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Abstract

Compositionally complex oxides (CCOs) are an emerging class of materials encompassing high
entropy and entropy stabilized oxides (HEOs, ESOs). These promising advanced materials
leverage tunable chemical bond structure, lattice distortion, and chemical disorder for
unprecedented properties. Grain boundary (GB) and point defect segregation to GBs is relatively
understudied in CCOs even though they can govern macroscopic material properties. For example,
GB segregation can govern local chemical (dis)order and point defect distribution, playing a
critical role in electrochemical reaction Kinetics, and charge and mass transport in solid
electrolytes. However, compared with conventional oxides, GBs in multi-cation CCO systems are
expected to exhibit more complex segregation phenomena and thus prove more difficult to tune
through GB design strategies. Here, GB segregation was studied in a model perovskite CCO
LaFeo.7Nio.1C00.1Cu0.05Pdo.0sO3x textured thin film by (sub-)atomic-resolution scanning
transmission electron microscopy imaging and spectroscopy. It is found that GB segregation is
correlated with cation reducibility—predicted by an Ellingham diagram—as Pd and Cu segregate
to GBs rich in oxygen vacancies (V). Furthermore, Pd and Cu segregation is highly sensitive to
the concentration and spatial distribution of V; along the GB plane, as well as fluctuations in
atomic structure and elastic strain induced by GB local disorder, such as dislocations. This work
offers a perspective of controlling segregation concentration of CCO cations to GBs by tuning
reducibility of CCO cations and oxygen deficiency, which is expected to guide GB design in
CCOs.
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Introduction

Compositionally complex oxides (CCOs) are a new class of materials where multiple metals reside
on the cation sublattice!3. CCOs include high entropy oxides (HEOs) and entropy stabilized oxides
(ESOs), depending on how much the role of configurational entropy influences phase stability®4.
High entropy oxides can form unique combinations of long-range crystallinity and local
compositional disorder in the lattice?®. In oxides with oxygen-metal bonds, factors such as the
metal cation coordination number, bond length, angle, energy, degree of covalency, and vibration
frequency are influenced by compositional complexity imposed through the distribution of metal
cations, allowing tunability of functional properties, such as thermoelectric, dielectric, magnetic,
electronic, ionic, thermal conductivity, and catalytic activity that are useful in energy storage and

conversion®15,

Among various crystal structures, perovskites are fascinating candidates for high entropy design
due to the existence of multiple cation sublattices, allowing a higher level of local compositional
complexity*®8, For example, perovskite structures can have both ordered and disordered cation
sublattices, while anion sublattices remain ordered!®?2. The number of acceptor- or donor-type A
or B cations in ABO3 directly impacts charge carrier type and concentration, thereby charge
transport?. Furthermore, the instability of perovskites under adverse conditions such as high
temperature or high humidity can be enhanced by the addition of a range of cations with different

activity levels in the lattice®?4?°,

For electroceramics, in addition to chemical composition and crystal structure, defects, especially
grain boundaries (GB), play an important role in their properties, e.g., they commonly serve as the
rate-determined step for electrochemical processes?®2°. lonic conduction in all-solid-state lithium-
ion battery electrolytes and solid oxide fuel/electrolysis cells are severely restricted by the sluggish
charge transport across GBs—caused by the relatively high conductivity activation energy barrier,
low charge mobility, or low charge carrier concentration in space charge layers at/near GBs3%-%,
Point defect segregation governs GB composition, chemical width, chemical order/disorder,
electrostatic potential, and charge carrier distribution which govern GB electrochemical

properties3:36-39,
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Across material classes, segregation of solutes to GBs tends to reduce the total Gibbs free energy
of the system, in which case this segregation is an equilibrium phenomenon®®*. Equilibrium
segregation is based on the intrinsic chemical properties of the system, while non-equilibrium
segregation stems from systems’ processing and thermal history; for example, elastic or
electrostatic attraction between solutes and oxygen vacancies (V) at the GB. Equilibrium
segregation is typically driven by factors including the electrostatic potential at the grain boundary
space charge layer. Elastic strain energy due to the lattice disorder (variation in size of solute and
host atoms/ions) is another driving force, which creates lower energy GB sites for segregating
solutes. One major segregation driving force is the difference in surface/bond energies, making
CuO likely to segregate due to low surface/bond energies. Additionally, as demonstrated by this
work, the cation reducibility is a governing factor.

Compared with conventional oxides containing a single solute/dopant cation, multi-cation CCO
systems are expected to have more complex GB structure®®4-47 It is still not clear how GB
segregation in CCOs is affected by local composition and atomic structures, such as V,
concentration and local strain. Elucidating cation segregation phenomena in CCOs is important
for further improving properties of CCOs through GB engineering, whereby macroscopic

properties can be tuned by controlling GB composition resulting from synthesis and processing.

Transition metal elements commonly serve as constituents of CCOs. For example, in
electrochemical applications like electrocatalysis of the oxygen evolution reaction and electrodes
of lithium-ion batteries, due to their partially occupied d-orbitals and tunable local coordination
environment*®°0, Oxide GBs can be either oxygen deficient or oxygen rich!, but are usually
viewed as a reservoir of V;; , where their defect formation energy is much lower than in the adjacent
grains®2°3, Control of V;; concentration is also common during oxide synthesis, as we demonstrated
recently by leveraging defect-interaction-driven exsolution of cations with high reducibility (in
accordance with the Ellingham model) during exsolution-self-assembly of Pd nanorod and Pd-
NixCo1.xO core-shell nanoparticles during pulsed laser deposition (PLD) of CCO thin films®,
Exsolution is a phase precipitation reaction that relies on cation reducibility and segregation, which
in turn depends on the local V;; concentration enrichment that drives cation coalescence and phase

precipitation®2%%, It is also possible to leverage cation reducibility of ESOs to tune electronic

4
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conductivity, as we showed recently by modulating electronic conductivity by 10,000 times by
reversibly precipitating Cu- and Cu-rich secondary phases from the rocksalt ESO
(Cu,Ni,Co,Mg,Zn)0%".

Here, we thus hypothesize that the local reducing environment of GBs created by the accumulated
V, associated with electrons released from oxygen Schottky defects facilitates cation GB
segregation in CCOs. It is hypothesized that the cation segregation sequence is highly sensitive to
relative cation reducibility, as predicted by the Ellingham diagram, meaning that cations with
higher reducibility possess greater co-segregation tendency with V,; driven by electrostatic point
defect interactions. Additionally, the local spatial distribution of segregated cations is hypothesized
to be governed by the local concentration and spatial distribution of V,; at GBs, which are related
to non-uniform GB atomic structures and local disorders that govern the V,; formation energy along
the GB plane. To test our hypotheses, a GB segregation study was done on a model textured
perovskite CCO thin film of LaFeo.7Nio.1C00.1Cuo.0sPdo.0s03-x With 5 transition-metal constituents
at the B site (Figure S1) to decipher the role of cation reducibility, concentration, and V,

distribution on GB segregation.

Methods

Thin film techniques are widely employed in model studies of interfaces, stress/strain, and
structure-property relations because non-equilibrium syntheses offer precise growth control of
each atomic layer to make materials with specific structures of interest which are difficult or
impossible to obtain using conventional bulk syntheses*®°6-61 Aperration-corrected scanning
transmission electron microscopy (STEM) imaging and spectroscopy, such as energy dispersive
X-ray spectroscopy (EDS) and electron energy-loss spectroscopy (EELS), is capable of probing
(sub-)nanoscale structural/chemical (dis)order?®6263  Precise STEM characterization of GB
chemistry requires observed GBs be at edge-on position where the GB plane is parallel to the
electron beam and there is no overlap between GB and grains in the projected STEM images?”4°.
And visible atom arrangements on both sides of a GB facilitate accurate visualization of GB atomic
structures. Yet, random misorientation and inclination of GBs in conventionally processed bulk
polycrystalline pellets make it difficult to determine GB structure and chemistry. Compared with

the bulk pellets, textured thin films offer abundant ideally oriented GBs for STEM characterization
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as columnar grains grow nearly parallel to the substrate normal orientation and share a common
epitaxial relationship with the substrate. In this work, we fabricate a textured
LaFeo.7Nio.1C00.1CuU0.05Pd0.0s03-x (CCO) thin film with (121)orthorhombic|(110) pseudocubic (o) Preferred
orientation by depositing the perovskite CCO on a fluorite YSZ buffer layer using (PLD, Figure
1(a-c))®*. GBs of the textured thin film can be observed under STEM by fabricating a plan-view
specimen (Figure 1(b)). GBs form between columnar nanograins and most of them are nearly
parallel to the optic axis (i.e., edge-on orientation) in the STEM high-angle annular dark-field
(HAADF) images (Figure 1(d) and S2(a-b)), indicating most GB planes are parallel to electron
beam. The similar (110)pc orientation of columnar nanograins facilitates observation of atomic

arrangement at each side of GBs (Figure 1(e) and S2(c)).

The PLD used a Nd:YAG solid laser with wavelength of 266 nm and 10 ns pulse duration
(Continuum SL 111-10) in a high-vacuum deposition system (Neocera Pioneer 180 GLAD PLD
System). Si (100) with native SiO> layer was used as a substrate, which was cleaned ultrasonically
in acetone, isopropanol, and methanol for 5 min, respectively. Turbopump frequency and mass
flow of high-purity O2 (99.994%) are used to control oxygen partial pressure (Po2). To grow the
textured thin film, 4000-pulse YSZ was deposited on the Si (100) substrate surface under Po; of
0.015 mTorr as a buffer layer, and then 70000-pulse CCO was deposited on the YSZ buffer layer
with Po2 of 0.6 mtorr. The deposition temperature for both layers was set to 650 °C. The energy
fluence of the laser was set as 5.3 J/cm? and laser rate was 5 Hz. The deposited textured CCO thin
film was cooled down with 10 °C/min under Po2 of 0.6 mtorr. The fabrication of YSZ and CCO
PLD targets is shown in Note S1.

The plan-view transmission electron microscope (TEM) specimen was fabricated by focus ion
beam (FIB) milling in a Tescan GAIA-3 GMH FIB-scanning electron microscope (SEM). The
plan-view lamella was cut at 30 kV, followed by thinning at 15 kV when the lamella thickness is
below 1 um. The Ga-ion damaged surface layers on the plan-view lamella were milled and cleaned
by low-energy Ar ion beam milling at 700 eV for 30 min at each side of the lamella (Fischione
Nanomill). The STEM combined with energy spectroscopy characterization was conducted in a
JEOL Grand ARM300CF S/TEM with acceleration voltage of 300 kV. Chemical composition of
the textured CCO thin film was investigated by STEM EDS with Dual 100 mm? silicon drift
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detectors (SDD) under 115 pA beam current. Electronic structure of oxygen was identified by
STEM EELS acquired by a Gatan GIF Quantum K2 camera with a collection semi-angle of 35.7
mrad, an EELS aperture of 2.5 mm, and a beam current of 115 pA. The crystal structure of the
textured CCO thin film was identified by X-ray diffraction (XRD, Note S2).

Results and Discussion

It is found that Pd and Cu segregate at most GBs of the CCO from low-magnification STEM EDS
mapping (Figure 2(a-f) and S3(a-b)). To quantify GB chemistry, high-magnification STEM EDS
mapping was done on a randomly selected GB (Figure 2(g-1) and S3(c-d)). For the B-site cations
at the GB, Pd and Cu show strong EDS signal (Figure 2(k-I)), Ni shows only a subtle change from
the bulk behavior (Figure S3(c)), Co is weakly deficient (Figure S3(d)), while Fe is strongly
deficient (Figure 2(i)). A-site cation La and anion O are also deficient at the GB (Figure 2(h, j)).
The segregation width of Cu and Pd is around 1 nm from the composite EDS mapping (Figure
2(m)), wider than the GB core structural width of 0.35 nm visible by HAADF (Figure 2(g)).

Semi-quantitative EDS analysis was used to assess segregation and deficiency of each element at
the CCO GB compared with the bulk grain—with assumed stoichiometry of

LaFeo 7Nio.1C00.1CU0.0sPdo.0s03-x. A simplified Cliff Lorimer K-factor method*?¢%¢ was used for

concentration calculation, Equation 1, where the concentration ratio of two elements (E—B) IS
A

proportional to their corresponding EDS signal intensity ratio (i—B) scaled by a factor k5. The EDS
A

signal intensity profile of each element (Figure S4) was extracted along the direction orthogonal
to the GB plane, marked as an arrow in Figure 2(h), and integrated over the entire EDS map area.
Since EDS signals of Ni show subtle change across the GB (Figure S3(c) and S4), it is assumed
that Ni occupies 10% of the B-site at the GBs and in the grains (i.e., Cni = 0.1). Concentration
profiles of each other element across the GB can be acquired by calculating its K-factor with Ni

(kx—n;) at both side of grains (Table S1), and then obtaining its concentration ratio profile with

Ni (CC—X) using Equation 1. The detailed calculation process is shown in Note S3.
Ni

s — kg B (Equation 1)
Ca Ig
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It is shown that the chemical composition of the GB is significantly different than the grain region,
which approaches the stoichiometric ratio (Figure 2n). At the GB core marked as an arrow in
Figure 2n, Pd and Cu show around 110% and 50% higher concentration than the stoichiometric
ratio, respectively, while Co, La, Fe, and O show around 20%, 15%, 30% and 20% lower than the
stoichiometric ratio, respectively. At the GB deficient with O, the concentration of segregated Pd
is higher than that of Cu, Ni just shows subtle concentration change, while Co shows deficiency
which is less than Fe. This indicates that the amount of segregation at CCO GBs is correlated with
the reducibility of cations as predicted by the Ellingham diagram, where Pd as noble metal shows
strongest reducibility, and Cu shows stronger reducibility than Ni, Co and Fe as transition metals.
Therefore, oxygen deficiency at GBs (Figure 2(j, n)) may attract cations with high reducibility,
like Pd and Cu, to segregate preferentially since GBs may serve as a reservoir of V; because
vacancy formation energies are lower than in the grains, thus forming a local reducing
environment>*%’. This observation of preferential Pd segregation relative to less reducible
transition metal cations was also observed in our prior work on this CCO during exsolution-self-

assembly®*.

In addition to the segregation of Pd and Cu at GBs, it is also found that there is nonuniform
distribution of Pd and Cu along the GB plane, where Pd and Cu aggregate at specific regions of
GBs (Figure 2(0-u) and S3(e-f)). This localized non-uniform segregation along the GB plane may
arise from local disorder of GBs, such as dislocation cores and V;, accumulation. Therefore, in
addition to the chemical reducibility that governs the tendency of cation segregations, the local GB

atomic structure defines the spatial distribution of cation segregation.

To prove that oxygen deficiency at GBs corresponds to the accumulation of V,;, STEM EELS was
used to track changes of electronic structure of O at GB and grains (Figure 3(a-b) and S6). The O
K-edge pre-peak shows a significant decrease in intensity at the GB compared with the adjacent
grains (highlighted yellow in Figure 3(b) and S6). The decrease of the O-K pre-edge intensity is
regarded as appearance of I/, since electrons released during formation of V;; (Equation 2) partially
fill the oxygen conduction band (or unoccupied orbitals) which will cause less electrons from core

shells filling the conduction band and corresponding to weaker intensity of EELS signal at O-K

8
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pre-edge®8-70 This EEL spectra change of O-K edge at GB correspond well with oxygen
deficiency shown in the STEM EELS and EDS elemental mapping (Figure S5), so the
accumulated V,; at GBs induce segregation of cations with high reducibility in CCOs due to their

lower co-segregation energy with V; 173,

0% - Vi + 2€" +5 0, (gas) (Equation 2)
Additionally, it is found that different GBs show different segregation behavior. In the triple
junction shown in Figure 3(c), GB 1 shows much higher EDS signal of Pd and Cu and less EDS
signal of O than GB 2 and GB 3 (Figure 3(d-e)). This indicates that more severe oxygen deficiency
may cause more Pd and Cu to segregate at GBs. The oxygen deficiency may show great deviations
in GBs since even subtle change of 5 degrees of freedom, which describe misorientation and GB
plane direction, and additional 3 microscopic degrees of freedom, which describe local atom
arrangement, will create very different GB structures and vacancy formation energies®”’*7
Therefore, semi-quantitative EDS analysis was done on a series of 9 GBs to decipher the variations
of oxygen deficiency and its role in segregation concentration of Pd and Cu (Figure 3(g)). In the
9 survey GBs, oxygen deficiency at the GB core varies from 4.3% to 18.4% relative to the
stoichiometric concentration. The concentration of Pd, Cu, and combined Pd and Cu at the GB
core tend upwards with oxygen deficiency or V;; accumulation, although exceptions exist in some
GBs arising from specific GB structure (Figure 3(g)). Therefore, CCO GBs with higher
concentration of V; will induce a greater number of reducible cations to segregate, which provides
a perspective to engineer GBs to improve properties of CCOs becuase cation segregation
concentration of CCOs can be controlled by modifying oxygen deficiency of GBs through
CCO/HEO/ESO composition design, synthesis, and post-processing.

To track the role of localized strain in GB segregation, a low-angle tilt GB made up of a dislocation
array was characterized with STEM EDS mapping, together with geometric phase analysis (GPA)
which identifies lattice distortion around dislocation cores’®8° (Figure 4(a-h)). It is found that Pd
and Cu locally segregate around the dislocation cores where the oxygen is deficient (Figure 4(a-
f)). The GPA shows that the extra-half atomic plane introduces intense compressive strain in
surroundings and corresponding tensile strain at the other side of the dislocation core (Figure 4(g-

h)). The profile of GB chemical change and strain distribution along the dislocation array, marked

9
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as an arrow in Figure 4(b), indicates that the oxygen deficiency and corresponding Pd and Cu
segregation are localized at the regions with strong strain, highlighted as yellow in Figure 4(i). It
has been reported that either compressive or tensile strain may decrease the formation energy of
V,, to enhance V,; concentration at strained regions®®8182_ Therefore, in this CCO system, cations

with high reducibility prefer to segregate at strongly strained regions with locally accumulated V;;.

Conclusions

To summarize, a textured thin film of a model perovskite CCO (LaFeo.7Nio.1C00.1Cuo.0sPd0.0503-x)
was prepared by PLD and its plan-view specimen was used to decipher the role of CCO
composition and GB atomic structure in cation segregation at GBs of this multi-cation system
(Figure 5). GB structure, chemistry and local disorder are probed by (sub)-nanoscale-resolution
STEM associated with EDS, EELS, and GPA. Compared with Ni, Co, and Fe, the greater
reducibility of Pd and Cu yield significant GB segregation closely correlated with oxygen
deficiency, indicating cation reducibility governs the segregation concentration of the CCO GBs
which can be predicted by the Ellingham diagram (Figure 5(a)). Additionally, oxygen deficiency
in the lattice arises from formation of Schottky defects (Figure 5(b)), so the oxygen deficiency at
GBs corresponds to accumulation of V,;, which was confirmed by tracking changes of the O-K
edge EELS pre-peak. Therefore, accumulated V,, and electrons they released make GBs an
environment compatible with cations with greater reducibility, leading them to segregate due to
their low co-segregation energy of V,, (Figure 5(b-c)). In addition to compositions of CCOs, GB
nanostructures also contribute to the cation segregation concentration by modifying the extent and
distribution of oxygen deficiency (Figure 5(c)). Generally, concentration of Pd and Cu tend
upwards with oxygen deficiency or V; accumulation. Strongly strained regions around dislocation
cores facilitate the formation of /; and thus induce localized segregation of Pd and Cu. This work
introduces the novel perspective that cation segregation concentration of CCO GBs can be
controlled by CCO composition through the incorporation of cations based on their Ellingham
reducibility, and the extent and distribution of oxygen deficiency along the GB plane, which should
broadly inform as the strategies to engineer GBs within the CCO community.

10
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Fig. 1. Preparation and characterization of a plan-view textured perovskite CCO thin film for GB
segregation study. (a) Schematic of thin film fabrication with pulsed laser deposition (PLD). (b)
Schematic of the prepared textured CCO thin film grown on Si (100) with a YSZ buffer layer,
where lots of grain boundaries (GBs) form between columnar grains. Plan-view TEM specimen
was fabricated by FIBs for GB segregation study (marked as a red rectangle). (c) XRD pattern of
the fabricated CCO thin film showing textures of (110)pseudocunic (pc) Orientation. The satellite peak
at the left of (121)/(110) is diffraction of the W X-rays from the X-ray source. (d) Low-magnified
STEM HAADF image of the plan-view CCO thin film specimen, where GBs between columnar
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nanograins are sharp and clear. () High-magnified STEM HAADF image of a triple junction
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Fig. 2 Pd and Cu segregation at CCO GBs. (a-f) Low-magnification STEM EDS mapping of the
plan-view specimen of the CCO textured thin film: (a) STEM HAADF survey image; (b) La-L;
(c) Fe-K; (d) O-K; (e) Cu-K; and (f) Pd-L. (g-m) High-magnification STEM EDS mapping of a
CCO GB: (g) STEM HAADF survey image; (h) La-L with filter; (i) Fe-K with filter; (j) O-K; (k)
Cu-K; () Pd-K; and (m) composite of La (red), Fe (green), mixed Cu and Pd (blue). (n)
Concentration changes of each element across the GB shown in (g). The concentration profile is
generated via extracting the profile of EDS signal along the direction perpendicular to the GB
(marked as a white arrow in (h)) and integral all the EDS signals, and then converting the EDS
signal intensity to concentration with K-factor method. (0-u) STEM EDS mapping of a CCO triple
junction: (0) STEM HAADF survey image; (p) La-L with filter; (q) Fe-K with filter; (r) O-K; (s)
Cu-K; (t) Pd-K; and (u) composite of La (red), Fe (green) and Pd (blue). The nonuniform
distribution of Cu and Pd at GBs indicates localized GB structure may dominate dopant

segregation.
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Fig. 3. Oxygen deficiency at GBs induces segregation of Pd and Cu characterized by STEM EELS
and EDS. (a-b) STEM HAADF survey image of a GB in the CCO textured thin film (a), and
corresponding EEL spectra of this GB, its left grain, and right grain (b), which are extracted from
EELS mapping of the marked rectangle regions shown in (a). The EELS data were collected under
dispersion of 0.25 eV/channel. (c-f) STEM HAADF survey image of a triple junction (c), and
corresponding STEM EDS mapping of O (d), Pd (e), and Cu (f), which shows the region with
more oxygen deficiency attracts more segregation of Pd and Cu. (g) Statistics on the role of oxygen
deficiency in concentration change of Pd (pink), Cu (blue), and combined Cu and Pd (green) at

GBs from semi-quantitative EDS analysis on a series of CCO GBs.
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Fig. 4. Strong strain at dislocation cores induces localized oxygen deficiency and results in
localized segregation of Cu and Pd. (a-f) STEM HAADF survey image of a low-angle tilt GB
made up of a dislocation array (a), and corresponding STEM EDS mapping of filtered La-L (b),
filtered Fe-K (c), O-K (d), Pd-L (e) and Cu-K (f). (g-h) Strain mapping around this GB along the
marked Exx direction via geometric phase analysis (GPA) (g), and composite image of the STEM
HAADF and GPA strain mapping along Exx direction (h) to locate atomic arrangement causing the
tensile strain (green) and compressive strain (purple) at this GB. (i) Profile of strain and EDS signal
intensity along the GB dislocation array marked as an arrow in (b), integrated with data within the
white rectangle (b). The regions with strong strain show severe deficiency of oxygen and rich EDS

intensity of Pd and Cu, which are highlighted as yellow.
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Fig. 5. Schematic illustration of the role of cation reducibility, oxygen deficiency, and localized
strain in GB segregation of the model CCO. (a) Pd and Cu with relatively strong reducibility prefer
to segregate at GBs with oxygen deficiency. (b) Oxygen deficiency is caused by Schottky defects
of oxygen, where V,; and electrons occupy oxygen lattice sites, while oxygen anions escape to the
surface. (c) Schematics of GBs of the CCO with nonuniform Pd and Cu segregation. The high and
low segregated concentration may arise from severe and light oxygen deficiency at GBs,
respectively. The localized segregation of Pd and Cu is contributed by localized intense strain

regions that enhance formation of V,; via dropping their formation energy.
Supplementary information is available with this article.
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