. This synthetic approach

is expected to be generally applicable to various substrate materials and device

architectures as suggested through successful growth on multiple crystalline

and amorphous oxide and metal substrates here. A detailed examination of

LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-d CCO thin films with atomic-scale electron- and

atom-probe imaging and spectroscopies revealed that ESA can be directed using

Ellingham’s model of cation reducibility, and mass transport via extended defects

governs local morphology formation. Furthermore, ESA enables the tailored growth

of novel multielement nanorod and nanoparticle composite structures whose forma-

tion is correlated with the electronic conductivity of films, which exceeds 0.1 S/cm at

room temperature. Given the vast combinatorial space of CCOs, which includes

HEOs and ESOs, ESA is expected to be highly extensible via the integration of novel

compositions and crystal structures.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed

to and will be fulfilled by the lead contact, William J. Bowman (will.bowman@

uci.edu).

Materials availability

Materials generated in this study will be made available on request, but we may

require a payment and/or a completed materials transfer agreement if there is po-

tential for commercial application.

Data and code availability

The data generated and analyzed in this study are available from the corresponding

author on reasonable request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

Sample preparation

The CCO powders were prepared with a method derived from the Pechini method.

Nitrate salts of the constituent metals were mixed in stoichiometric ratios and dis-

solved in water. Citric acid (3 mol/mol perovskite) and ethylene glycol butyl ether

(1 mol/mol perovskite) were subsequently added while the solution was being

stirred and heated at 60�C. The solution was dried overnight at 110�C, which re-

sulted in xerogel formation. The xerogel was ground finely in a mortar and pestle

and then calcined in a muffle furnace at 800�C for 4 h.

The prepared CCO powders were uniaxially pressed (Strongway 20-Ton Hydraulic

Shop Press) at 100 MPa and then followed by cold-isostatic compress (EQ-CIP20-

DIE, MTI Corporation) at 200 MPa to make a PLD precursor target pellet. The pellet

was sintered at 1,200�C for 12 h in air with a ramp rate of 10�C/min in a tube furnace

(Carbolite Gero CC-T1).

Thin films were fabricated using PLD with an Nd:YAG solid laser (Continuum SL

III-10, 266-nm wavelength, 10-ns pulse duration) in a high-vacuum deposition sys-

tem (Neocera Pioneer 180 GLAD PLD System). Silicon (100) single crystal substrates

(MTI Corporation) are ultrasonically cleaned in acetone, isopropanol, and methanol
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before PLD. The cleaned substrates are fixed at the center of the substrate holder

with the substrate-target distance of 57 mm. During PLD, 30,000 laser pulses with

an energy fluence of 5.3 J/cm2 and a laser frequency of 5 Hz were applied to the

PLD target to produce a plasma plume deposited on the silicon substrate with a sur-

face temperature of 650�C. We chose this temperature based on prior work showing

high crystallinity and density.51 Mass flow of high-purity O2 (99.994%) and turbomo-

lecular pump speed were used to tune PO2
during PLD.

Characterization

The crystal structure and lattice distortion of the prepared thin films and the CCO

PLD target were examined by XRD (Rigaku SmartLab set to 40 kV and 44 mA) in a

symmetric q-2q configuration using Cu Ka1 radiation (1.54 Å wavelength). The XRD

of thin films was operated in general parallel beam/parallel slit analyzer mode with

0D detector, whereas the XRD of the target pellet was conducted in general

Bragg-Brentano mode with a 1D detector. Thin film surface morphology was

observed with SEM (TESCAN GAIA-3 XHM field-emission SEM [FESEM]) operated

at 7 kV with a work distance of 5 mm. The sample surface was sputtered with 5 nm

Ir to avoid charging (EMS 150T sputter coater).

STEM specimens were prepared by focused ion beam (FIB) operated at 30 kV for

trenching and at 15 or 3 kV for thinning (TESCAN GAIA-3 XHM FESEM). Thin films

morphology, phase identification, chemical composition, and local electronic struc-

ture were characterized by STEM EDS and EELS using JEOL Grand ARM300CF,

equipped with dual 100-mm2 silicon drift detectors and Gatan GIF Quantum K2.

Data acquisition and processing, including GPA and FFT analysis, have been con-

ducted in Gatan Microscopy Suite (GMS 3).

Cation valence states and oxygen species of the prepared thin films were derived

and analyzed by XPS carried out using a Kratos AXIS-Supra instrument with a mono-

chromatic Al Ka X-ray source. The high-resolution XPS spectra for C1s, O1s, La 3d, Fe

2p, Co 2p, Ni 2p, Pd 3d, and Ru 3d were recorded. The binding energies of all of the

spectra were calibrated by standard C1s peak at 284.8 eV for charging effect correc-

tion. Peak components of the acquired XPS spectra were analyzed quantitatively us-

ing CasaXPS software.

To prepare samples for APT analysis, portions of the TEM specimens were welded

onto Si microposts and sharpened by annular milling in an FEI Helios dual-beam

FIB microscope. APT was performed with a local-electrode atom-probe (LEAP)

5000 XS (Cameca) at a sample temperature of 30 K and a background pressure of

5 3 10�11 Torr. A 355-nm ultraviolet laser was used to evaporate the sample at a

pulse rate of 250 kHz and a pulse energy of 22 pJ. IVAS 3.8.6 was used to reconstruct

the data and provide a 3D composition profile.

Electrical transport measurements

Several 30-nm Ir contacts were deposited onto the surface of the thin films as elec-

trodes via sputtering (EMS 150T sputter coater). In-plane CV tests were carried out

using a Biologic sp-200 electrochemical workstation associated with Linkam probe

stage (HFS600E-PB4) and Linkam temperature controller (T96 System Controller)

for measuring electronic conductivity and deriving activation energy for polaron

hopping (Figure S19). Out-of-plane CV tests were conducted for measuring elec-

tronic conductivity of the PLD target in which silver ink (Fuel Cell Materials, Nexceris)

was coated on both sides as electrodes.
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Note S1: XRD comparison of crystal structure of thin films with PLD target, and lattice 

distortion of the perovskite CCO matrix tuned by oxygen partial pressure (𝑷𝑶𝟐
).  

 

X-ray diffraction (XRD) peaks of perovskite matrix shift to the left with decreasing 𝑃𝑂2
 (Fig. S1a, 

b) indicating increasing concentration of oxygen vacancies (𝑉𝑂
∙∙) facilitate lattice expansion. The 

thin films deposited at oxygen-deficient environment (𝑃𝑂2
= 0.15 mtorr and 𝑃𝑂2

= 0.015 mtorr) 

show lattice distortion. Additionally, XRD peak width of matrix is much wider in the thin film 

deposited at 𝑃𝑂2
= 0.015 mtorr than those deposited at 𝑃𝑂2

= 0.15 mtorr and 𝑃𝑂2
= 3 mtorr (Fig. S1a, 

b). The locally different non-stoichiometry of matrix, stress from secondary phases and plentiful 

crystal defects induced by low 𝑃𝑂2
 lead to nonuniform distribution of lattice constants of the 

perovskite matrix and the corresponding wide diffraction peak[S1]. The 

LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3- δ PLD target shows orthorhombic crystal structure and secondary 

phase La2O3 exist in the CCO target with mixed cubic and hexagonal structure[S2]. The thin film 

deposited at 𝑃𝑂2
 = 3 mtorr shows the almost same peak positions as the CCO target without 

secondary phase La2O3, indicating advantages of PLD in reestablishing phase purity lost during 

ceramic target fabrication.  

 

Additionally, the LaFeO3-based nanocomposite thin films grown on different substrates, e.g., 

silicon with amorphous SiO2 passivation, quartz, and sputtered iridium metal exhibit similar 

textures (Fig. S1a-c), suggesting the general applicability of the exsolution-self-assembly (ESA) 

synthesis across substrates which greatly expands applications into semiconductors and 

electrochemistry.  
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Figure S1: XRD patterns of the CCO (LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ) PLD target and thin 

films grown on different substrates. (a) XRD patterns of the CCO target and thin films deposited 

on P-doped Si (100) substrate at 3 mtorr, 0.15 mtorr and 0.015 mtorr. Diffraction peaks from the 

silicon substrate appear in all three patterns . (b) XRD patterns of thin films deposited on quartz 

substrate at 3 mtorr, 0.11 mtorr and 0.015 mtorr. (c) XRD patterns of a thin film grown on a 20-

nm Ir layer at 0.11 mtorr. 
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Note S2: Oxygen vacancy (𝑽𝑶
∙∙ ) concentration tuned by 𝑷𝑶𝟐

 observed by change of oxygen 

species in XPS. 

 

X-ray photoelectron spectroscopy (XPS) was performed on the thin films deposited at different 

𝑃𝑂2
 (3 mtorr, 0.15 mtorr and 0.015 mtorr) to investigate change of oxygen species (Fig. S2). XPS 

characterizes electronic structure on surface with thickness of at most 10 nm[S3,4]. The peak 

positions and quantitative XPS analysis of different oxygen species are summarized in Fig. S2, 

Table S1, and Fig. 6A. Binding energy peaks deconvoluted at 528.8 eV and 531.3 eV in O 1s XPS 

spectra are related to near-surface lattice oxygen and chemisorbed surface oxygen, 

respectively[S5,6]. Lattice oxygen are oxygen ions (O2-) stoichiometrically bonded with metal 

cations in metal oxide, while chemisorbed oxygen refers to more loosely bonded oxygen at the 

termination layer of metal oxide which is correlated to concentration of 𝑉𝑂
∙∙ [S7-10]. Specifically, 

when comparing samples fabricated under oxygen-rich and oxygen-deficient environments (i.e.,  

𝑃𝑂2
 = 3 mtorr and 0.15 mtorr/0.015 mtorr films in this work), lower chemisorbed O XPS signal 

has been correlated with increased 𝑉𝑂
∙∙  concentration, indicating oxygen loss in oxygen-deficient 

environments.  

 

With decreasing 𝑃𝑂2
 from 3 mtorr to 0.15 mtorr, percentage of chemisorbed oxygen drops from 

53.5% to 29.5% and the ratio of chemisorbed oxygen to lattice oxygen declines from 1.15 to 0.42 

by more than 50%, which indicates that there is oxygen deficiency on surface with decreasing 

𝑃𝑂2
[S8,9,11]. The loss of oxygen leads to an increase of 𝑉𝑂

∙∙ concentration via reducing 𝑉𝑂
∙∙ formation 

energy[S11-14]. Further decreasing 𝑃𝑂2
 by 10 times to 0.015 mtorr, the percentage of chemisorbed 

oxygen increases from 29.5% to 35.7% and the ratio of chemisorbed oxygen to lattice oxygen 

increases from 0.42 to 0.56. At such oxygen-deficient environment, further decreasing 𝑃𝑂2
 

increases concentration of chemisorbed oxygen, indicating higher concentration of 𝑉𝑂
∙∙ on surface 

of the thin film deposited at 𝑃𝑂2
=0.015 mtorr[S9,15].  
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Figure S2: High-resolution XPS spectra of O 1s in the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin films 

deposited at 𝑃𝑂2
 = 3 mtorr, 0.15 mtorr and 0.015 mtorr. 

 

Table S1: Peak positions and quantitative XPS analysis of different oxygen species. BE = 

binding energy. 

 

𝑷𝑶𝟐 (mtorr) lattice O chemisorbed O 

3 

BE (eV) 528.9 531.4 

Area Ratio 46.5% 53.5% 

0.15 

BE (eV) 528.7 531.2 

Area Ratio 70.5% 29.5% 

0.015 

BE (eV) 528.9 531.3 

Area Ratio 64.3% 35.7% 
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Note S3: Oxygen STEM EDS mapping in thin films. 

 

STEM EDS and STEM EELS mapping of O (Fig. S3) are from the same data set as cation mapping 

shown in Fig. 2. When 𝑃𝑂2
= 3 mtorr, O2- are uniformly distributed with cations in the CCO thin 

film (except Ru). When 𝑃𝑂2
= 0.15 mtorr, exsolved nanorods show poor oxygen signal, indicating 

the exsolved nanorods should be metal phase (confirmed in Fig. 3). When 𝑃𝑂2
= 0.015 mtorr, only 

the core in exsolved core-shell nanoparticles show deficient O, illustrating metal-oxide core-shell 

nanostructure. 

 

 
Figure S3: Oxygen distribution in the thin films deposited at different 𝑷𝑶𝟐

. A, b, STEM 

HAADF image (a) and corresponding STEM EDS mapping of O (b) in the 

LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin film deposited at 𝑃𝑂2
= 3 mtorr. C-f, STEM HAADF image 

(c), corresponding STEM EDS mapping of O (d), and corresponding STEM EELS mapping of O 

(e) and Co (f) in the thin film deposited at 𝑃𝑂2
= 0.15 mtorr. G, h, STEM HAADF image (g) and 

corresponding STEM EDS mapping of O (h) in the film deposited at 𝑃𝑂2
= 0.015 mtorr. All oxygen 

maps are from the same data set as the cation mapping shown in Fig. 2.  
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Note S4: Ru mapping by APT shows surface segregation. 

 

The three thin films show surface enrichment of Ru from STEM EDS and EELS (Fig. 2P-R) and 

APT (Fig. S4). While both Ru and Pd are readily reducible in principle, Ru shows weaker metal-

support interaction[S16-18]. Therefore, Ru exsolves at relatively high 𝑃𝑂2
 (3 mtorr) and disperses 

over surface as clusters and islands[S18]. This weak interaction of Ru with the matrix also causes 

Ru to leach from surface[S19] and show lower concentration than Pd in the thin films. The limited 

solubility of Ru in Pd hamper alloying of Ru with exsolved Pd in matrix[S20,21]. 

 

 

 
 

Figure S4: APT reconstruction of Ru distribution in the thin film deposited at 𝑷𝑶𝟐
= 0.015 

mtorr. Ru aggregates on surface, consistent with STEM EDS and EELS analysis.  
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Note S5: Additional STEM characterization of exsolved Pd nanorods. 

 

 
Figure S5: Cross-sectional characterization of exsolved Pd nanorods. a-c, STEM BF image 

(a), and STEM HAADF images (b-c), showing Pd nanorods growing from bottom of the 

perovskite thin film to the top surface. d-e, STEM HAADF survey image (d) of Pd nanorods 

embedded in the film, and corresponding STEM EELS mapping of Pd (e), O (f), Co (h), and Ru 

(i). The STEM EELS mapping shows the self-assembled nanorod is made up of Pd. j-k, high-

resolution STEM HAADF image of a Pd nanorod (j), and corresponding magnified image (k) in 

the area marked in (k). The nanorod shows lattice distance of 0.217 nm, corresponding to Pd (111) 

crystal plane. 
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Figure S6: Phase identification of four Pd nanorods from in-plane observation. a-c, STEM 

HAADF image of Pd nanorod 1 (a), magnified image of the marked area in (a) showing Pd (111) 

and (002) planes (b), and corresponding FFT showing the Pd nanorod 1 is at FCC [110] zone axis 

(c). d-f, STEM HAADF image of Pd nanorod 2 (d), magnified image of the marked area in (d) 

showing Pd (111) and (002) planes (e), and corresponding FFT showing the Pd nanorod 2 is at 

FCC [110] zone axis (f). g-e, STEM HAADF image of Pd nanorod 3 (g), magnified image of the 

marked area in (g) showing Pd (111) and (002) planes (h), and corresponding FFT showing the 

Pd nanorod 3 is at FCC [110] zone axis (i). j-l, STEM HAADF image of Pd nanorod 4 (j), 

magnified image of marked area in (j), showing Pd (111) planes (k), and corresponding FFT (l).   

 

Table S2: Average lattice parameter of the Pd nanorods surveyed in Fig. S6 and lattice strain 

compared with standard Pd lattice with lattice parameter of 0.392 nm. 

Sample index Average lattice parameter (nm) Compressive strain (vs. standard Pd) 

1 0.3818 2.60% 

2 0.3792 3.25% 

3 0.3806 2.90% 

4 0.3723 5.02% 
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Figure S7: Ni and Co segregation at Pd-matrix interface. a-e, STEM HAADF survey image of 

Pd nanorods embedded in the perovskite matrix from in-plane observation (a), and corresponding 

EDS mapping of Pd (b), Ni (c), O (d), and Co (e). f, Composite of EDS mapping of Pd, Ni and O, 

showing Ni segregation at Pd-matrix interface.  
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Note S6: Additional characterization of exsolved Pd-NixCo1-xO core-shell nanoparticles and 

exsolution of Ni and Co by seed effect. 

 

APT reconstruction shows that Pd-NixCo1-xO core-shell nanoparticles are embedded in the matrix 

and interconnected by percolating channels (Fig. S8). Due to variations in evaporation conditions 

while optimizing experimental parameters, the core-shell particles in tips 1 and 2 show distortions 

due to preferential evaporation of atomic species. Optimized conditions were used for tip 3. The 

rotation of APT data is presented in Movies S1-S7. 

 
Figure S8: APT 3D reconstruction of Pd-NixCo1-xO core-shell nanoparticles embedded in 

LaFeO3-based matrix. a-d, APT reconstructions of tip 1 (a), tip 2 (b), tip 3 (c), and tip 4 (d).  

Black arrows indicate examples of NixCo1-xO percolating channels observed in the STEM HAADF 

and STEM EDS. e, APT reconstructions of tip 3 with Ni and Co combined isosurface in the 

expanded view, showing percolating channels connecting the NixCo1-xO shell.  
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Characterization of core-shell nanoparticles proves that the exsolution, nucleation and growth of 

NixCo1-xO highly relies on Pd core (Fig. S9-10). Based on our observation, only Pd get exsolved 

from matrix at 𝑃𝑂2
 = 0.15 mtorr, while Ni and Co get exsolved with Pd at 10 times lower 𝑃𝑂2

 

(0.015 mtorr). Buharon et al found that only Pd get exsolved from LaFe0.6Ni0.3Pd0.1O3-δ when 

heating to 250 °C in 5% H2/N2, whereas Ni get exsolved with Pd when heating up above 350 °C[S22]. 

Both findings illustrate that Pd prefers to get exsolved first due to its strong reducibility and Ni get 

exsolved around the exsolved Pd as suboxide NiO to form a metal-oxide core-shell nanostructure. 

In this work, we demonstrate Co shows similar exsolution performance with Ni and further prove 

the seed effect mechanism.  

 

 
Figure S9: Phase identification of the core-shell Pd-NixCo1-xO nanoparticle (shown in Fig. 

4A). a) STEM HAADF image of a Pd-NixCo1-xO core-shell nanoparticle embedded in a grain 

boundary of the perovskite matrix. b-e, corresponding STEM EDS mapping of La and Fe 

composite (b), Pd (c), Ni (d), and Co (e). f, Inverse fast Fourier transform (FFT) composite of Pd 

core (pink), rocksalt NixCo1-xO shell (blue), secondary phase La2O3 (red), and perovskite matrix 

(green) in (a); ZA: zone axis. g-j, FFT patterns of NixCo1-xO shell (g), perovskite matrix (h), Pd 
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core (i) and La2O3 (j) in (a) used for generating (f). k, IFFT composite of NixCo1-xO grain 1 (red), 

grain 2 (green), grain 3 (blue) comprising the shell in (f). l-n, FFT patterns of NixCo1-xO grain 1 

(l), grain 2 (m), and grain 3 (n) used for generating (k). The shell grains nucleate and grow along 

different planes of Pd core. O, composite FFT patterns of NixCo1-xO grain 1 (red) and Pd core 

(pink).  

 

NixCo1-xO shells show highly epitaxial relation with Pd core. Orientation of NixCo1-xO grains 

highly relies on orientation of corresponding Pd facets (Fig. S9-S10). The FFT analyses illustrate 

coherent orientation relation between Pd core and NixCo1-xO shell and highly epitaxial interface 

between them, which proves that orientation of NixCo1-xO grain relies on the Pd facet (Fig. S11).  

 
Figure S10: Phase identification of an exsolved core-shell nanoparticle and coherent 

orientation relation between Pd core and NixCo1-xO shell. a-e) STEM HAADF image (a) of an 

exsolved core-shell nanoparticle in the thin film deposited at 𝑃𝑂2
= 0.015 mtorr, and corresponding 

STEM EDS mapping of Pd (b), O (c), Ni (d) and Co (e). f-e, inverse FFT (f) of Pd core (green) 
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(g), NixCo1-xO shell (blue) (h), and La2O3 (red) (i), generated via analyzing FFT patterns of (a). 

Each phase in (f) matches well with corresponding parts in the raw image, indicating that the 

selected FFT patterns (g-i) are representative. j-n, inverse FFT (j) of grain 1 (yellow) (l), grain 2 

(red) (n), grain 3 (blue) (k), and grain 4 (green) (n) of the NixCo1-xO shell in (a). Each NixCo1-xO 

grain in the shell grows along a facet of Pd core. o-r, comparison of FFT patterns of grain 1 (p), 

grain 2 (e), grain 3 (o) and grain 4 (q) of the NixCo1-xO shell in (a) with FFT patterns of Pd core 

(white). s-t, Signal profile of Ni EDS signal across grain boundary 1 (GB 1) (s) and GB 2 of NixCo1-

xO shell along the path marked in (a). It is found that Ni depletes at grain boundaries of NixCo1-xO 

shell. 

 

 
Figure S11: Coherent orientation between NixCo1-xO shell and Pd core. a-c) STEM HAADF 

image of an exsolved core-shell nanoparticle (a), corresponding FFT patterns (b), and inverse FFT 

of NixCo1-xO shell (blue), Pd core (red) and perovskite matrix (green) (c); ZA: zone axis. FFT 

patterns of each phase are labeled in (b) with the same color in (c). d-f, STEM HAADF image of 

an exsolved core-shell nanoparticle (d), corresponding FFT patterns (e), and inverse FFT of 

NixCo1-xO shell (blue) and Pd core (red) (f). FFT patterns of each phase are labeled in (e) with the 

same color in (f). g-e, STEM HAADF image of an exsolved core-shell nanoparticle (g), 

corresponding FFT patterns (h), and inverse FFT of NixCo1-xO shell (blue), Pd grain 1 (red) and 

Pd grain 2 (green) (c). FFT patterns of each phase are labeled in (h) with the same color in (i).  
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Note S7: Additional STEM characterization of secondary phase La2O3. 
 

FFT analysis and STEM EDS mapping prove La2O3 appear associated with exsolved Pd-NixCo1-

xO core-shell nanoparticles in the thin film deposited at 𝑃𝑂2
= 0.015 mtorr (Fig. S12). Orientations 

of La2O3 are highly coherent with matrix and exsolved phase. It is indicated that exsolution results 

in local decomposition of perovskite accompanied with A-site separation.  
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Figure S12: La2O3 neighbor to exsolved core-shell nanoparticles in the film deposited at 𝑷𝑶𝟐

= 

0.015 mtorr. a-c) STEM HAADF image of an exsolved core-shell nanoparticle associated with 

La2O3 (a), corresponding FFT patterns of La2O3 (red), Pd (green) and matrix (blue) (b), and inverse 

FFT of La2O3 (red), Pd (green) and matrix (blue) (c). d-f, STEM HAADF image of an exsolved 

core-shell nanoparticle associated with La2O3 (d), corresponding FFT patterns of La2O3 (red) and 

matrix (green) (e), and inverse FFT of La2O3 (red) and matrix (green) (f). g-k, STEM HAADF 

image of an exsolved core-shell nanoparticle associated with La2O3 (g), corresponding FFT 
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patterns of La2O3 (red), Pd core (green) and NixCo1-xO shell (blue) (h), inverse FFT of La2O3 (red), 

Pd core (green) and NixCo1-xO shell (blue) (i), corresponding STEM EDS mapping of La and Fe 

(j) and integrated EDS intensity profile (k) of the La-rich area along the path marked in (j). ZA: 

zone axis.   
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Note S8: Additional STEM characterization of percolating channels. 

 

Although the percolating channels have similar chemical composition with NixCo1-xO shell, these 

channels do not show the rock-salt structure (Fig. S13). Li et al also observed river-like stripes 

connecting matrix to Co rich cluster during reducing La0.7Sr0.3CoO3 at high vacuum and conclude 

that these “nanostripes” are migration channel of Co ions[S23]. Wang et al and Syed et al found Fe 

deficient percolating channels connecting exsolved Fe nanoparticles in La0.6Sr0.4FeO3 thin films 

and state that these nanochannels are diffusion pathways of Fe[S24,25]. Hence, it is inferred that these 

percolating channels are transition sublattice layers with rich Ni and Co cations in the perovskite 

to diffuse Ni and Co driven by concentration gradient caused by stimulated exsolution of Co and 

Ni at Pd core. 

 
Figure S13: Chemical mapping of percolating channels. a-c) STEM HAADF survey image of 

a percolating channel connecting two self-assembled core-shell nanoparticles (a), and 

corresponding STEM EDS mapping of Ni (b) and Co (c). The percolating channel is made up of 

Co and Ni cations, like the NixCo1-xO shell. 
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Note S9: Characterization and formation mechanism of inverse-core shell structure. 

 

Local dark contrast was observed in most of Pd metal cores in STEM HAADF images (Fig. 4G-

H, S11, and S15a). Inverse FFT of Pd (Fig. S11) show that these dark patterns are depleted with 

Pd, so they should be Pd cavities which are distributed at both edge and interior of Pd cores. 

Additionally, it is observed that lattice orientation of exsolved Pd is not affected by these cavities 

and grain boundaries in polycrystalline Pd core do not appear in immediate proximity of cavities 

(Fig. S14), so it is highly possible that these Pd cavities are generated after exsolved Pd growth. 

Considering Ni and Co get exsolved at surface of exsolved Pd, it is inferred that these Pd cavities 

arise from nano Kirkendall effect induced by oxidation of Pd surface (Fig. 4I).  

 

 
Figure S14: Polycrystalline Pd core. a-c) STEM HADDF image of polycrystalline Pd core where 

grain boundaries (GB) are marked by arrow (a), corresponding FFT patterns where FFT patterns 

of two Pd grain marked as red and green (b), and inverse FFT of the two Pd grains of Pd core (c).  

d-f, STEM HADDF image of polycrystalline Pd core (d), corresponding FFT patterns where FFT 

patterns of two Pd grain marked as red and green (e), and inverse FFT of Pd core (f).   

 

Under deposition temperature of 650 °C, Pd surface expose to O2 released during reduction of Ni3+ 

and Co3+ and get oxidized to PdO, proved by increased concentration of Pd2+ obtained in XPS 

analysis (Fig. 6A, and S17), and discrete bright contrast in the shell part of nanoparticles marked 

in the HAADF images (Fig. 4G-H and S15a). The local surface oxidation of exsolved metal during 

exsolution was reported before in LaNiO3 system[S26]. Pd cations diffuse outward much faster than 

O2- diffuse inward, so Pd vacancies will form in the Pd core to balance the diffusivity difference[S27-

29]. These Pd vacancies get saturated to generate cavities and further merge to larger ones[S30,31] at 
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surface and interior of the Pd core (Fig. 4I-i). Railsback, et al and Han, et al observed oxidation of 

Ni and NiCo alloy nanoparticles, respectively, via in-situ STEM and they both prove nano 

Kikendall effect causes cavities generate in the metal nanoparticles and the formed cavities can be 

distributed at surface and interior of metal nanoparticles, corresponding well with our 

observation[S31,32].  

 

In addition, it is found that percolating channels extend to these Pd cavities (Fig. 4G-H and S11) 

and Pd cavities show strong Ni, Co, and O EDS signal (Fig. S15), indicating that NixCo1-xO get 

exsolved and grow inside these Pd cavities via mass transport of percolating channels (Fig. 4I-ii). 

APT also proves rich Ni and Co within the Pd core, corresponding to the inverse core-shell 

structure where NixCo1-xO fill in the Pd cavities inside Pd core (Fig. S16). 

 
Figure S15: Characterization of inverse core-shell structure inside Pd core of self-assembled 

nanoparticles. a-e) STEM HAADF image (a) of an exsolved nanoparticle with inverse core-shell 

structure, and corresponding STEM EDS mapping of O (b), Pd (c), Co (d), and Ni (c). There is a 

Pd cavity in the interior of Pd core with depleted Pd EDS signal. (c). f, profile of O EDS signal 

across the exsolved nanoparticle along the path marked in (b). The Pd cavities show strong Ni, Co, 

and O signal, indicating that Ni and Co get exsolved to NixCo1-xO and fill the Pd cavity.  
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Figure S16: Characterization of inverse core-shell structure with APT. a, APT reconstruction 

of Ni and Co isosurfaces inside a Pd-NixCo1-xO core-shell nanoparticle. b, Atomic concentration 

profile of Ni, Co and Pd along the normal of the Pd core surface. The highlighted area shows rich 

Ni and Co within the Pd core, corresponding to the inverse core-shell structure where NixCo1-xO 

fill in the Pd cavities inside Pd core.  
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Note S10: XPS of cations’ valence state tuned by 𝑷𝑶𝟐
. 

 

In Pd 3d XPS spectra (Fig. S17) and quantified analysis (Fig. 6A and Table S3), Pd 3d5/2 binding 

energy peaks centered at 335.2 eV, 337.4 eV and 338.7 eV are ascribable to Pd metal, Pd2+ and 

Pd4+, respectively[S7,33,34]. At 𝑃𝑂2
= 3 mtorr, Pd4+ and Pd2+ coexist, which is a typical electronic 

structure of Pd in Pd-doped LaFeO3-based perovskite solution[S7,35-37]. Pd4+ is expected in the 

matrix considering interatomic distance between Pd (Pd2+ radius = 0.86 Å, Pd4+ radius = 0.62 Å) 

and O (O2- radius = 1.40 Å) should be close to half lattice constant of pseudocubic cell (1.95 Å in 

film deposited at 𝑃𝑂2
= 3 mtorr) [S37,38]. 49.8% of Pd2+ and 50.2% of Pd4+ indicates that the average 

valence state of Pd in matrix is close to 3, consistent with B-site of trivalent states in LaFeO3 

perovskite system. With declining 𝑃𝑂2
 by 20 times to 0.15 mtorr, Pd metal peak is revealed, 

indicating that Pd metal get exsolved from matrix, consistent with the observed Pd nanorods. 

Interestingly, Pd2+ drops from 49.8% to 32.0%, while concentration of Pd4+ changes subtly. The 

decrease of Pd2+ and appearance of Pd metal indicates that exsolved Pd nanorods is from Pd2+ in 

matrix which are relatively unstable in the matrix and require less electrons to reduce.  

 

 

 
Figure S17: High-resolution XPS spectra of Pd 3d in the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin 

films. 
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As 𝑃𝑂2
 further declines by 10 times to 0.015 mtorr, the concentration percentage of Pd metal 

increases from 9.2% up to 33.6%, illustrating that more amount of Pd get exsolved from matrix 

with decreasing 𝑃𝑂2
. Pd4+, however, disappears, indicating that Pd is not able to remain stable in 

the matrix. As it is highly unlikely that Pd stays in the LaFeO3-based solid solution as only Pd2+, 

all Pd should get exsolved from perovskite matrix. So, the Pd2+ in the spectra rises from PdO 

formed from local surface oxidization of exsolved Pd metal during nucleation and growth of 

NixCo1-xO where stimulated exsolution of Ni and Co releases oxygen. As XPS characterizes 

electronic structure on surface with thickness of at most 10 nm[S3,4] and the average shell thickness 

is 8 nm, PdO formed at core-shell interface are more readily to be detected than Pd metal inside 

the core, contributing to higher Pd2+ concentration percentage in the XPS spectra. The appearance 

of Pd2+ proves the observed inverse core-shell structure arises from nano Kirkendall effect during 

surface Pd oxidation. 

 

Table S3: Peak positions and quantitative XPS analysis of B-site cations. BE = binding energy. 

 

𝑷𝑶𝟐 (mtorr) 
Pd4+ 

(3d 5/2) 

Pd2+ 

(3d 5/2) 

Pd0 

(3d 5/2) 

Fe3+ 

(2p 3/2) 

Fe2+ 

(2p 3/2) 

Co3+ 

(2p 3/2) 

Co2+ 

(2p 3/2) 

3 

BE 

(eV) 
338.8 337.4 - 710.8 709.9 779.9 - 

Area 

Ratio 
50.2% 49.8% 0 59.8% 40.2% 100% 0 

0.15 

BE 

(eV) 
338.6 337.2 335.2 711.3 709.7 779.6 781.5 

Area 

Ratio 
58.8% 32.0% 9.2% 57.7% 42.3% 48.6% 51.4% 

0.015 

BE 

(eV) 
- 337.5 335.1 711.7 709.9 779.7 781.3 

Area 

Ratio 
0 66.4% 33.6% 57.0% 43.0% 35.0% 65.0% 
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Valence state of Co 

 

In Co 2p XPS spectra (Fig. S18) and quantified analysis (Fig. 6A and Table S3), Co 2p3/2 binding 

energy peaks at 779.7 eV and 781.4 eV are fitted to Co3+ and Co2+, respectively[S39-42]. At 𝑃𝑂2
= 3 

mtorr, only Co3+ exist on the surface of the matrix, which is the typical valence state of Co in 

oxygen stoichiometric LaFe1-xCoxO3 perovskite system since Co3+ have similar radii (61.0 Å) with 

Fe3+ (64.5 Å) compared with Co2+ (74.5 Å) as well as Co3+ are more stable to octahedrally 

coordinate with O2- and keep electroneutrality of matrix[S43-45]. When 𝑃𝑂2
drops to 0.15 mtorr, Co2+ 

and Co3+ coexist with concentration percentage ratio of 51.4:48.6. Since there is no observed 

secondary phase of Co, Co2+ stays in matrix with Co3+. Appearance of Co2+ inside Co-doped 

LaFeO3 is usually accompanied with formation of 𝑉𝑂
∙∙ for matrix electroneutrality[S44,46], which, in 

this work, arise from heavy oxygen deficiency at such low 𝑃𝑂2
 as discussed above. With further 

declining 𝑃𝑂2
 by 10 times to 0.015 mtorr, Co2+ increases from 51.4% to 65%, while Co3+ drops 

from 48.6% to 35%. The increase of Co2+ is consistent with the rise of chemisorbed oxygen 

observed in O 1s XPS, indicating that concentration of  𝑉𝑂
∙∙  increases with dropping 𝑃𝑂2

.  

 

 
Figure S18: High-resolution XPS spectra of Co 2p in the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin 

films. 
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Valence state of Fe  

 

In Fe 2p XPS spectra (Fig. S19) and quantified analysis (Fig. 6A and Table S3), Fe 2p3/2 binding 

energy peaks lied at 709.8 eV and 711.3 eV are assigned to Fe2+ and Fe3+, respectively[S47-51]. At 

𝑃𝑂2
= 3 mtorr, Fe2+ coexist with Fe3+ in the matrix, which readily exist in LaFeO3-based perovskite 

doped with various valence cations for charge compensation[S52-58]. When 𝑃𝑂2
 drops to 0.15 mtorr, 

the ratio of Fe3+ to Fe2+ decreases, indicating Fe3+ get reduced to Fe2+ with decreasing 𝑃𝑂2
. 

However, with decreasing 𝑃𝑂2
, the concentration percentage of Fe2+ exhibits subtle change in 

comparison to increase of concentration of Pd metal and Co2+. Therefore, it is found that Fe is 

relatively insensitive to increasing concentration of 𝑉𝑂
∙∙ caused by decreasing 𝑃𝑂2

.  

          

 

 
Figure S19: High-resolution XPS spectra of Fe 2p in the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin 

films. 
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Note S11: STEM EELS characterization of Ni, Co, and Fe valence states. 

 

Spatially resolved EELS across a Pd nanorod (Fig. S20d-f) shows a mixed Co and Ni L-edge signal, 

proving Co2+/Ni2+ and Co3+/Ni3+ coexist inside the matrix. Co2+/Ni2+ shows higher concentration 

surrounding the Pd nanorod, EELS from the matrix to a self-assembled nanoparticle (Fig. S20g-i) 

shows that Co3+/Ni3+ dominates in perovskite matrix and Co2+/Ni2+ are dominant in rock-salt 

NixCo1-xO shell. More EELS characterization shows Co2+ shows higher concentration when 

approaching the Pd nanorods or Pd core (Fig. S22), further proving Pd trigger exsolution of Co. 

 

 
Figure S20: Mixed-valence structure of Ni and Co are tuned by the self-assembled 

nanostructure. a-c, STEM HAADF image of matrix in the thin film deposited at 3 mtorr (a) and 

corresponding Spatially resolved EELS of Ni L-edges (b) and Co L-edges (c) in regions of interest 

(ROI) dash outlined in (a). d-f, STEM HAADF image of a Pd nanorod embedded in matrix in the 

film deposited at 0.15 mtorr (d) and corresponding Spatially resolved EELS of Ni L-edges (e) and 

Co L-edges (f) in ROIs marked in (d). g-e, STEM HAADF image of self-assembled Pd-NixCo1-xO 

core-shell nanoparticle embedded in matrix (g) and corresponding Spatially resolved EELS of Ni 

L-edges (h) and Co L-edges (i) in ROI marked in (g). 
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Mixed valence states of Fe with 𝑃𝑂2
 were also observed via spatially resolved EELS (Fig. S21, 

with the same mapping dataset as Fig. S20). At 𝑃𝑂2
= 3 mtorr, Fe L3-edge show distinctive Fe2+ 

and Fe3+ where Fe3+ show higher concentration than Fe2+. With decreasing 𝑃𝑂2
 from 3 mtorr to 

0.15 mtorr and 0.015 mtorr, Fe2+ and Fe3+ become less distinctive and the mixed peak locates 

between Fe2+ and Fe3+, indicating that concentration ratio of Fe3+ to Fe2+ declines with decreasing 

𝑃𝑂2
, corresponding well with XPS quantification result (Fig. 6A, S19 and Table S3). 

 
Figure S21: Subtle Fe valence-structure changes with the self-assembled nanostructure. The 

ROI for STEM EELS analysis of Fe is the same as the ROI for Ni and Co shown in Fig. S19. a-c, 

STEM HAADF survey image of the thin film deposited at 3 mtorr (a), corresponding EELS of Fe 

L-edges (b) and full spectrum range (c) of ROI dash outlined in (a). d-f, STEM HAADF survey 

image of a Pd nanorod embedded in the thin film deposited at 0.15 mtorr (d), corresponding EELS 

of Fe L-edges (e) and full spectrum range (f) of ROI marked in (d).  g-e, STEM HAADF survey 

image of core-shell nanoparticles embedded in the thin film deposited at 0.015 mtorr (g), 

corresponding EELS of Fe L-edges (h) and full spectrum range (i) of ROI marked in (g).   
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Figure S22: STEM EELS characterization of Co valence states. a-b, STEM HAADF image of 

a self-assembled Pd nanorod embedded in matrix (a) and corresponding STEM EELS mapping of 

Co L-edge (b) in regions of interest (ROI) marked in (a). c, d, STEM HAADF image of a self-

assembled Pd-NixCo1-xO core-shell nanoparticle embedded in matrix (c) and corresponding STEM 

EELS of Co L-edge (d) from the nanoparticle to matrix along a percolating channel marked in (c). 
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Note S12: Electronic conduction mechanism of LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ ceramic 

and thin films. 

 

It is well reported that the electronic conduction of LaFeO3-based perovskite follows small polaron 

hopping, defined as activated motion of localized charge carriers (electrons or holes) in ions with 

mixed valent states[S59-62]. The multiferroic nature of LaFeO3, adjustable Fe valence state via 

doping/alloying, and tunable mixed-valence structure via transition metal cation introduction, 

provides cations with mixed-valence states for polaron hopping[S63-65]. In this work, we substituted 

20% transition metal (Ni, Co) and 10% noble metal (Ru, Pd) into the B-site of LaFeO3 and found 

polyvalence of B-site cations by XPS and STEM EELS. By comparing conductivity at variable 

temperature and conductivity activation energy of our samples with other LaFeO3-based 

perovskites’ in literature (Fig. 6B-C and Table S4), we find that the conductivity and activation 

energy of our samples are well in the range of those reported and comparable with Ni-substituted 

LaFeO3 reported by Kharton, et al[S66]. The charge carrier type can be identified via activation 

energy (Ea), which for n-type electron hopping is less than that for p-type hole hopping[S67,68]. The 

films here show higher electronic conductivity and lower Ea than pure LaFeO3 (Ea = 640 meV)[S69], 

Fig. 6. As observed throughout the literature on the transport mechanism in LaFeO3-based oxides, 

our interpretation is complicated by mixed-valency of transition metal solutes in 

LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3- δ. However, authors typically claim that improved electronic 

conductivity with trivalent transition metal cation doping mainly arises from delocalization of 

electrons (i.e., n-type) at Fe eg orbitals via distorting bond angle and bond length of Fe-O-Fe and 

Fe-O-M (M=dopants) and decreasing electron-phonon coupling[S70]. Therefore, it is inferred that 

this CCO LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3- δ follows n-type polaronic conduction.  

 

The bulk pellet PLD target is primarily perovskite with 4.9 % La2O3 secondary phases according 

to XRD (Fig. S1) and has the lowest conductivity (< 10 mS/cm) of all samples despite Ea of just 

104 meV. The presence of insulating La2O3 phases and residual porosity from sintering will lower 

the effective conductivity, though not by more than 20-50 %. La2O3 formation is assumed to create 

La vacancies (𝑉𝐿𝑎
///

) in the perovskite, which, because the bulk pellet was sintered air (i.e., under 

oxidizing conditions), are charge compensated by oxidized B-site cations (𝐵𝐵
• ) rather than oxygen 

vacancies (𝑉𝑂
••). 𝑉𝐿𝑎

///
− 3𝐵𝐵

•  clusters create local zones of enriched mixed valency that facilitate 

polaron hopping with low Ea, but because the zones are only located at La vacancies the sparse 

percolating network yields relatively low conductivity.  

 

All thin film samples have higher conductivity than the bulk pellet following exposure to lower 

𝑃𝑂2
 during PLD. Unlike the A-site deficient bulk pellet, all films show Ru accumulation on the 

surface, corresponding to ~ 5 % B-site vacancies (𝑉𝑅𝑢
//

) which, given the low PLD 𝑃𝑂2
 are likely 

compensated by 𝑉𝑂
••. Fe-facilitated polaron hopping is not considered given that this mechanism 

has Ea > 500 meV in comparable materials (Fig. 6C). The film grown at 𝑃𝑂2
= 3 mtorr is the only 

single-phase sample (Fig. 1, S1) and has the highest conductivity of all samples despite also having 

the highest Ea of 232 meV (Fig. 6B, C). This Ea value compares well with values for Co- and Ni-

based small polaron hopping in LaFeO3 of < 276 meV (Fig. 6C); however, there is no XPS and 

EELS evidence for Co2+/Co3+ mixed valency (Fig. 6A, S20, Table S3). 𝑉𝑂
•• compensated by 𝑁𝑖𝑁𝑖

/
 

may result in a low concentration of Ni2+/Ni3+ pairs that facilitate to polaron hopping. 
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The film grown at 𝑃𝑂2
= 0.15 mtorr contains Pd nanorods with subtle Ni and Co enrichment at 

nanorod-matrix interfaces (Fig. 2H, K), with lower conductivity and Ea (79 meV) than the 3 mtorr 

film (Fig. 6B, C). Along with 𝑉𝑅𝑢
//

, nanorod formation creates ~ 5 % 𝑉𝑂
••-compensated Pd vacancies 

(𝑉𝑃𝑑
//

) in the perovskite. Lower Ea of 79 meV is attributed to Co2+ concentration elevated to near 

50 % (Co3+/Co2+= 1.15; Fig. 6A), which optimally decreases the Co, and presumably Ni, small 

polaron pair separation[S71]. Pd nanorod-perovskite interfaces are enriched with Co2+ (Fig. S20, 

S22), which is also expected to contribute additional local hopping sites to the Co3+-Co2+ network. 

When comparing to the literature, Ea in this film even approaches 50 % Ni-doped LaFeO3 (66 

meV)[S66], illustrating the advantage of increasing mixed-valence structure to lower polaron 

hopping Ea.  

 
The film grown at 𝑃𝑂2

 = 0.015 mtorr contains Pd-NixCo1-xO core-shell nanoparticles connected by 

percolating channels and La2O3
 volumes, with lower conductivity values and higher Ea (152 meV) 

than the 0.15 mtorr film (Fig. 6B, C). Along with 𝑉𝑅𝑢
//

, core-shell formation creates 𝑉𝑂
•• -

compensated Pd, Ni, and Co vacancies (𝑉𝑃𝑑
//

, 𝑉𝑁𝑖
//

, and 𝑉𝐶𝑜
//

) in the perovskite, as well as La2O3—

indicating partial phase decomposition at this low 𝑃𝑂2
. The Co2+ concentration exceeds 60 % 

(Co3+/Co2+= 0.63, Fig. 6A), increasing the Co, and presumably Ni, small polaron pair separation 

and thus Ea
[S71], which is comparable to 30 % Ni-doped LaFeO3 (Ea = 156 meV)[S66]. While the 

film’s lower conductivity is attributed to insulating La2O3
 volumes, the network of Ni- and Co2+-

rich (Fig. S20, S22) perovskite percolating nanochannels should contribute polaron-hopping 

pathways through the film.  
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Table S4: Literature on electrical transport in pure and doped LaFeO3. 

Literature 
LaFeO3-based 

perovskite 
T (°C) Ea (eV) Method 

Transport 

mechanism 

Khetre, et 

al[S72]                                                         
LaFeO3 films 27-302 0.23 

I-V 

characteristics 
Polaron hopping  

Kharton, et 

al[S66] 

LaFe0.8Ni0.2O3 pellet 

30-827 

0.25 

4-point probe 

DC method 

Polaron hopping 

between Fe cations 
LaFe0.7Ni0.3O3 pellet 0.16 

LaFe0.6Ni0.4O3 pellet 0.11  

LaFe0.5Ni0.5O3 pellet 0.068 

Triyono, et 

al[S69] 

LaFeO3 100-200 0.65 

EIS Polaron hopping 

LaFe0.95Mn0.05O3 

100-275 

0.49 

LaFe0.9Mn0.1O3 0.33 

LaFe0.85Mn0.15O3 0.46 

LaFe0.8Mn0.2O3 0.44 

Dho, et 

al[S73] 

LaFe0.5Ni0.5O3 -240-27 0.025 4-point probe 

DC method 

Polaron hopping 

Variable-range-

hopping 
LaFe0.5Co0.5O3 -103-17 0.278 

Marcucci, et 

al[S74] 

La0.6Sr0.4Fe0.95Pd0.05

O3-δ pellet 
200-750 0.19 

4-probe DC 

method – van 

der Pauw 

 Polaron hopping 

(hole hops through 

Fe-O-Fe chains) 

Marasi, et 

al[S75] 

La0.6Sr0.4Fe0.99Ru0.01

O3-δ pellet 
250-800 0.13 

4-probe DC 

method 

Small polaron 

hopping  

(T < 580°C) 

Our Work 

LaFe0.7Ni0.1

Co0.1Pd0.05

Ru0.05O3-δ 

 

3 

mtorr 

25-100 

0.23 

2-probe in-

plane DC 

method 

Small polaron 

hopping 

0.15 

mtorr 
0.075 

0.015 

mtorr 
0.15 

bulk 0.1 
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Note S13: Calculation of electronic conductivity and activation energy (Ea) of polaron 

hopping of the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin films. 

 

Resistance was estimated from CV measurements (Fig. S23) and linear fitting to the linear region 

of each CV curve from -1 mV to 1 mV (Fig. S24, Table S5). For all thin films and the bulk pellet, 

resistance decreases as temperature increases, indicating a thermally activated conduction behavior 

(Fig. S24). Resistance values (R) were converted to resistivity values (ρ) using Eq. S1, where A is 

cross-sectional area of thin film along current direction, and L is distance between parallel Ir 

electrodes (Fig. S23). Arrhenius equation (Eq. S2) used to determine the activation energy (Ea) of 

the transport mechanism, where σ is conductivity, σ0 is the pre-exponential factor, T is temperature, 

and kB is the Boltzmann constant. The Ea can be found by plotting ln(σT) vs. 1/T and measuring 

the slope of the data. Ea of all the thin film samples, PLD target (bulk) are summarized in Fig. 6C 

and Table S4 in comparison with literature.   

 

𝜌 = 𝑅 ⋅
𝐴

𝐿
= 𝑅 ∙

𝑎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒∙𝑑𝑓𝑖𝑙𝑚

𝐿
           (𝐸𝑞. 𝑆1)       

 

1

𝜌
=  𝜎 =

𝜎0

𝑇
∙ 𝑒

(
−𝐸𝑎
𝑘𝐵𝑇

)
         (𝐸𝑞. 𝑆2)  

 

 

 
 

Figure S23: Schematic illustration of in-plane CV test setup for thin film samples deposited 

at different 𝑷𝑶𝟐
. 
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Figure S24: Current-voltage (I-V) characteristics of the thin films fabricated at different 𝑷𝑶𝟐

 

and PLD target (bulk). For all samples, resistance decreases as temperature increases, indicating 

a thermally activated conduction behavior. a-b, Cyclic voltammetry (CV) scanning curve of the 



 34 

film deposited at 3 mtorr (a) and expanding display from -1 mV to 1 mV (b).  c-d, CV scanning 

curve of the film deposited at 0.15 mtorr (c) and expanding display from -1 mV to 1 mV (d). e-f, 

CV scanning curve of the film deposited at 0.015 mtorr (e) and expanding display from -1 mV to 

1 mV (f). g-h, CV scanning curve of the PLD target (bulk) (g) and expanding display from -1 mV 

to 1 mV (h). Resistance was calculated using linear region of each CV curve (-1 mV-1 mV).  

Table S5: Reproducibility of triplicate CV measurements for our samples. Correlation 

coefficient (R2) is approximately 1 for average resistance calculation between ± 1 mV based on 

the mean of three trials. Average resistivity (ρavg) decreases as temperature increases for all 

samples. 

T (°C) 
Bulk 0.015 mtorr 

ρavg (Ω·cm) R2 ρavg (Ω·cm) R2 

25 117.51 ± 0.55 0.9997 4.43 ± 0.0699 0.9911 

45 102.48 ± 0.1669 0.9997 3.56 ± 0.1118 0.9975 

65 88.24 ± 0.2177 0.9991 2.66 ± 0.0086 0.9984 

80 73.84 ± 0.1257 0.9991 2.09 ± 0.0384 0.9993 

90 70.70 ± 0.3801 0.9986 2.00 ± 0.0088 0.9994 

100 68.20 ± 0.0989 0.9983 1.83 ± 0.0084 0.9987 

 

T (°C) 
0.15 mtorr 3 mtorr 

ρavg (Ω·cm) R2 ρavg (Ω·cm) R2 

25 0.68 ± 0.0055 0.9997 0.64 ± 0.0085 0.9925 

45 0.57 ± 0.0057 0.9998 0.41 ± 0.0049 0.9996 

65 0.52 ± 0.0011 0.9996 0.25 ± 0.0030 0.9991 

80 0.47 ± 0.0014 0.9997 0.17 ± 0.0004 0.9996 

90 0.47 ± 0.0005 0.9996 0.16 ± 0.0003 0.9997 

100 0.43 ± 0.0031 0.9998 0.14 ± 0.0005 0.9997 
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Note S14: XPS overlap of binding energy of Ni 2p3/2 and La 3d3/2. 

 

The overlap of binding energy of Ni 2p3/2 and satellite peak of La 3d3/2, and only Ni doping of 10% 

makes it difficult to differentiate Ni 2p peak from La 3d peak and do quantified analysis from both 

XPS (Fig. S25). Yet, characteristic difference and peak positions of satellite peaks of Ni2+ and Ni3+ 

in Ni 2p XPS spectra can be used to qualitatively track change of Ni valence state with 𝑃𝑂2
[S76,77]. 

With decreasing 𝑃𝑂2
 from 3 mtorr to 0.015 mtorr, the satellite peaks of Ni2+ 2p3/2 become more 

obvious and satellite peaks of Ni3+ 2p3/2 gradually disappear (marked in Fig. S25), indicating 

increase of Ni2+ concentration with drop of 𝑃𝑂2
.  

 

Furthermore, according to the TEM and APT characterization as discussed before, Ni stays in the 

matrix lattice with Co at 𝑃𝑂2
= 0.15 mtorr and gets exsolved with Co to form rocksalt NixCo1-xO 

shell at 𝑃𝑂2
= 0.015 mtorr. Therefore, it is inferred that the valence state change of Ni with 𝑃𝑂2

 is 

similar with Co. It is speculated that Ni also contribute to electron hopping at lower 𝑃𝑂2
 (0.15 

mtorr, 0.015 mtorr) as Co via creating more electron hopping channels. Yet, it has been found by 

Wang, et al that stability of Ni3+ in LaFe0.5Ni0.5O3 is less than Co3+ in LaFe0.5Co0.5O3 at reducing 

environment, stating that Ni is more reducible than Co[S78]. This is consistent with what we found 

that more Ni gets exsolved from the matrix than Co to form rocksalt NixCo1-xO shell with average 

formula of Ni0.63Co0.37O and less Ni stay in the matrix at 𝑃𝑂2
= 0.015 mtorr. Hence, it is inferred 

that concentration percentage of Ni2+ is higher than that of Co2+ at the same 𝑃𝑂2
 and less Ni3+ 

remain in matrix at 𝑃𝑂2
= 0.015 mtorr.  
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Figure S25: High-resolution XPS spectra of La 3d and Ni 2p in the 

LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ thin films deposited at 𝑷𝑶𝟐
 = 3 mtorr, 0.15 mtorr and 0.015 

mtorr. Overlap of binding energies of Ni 2p3/2 and satellite of La 3d3/2 and low Ni-dopant 

concentration (10%) impede accurate XPS quantified analysis for Ni. 

 

 

Note S15: Stoichiometry of NixCo1-xO shell structure estimated by APT. 

 

The Ni/Co molar ratio in the shell was measured for 9 self-assembled Pd-NixCo1-xO core-shell 

nanoparticles in two atom probe tips (Fig. S26a, e) indexed in Fig. S23b, f. The measured 

stoichiometry varies slightly with variations in pulse energy, which were changed incrementally 

across the tip in Fig. S26a to optimize the mass resolution. The conditions used at the bottom of 

tip 1 gave a better signal to noise for the Ni and Co peaks due to the reduced thermal tail from the 

adjacent Fe peak (Fig. S26c, d). The composition of the NixCo1-xO shell was therefore estimated 

from 7 of the 9 nanoparticles analyzed under these conditions, with indices 3-9 (Fig. S26g). The 

average Ni/Co molar ratio is 1.7, giving a NixCo1-xO composition of Ni0.63Co0.37O. Although we 

did not observe preferential evaporation of Ni or Co relative to one another under these run 

conditions, the core-shell particles do show preferential evaporation overall with respect to the 

matrix, leading to the observed distortions in morphology that are not present in tip 3 (Fig. S8). 
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Figure S26: Stoichiometry of NixCo1-xO shell phase in additional samples analyzed by APT. 

a-b, APT reconstruction of tip 1 (a), and Pd isosurfaces of the core-shell nanoparticles (b). c-d, 

Mass spectra from top (c) and bottom (d) of reconstruction in (a). e-f, APT reconstruction of tip 2 

(e) and associated Pd isosurfaces (f). g, Statistics of the molar ratio of Ni to Co in the NixCo1-xO 

shell from 7 core-shell nanoparticles with indices 3-9 in (b) and (f). The average Ni/Co molar ratio 

is 1.7, giving a NixCo1-xO composition of Ni0.63Co0.37O. 
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Note S16: Size statistics of self-assembled Pd-NixCo1-xO core-shell nanoparticles. 

 

The statistics of nanoparticles were done to estimate the size distribution and population density 

of particles embedded in the thin film and on thin film surface. Inside the thin film, the average 

diameter of nanoparticles, the core part and the shell part are 19.5 nm, 10.4 nm, and 16.4 nm, 

respectively (Fig. S27). The population density embedded in the thin film is about 332.0 μm-2. On 

the thin film surface, the average diameter of nanoparticles is 21.7 nm (Fig. S28). The population 

density of nanoparticles on surface is around 137.7 μm-2, much smaller than population density 

inside the thin film, proving the stability of self-assembled nanostructure inside the thin film.  

 

 
Figure S27: Size statistics of self-assembled Pd-NixCo1-xO core-shell nanoparticles embedded 

in the thin film. a, STEM HAADF survey image. b, Histogram of nanoparticle diameter 

(dnanoparticle). c, Histogram of core of nanoparticles (dcore). d, Histogram of nanoparticle shell (dshell). 

Dnanoparticle = dcore + dshell. 
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Figure S28: Size statistics of self-assembled Pd-NixCo1-xO core-shell nanoparticles on the 

LaFeO3-based thin film surface. a, SEM survey image. b, Histogram of nanoparticle diameter 

(dnanoparticle). 
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Note S17: Design strategies to mitigate the formation of La2O3 regarding CCO targets and 

PLD growth conditions. 

 

First, decrease doping concentration of cations to be exsolved in the PLD targets. It is found that 

La2O3 formation is accompanied by the exsolution of Ni and Co, which takes up 20% of B site. 

However, there is no La2O3 found with only Pd exsolution, which takes up 5% of B site. Severe 

deficiency of B-site cations leads to decomposition of perovskites and formation A-site oxide 

(La2O3). Therefore, reducing doping concentration of Ni and Co in the PLD target may reduce 

La2O3 formation during ESA.       

 

Second, make La-deficient LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ PLD targets. Exsolution of Ni, Co and 

Pd cations from the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ lead to severe increase of the A-site/B-site 

molar ratio, thus inducing decomposition of perovskites and formation of La2O3. Preparing La-

deficient LaFeO3-based CCO targets for ESA will mitigate the unbalanced A-site/B-site molar 

ratio to reduce perovskite decomposition. For example, designing LaFeO3-based CCO targets with 

concentration of cations to be exsolved at B site close to A-site deficiency concentration will both 

facilitate exsolution and maintain perovskite structure accompanied with minimized La2O3 

formation. 

 

Third, prepare entropy stabilized LaFeO3 systems to use configurational entropy to stabilize 

LaFeO3 perovskite structure. Configurational entropy may play a role in stabilizing the crystal 

phase with deviated stoichiometry. Therefore, it is proposed to design entropy stabilized LaFeO3 

systems to mitigate La2O3 formation during ESA. 

 

Finally, use the critical maximum PO2 to generate ESA Pd-NixCo1-xO core-shell nanoparticles. 

Concentration of oxygen vacancy increases with dropping PO2, which causes LaFeO3 matrix to 

deviate from the stoichiometric cation-to-oxygen ratio, thus inducing exsolution and perovskite 

decomposition. Therefore, it is proposed to reduce La2O3 formation via controlling concentration 

of oxygen vacancy to an exact level that can exsolve cations and minimize stoichiometric deviation. 

In this work, with decreasing PO2, ESA nanostructures in the LaFe0.7Ni0.1Co0.1Pd0.05Ru0.05O3-δ 

change from Pd nanorods to Pd-NixCo1-xO core-shell nanoparticles. There exists a critical 

maximum PO2 below which core-shell nanoparticles will form—in the present case between 0.015 

and 0.11 mTorr PO2. ESA done at that critical PO2 will minimize oxygen vacancy concentration in 

the LaFeO3 matrix to mitigate formation La2O3.  
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