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ABSTRACT: The potential of high entropy oxides (HEOs) as high-perform-
ance energy storage materials and catalysts has been mainly understood through
their bulk structures. However, the importance of their surfaces, which may play
an even more critical role, remains largely unknown. In this study, we employed
advanced scanning transmission electron microscopy to investigate the atomic-
scale structural and chemical responses of CeYLaHfTiZrO, HEOs to high-
temperature redox environments. Our observations reveal dynamic elemental and
structural reconstructions in the surface of HEOs under different gas
environments, contrasting with the high stability of the bulk structure. Notably,

H,-High Temperature ‘
:

the surfaces of HEO particles consistently exhibit abundant oxygen vacancies,

regardless of the redox environment. These findings indicate that HEOs offer distinct advantages in facilitating chemical and
electrochemical reactions, relying on oxygen vacancies. Our results also suggest that the exceptional performance of HEOs in energy
storage applications arises from surface structural and chemical adaptability.
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H igh entropy oxides (HEOs) have recently emerged as a
promising class of high-performance materials for energy
storage, conversion, and catalytic applications.'™'® Their
exceptional structure stability'"'* is believed to be the reason
for their high cyclability as cathode materials for lithium and
sodium ion batteries."”~"” Additionally, their enhanced high
performance in electro- and thermo-catalysis is attributed to
their enhanced oxygen mobility.'"™>' HEOs have also
demonstrated the ability to boost ion conductivity in solid
electrolytes”® and enhance the breakdown strength of
dielectric capacitors™® due to their capacity to accommodate
large lattice distortions. However, our current understanding of
HEOs primarily relies on knowledge of their bulk grain
characteristics obtained through averaged elemental and
structural measurements and calculations.”®*® In contrast,
little is known about their surface characteristics, which play a
crucial role in chemical and electrochemical applications, let
alone their responses to active environments.

In this study, we employed scanning transmission electron
microscopy (STEM) imaging and spectroscopy techniques to
elucidate the atomic-scale structural and elemental trans-
formations occurring at the surfaces of HEOs under different
redox environments. Our investigations utilized CeYLaHfTiZ-
rO, as a model system and were corroborated by density
functional theory (DFT) calculations. Our findings revealed
that the surface and near-surface regions of the nanoparticles
undergo unexpected structural and chemical reconstructions
while accommodating a high density of oxygen vacancies
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regardless of redox environments. Additionally, we discovered
that the HEO bulk exhibits a pseudorandom two-phase
structure that can serve as a reservoir for oxygen vacancies.
Typical multicomponent oxide nanoparticles (NPs) with six
cationic elements (Ce, Y, La, Hf, Ti, and Zr) were synthesized
through the ultrafast high temperature Joule heating
approach."”® The as-synthesized NPs were analyzed through
high-angle annular dark field (HAADF) STEM imaging and
STEM-energy-dispersive X-ray spectroscopy (EDX). Figure 1a
shows that all the cations and oxygen are uniformly distributed
throughout the particle, indicating good elemental mixing in
the HEO. The synthesis of HEOs with the same precursors
through long time high temperature calcination (e.g,, 1000 °C
for 12 h) will result in large, irregularly shaped, branch-like
structures (Figure S1). Figure S2 presents the atomically
resolved structure and chemical distribution in the [001]
projection of a HEO NP. From the HAADF image (Figure
S2a), the interplanar spacing was measured to be 2.65 A,
matching that of the {200} planes of fluorite oxides. The
corresponding atomic resolution STEM-EDX analysis (Figure
S2b) depicts the uniform distributions of Ce, Y, La, Hf, Ti, and
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Figure 1. STEM imaging and STEM-EDX analysis reveal an unexpected, ordered structure in the CeYLaHfTiZrO, HEO particle. (a) STEM-EDX
elemental maps of uniformly distributed Ce, La, Y, Ti, Zr, Hf, and O in an HEO particle, scale bar S nm. (b) HAADF-STEM image of an HEO NP
along the [110] projection and corresponding elemental maps of Ce, Y, La, Hf, Ti, and Zr, scale bar 2 nm. (c¢) ABF-STEM analysis of the HEO
NPs along the [001] direction showing clear oxygen sites around cations, scale bar 1 nm. (d) Intensity line profile along the oxygen sites in the
green dashed region in (c). (e) Schematic of high entropy pyrochlore viewed along the [001] zone axis. (f) Intensity line profile along the oxygen
sites in the blue dashed area in (c). (g) Schematic of fluorite oxide from the [001] zone.

Zr. Localized chemical variations of individual elements are
also observed. For example, Hf is rich in parts indicated by
yellow arrows and poor in those indicated by white arrows.
Thus, the overall cation distribution is random with local
fluctuation, representing the primary features in high entropy
materials that always result in more fascinating physiochemical
properties than the conventional compounds.””** From STEM
acquisition along the [110] zone axis (Figure 1b), the lattice
spacing of the intersected planes was measured to be 3.06 A,
matching the d-spacing of typical fluorite oxides {111} planes.
These analyses indicate that the HEO is single-phase, and its
structure is most likely fluorite, as reported previously on
similar composition nano-HEOs."'' However, unexpected
elemental ordering was unveiled in the [110] direction. As
shown in the elemental maps of Figure 1b and the
corresponding zoomed-in image (Figure S3a), cation species
exhibit a preferential occupancy instead of the presumed
random distribution. The {111} metal planes display an
alternative arrangement of Ce, Y rich sites (green dots in
Figure S3a) as opposed to Ti, Hf rich columns (red dots in
Figure S3a), while La and Zr are well distributed at all atom
positions. This occupancy preference results in two distinct

metal sites in the crystal structure, which can be precisely
determined from the overlay map of Ce and Hf in Figure S3b.
Accordingly, a two-cation AA’;_,O, type oxide structure might
be taken into consideration. One potential crystal config-
uration could be pyrochlore-type oxide, general formula
A,B,0,, which is an oxygen deficient fluorite superstructure
with two cation sites (A and B) periodically arranged along the
[110] projection. The corresponding unit cell structure is
illustrated in Figure S4. Compared to the pristine fluorite
structure (AO,), a substantial amount of oxygen vacancies
resides in the pyrochlore-type crystals.”” Such an oxygen atom
arrangement would also terminate into an organized oxygen
ordering along the [001] projection.

To investigate the oxygen atom arrangements, we used an
annular bright field (ABF)-STEM imaging technique, which is
sensitive to light elements. Figure lc shows a typical ABF
image acquired along the [001] zone axis, which reveals that, in
some regions (e.g., intensity line profile along the green dashed
region (Figure 1d)), oxygen arrangement shows alternative
sharper, darker contrast sites with relatively broadened, lighter
contrast sites. This verifies the presence of pyrochlore structure
where the oxygens are periodically arranged with well-aligned
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Figure 2. HAADF-STEM analysis at the very edge of the HEO particle in the [110] zone axis (outermost four surface atomic layers marked by
dashed lines) and corresponding atomic STEM-EDX maps of Ce, Y, La, Hf, Ti, and Zr. Scale bar 2 nm.

Figure 3. HAADF-STEM imaging and corresponding STEM-EDX analysis of Ce, Y, La, Ti, Hf, and Zr at the surface of the HEO particle
(outermost four surface atomic layers marked by dashed lines) after 4% H, at 650 °C for 2 h treatment, projection [110]. Scale bar 2 nm.

Figure 4. HAADF-STEM imaging and corresponding STEM-EDX analysis of Ce, La, Y, Ti, Zr,and Hf at the surface of the particle (outermost four
surface atomic layers marked by dashed lines) after being treated in air at 650 °C for 2 h, projection [110]. Scale bar 2 nm.

single-atom column positions and misaligned quadrilateral-
shaped positions (Figure le). It should be noted that some
regions (e.g., blue dashed areas in Figure 1c) display a random
contrast of single oxygen columns (Figure 1f), indicating the
fluorite-like oxygen arrangement (Figure 1g) with a random
distribution of oxygen vacancies at the atomic scale. In other
words, the material is in an intermediate state between
pyrochlore and fluorite structures, comprising a random mix of
nanoscale pyrochlore and vacancy-rich fluorite phases. XRD
analysis was also performed (Figure SS). However, the XRD
pattern exhibits four identical peaks similar to those of both
fluorite CeO, and pyrochlore Ce,Zr,0,, making it challenging
to determine the exact crystal structures of the HEO NPs.
Selected area electron diffraction (SAED) analysis was then
performed on the HEO NPs (Figure S6), capturing the large d-
spacing planes characteristic of pyrochlore {111} planes, thus
confirming the existence of the pyrochlore phase. Since both
phases can accommodate a wide range of oxygen vacancies, the
HEO NPs should host numerous oxygen vacancies without
lattice collapse, which is expected to facilitate migration of
oxygen vacancies and atoms during catalytic reactions
involving the Mars—van Krevelen mechanism,***! such as
emission control catalysis, hydrocarbon reforming, and alcohol
oxidation. The presence of this intermediate structural state
may be attributed to several factors: the presence of aliovalent
cations and differences in the atomic radii of the elements,
nonequilibrium synthesis conditions, and the pseudorandom
distribution of aliovalent cations®>** (Supporting Note T).
Various STEM techniques were combined to elucidate the
atomic scale structure and chemistry of HEO surfaces. Figure
2a shows the HAADF-STEM and corresponding EDX analysis
at the surface region of the as-synthesized NP along the [110]
direction (the first four surface layers are marked). Away from
the surface, the alternate occupancy of Ce and Y with Hf and
Ti can be clearly visualized in the EDX maps (Figure 2a) and
the corresponding intensity profile (Figure S7) across the
surface (yellow arrow). This is identical to the bulk structure,
as discussed earlier. However, the outmost surface monolayer

shows a clear chemical reconstruction and is elementally
dissimilar to the particle bulk: first, the outmost surface layer is
terminated with a B site (Ti and Hf) rich plane, while the Hf
signal is almost negligible compared to Ti in this layer. Distinct
Ce, La, and Ti signals are observed in the top layer of the
elemental maps as well as in the intensity line profile (Figure
S7), while there is a negligible contribution from the other
elements of the HEO. Second, Ce, La, and Ti are populated at
all atom locations in the first atom layer (line profile along the
surface layer (Figure S8)), unlike the preferred alternative
distribution in the bulk. Figure S9 shows another surface
region from a different particle, where similar cation arrange-
ments from surface to subsurface were observed. The EDX line
profile also reveals the enrichment of Ce, La, and Ti at the
outermost surface of the HEO (Figure S10). These findings
suggest that the observed cation distributions are common in
HEO NPs.

The structural and chemical analyses of the pristine HEO
NP provide a basis for tracking its surface evolution under
catalytic conditions. Since HEO NPs are believed to excel in
high-temperature reactions due to their stability, we performed
ex situ redox treatments on the NPs. First, they were exposed
to a 4% H,—Ar reduction environment at 650 °C for 2 h. No
significant chemical segregation occurred (Figure S11).
Subsequent STEM imaging of the surface region (Figure 3)
revealed that the subsurface and bulk crystal structures were
unaffected by the reduction treatment. However, the cation
arrangement at the first atom layer observed in the pristine
phase is no longer present. Instead, the outmost surface atom
layer adopts a {111} pyrochlore structure, consistent with the
subsurface atomic arrangement. These interesting transitions
are evidenced by the corresponding atomic-scale elemental
maps (first four surface layers marked): (1) the surface
monolayer shows a clear loss of Ce compared to the pristine
structure, as indicated by the much weaker Ce peak of the first
layer in the intensity line profile (Figure S12, red arrow); (2)
the intensity line profile of the first surface atom layer (Figure
S13) displays an apparent ordered configuration, where Ce
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Figure 5. EELS line-scan analysis of Ti L edges from the surface to the bulk in HEO particles after different treatments. EELS profile of the Ti L, ;
peaks of HEO (a) in pristine condition, (b) after H, treatment, and (c) after air treatment.

peaks alternate with Ti ones along the first atomic layer
(marked by cyan and orange arrows, respectively), while La
remains unaffected and evenly distributed. Compared to the
pristine random elemental distribution, the surface layer
exhibits a disorder to order transformation due to the
reduction heat treatment; Thus, the reduction of HEO NPs
drives the ordering of elements at the surface to a certain
extent.

Upon subjecting the pristine HEO NPs to air treatment at
650 °C for 2 h, no noticeable chemical inhomogeneity was
observed (Figure S14). The overall crystal structure remains
intact, while the elemental distributions undergo significant
changes (Figure 4, first four surface layers marked). Elements
Y, Zr, and Hf tend to migrate to the surface, as revealed by the
intensity line profiles from the surface into the bulk in Figure
S15, resulting in the presence of all six elements at the surface
monolayer (red arrow). This contrasts with the pristine surface
structure, which consisted of only Ti, La, and Ce columns. The
high-temperature oxygen-rich environment appears to drive
elements from the bulk to the surface, which is the opposite
effect of the heat treatment. Hf undergoes a drastic change: it
had the highest occupancy at the B sites in the pristine
structure. After the oxidation heat treatment, it migrates to
adjacent sites and becomes well distributed in all atomic
columns, as shown in Figure S15, where noticeable Hf signals
are observed on all atomic layers (black arrows). The
redistribution behavior of Hf also demonstrates a slight
chemical order-to-disorder transformation at the surface and
subsurface of the particle. Interestingly, atomic islands on the
surface (circled in the STEM image) composed mostly of Ti
and La cations (marked by a gray arrow in the intensity
profile) are observed. It is worth noticing the presence of Ti/
La oxide islands at the outmost surface (Figure S16a).
Unexpectedly, the atomic arrangement of the islands does
not follow the bulk crystal structure. The atom layer spacing
and lattice symmetry of the islands (Figure S16b and S16c)
suggest that these islands resemble a perovskite-like structure,
ie, LaTiO;_, with {110} as surface planes. A slightly larger
layer spacing between the first and the second layer (2.89 A vs
2.69 A) suggests the possibility of the adsorption of oxygen gas

molecules.” Such surface atomic islands contain a significant
number of uncoordinated sites and oxygen vacancies, >
which can facilitate tunable reduction—oxidation and acid—
base properties, enabling selective adsorption of reactants and
serving as anchoring sites for durable atomically dispersed
catalysts.”*”*® Long time higher temperature treatment (900
°C for S h in Ar) was also performed on the HEO NPs to see
their evolutions (details in Supporting Note II).

To investigate the atomic rearrangement on HEO surfaces
under redox conditions, we constructed surface models of
HEO in pyrochlore and fluoride structures (Figure S17), as
well as reduced (Figure S18) and oxidized (Figure S19) HEO
surface structures, based on experimental STEM-EDX analysis
(elemental maps as discussed previously and elemental
quantifications in Figure S20 and Table S1). The cation-
exchange energetics were computed using DFT, and the details
can be found in the SI. Our analysis, as summarized in Table
S2 and Figure S21, reveals the energies of elemental migrations
during redox gas conditions (Supporting Note III).

A common observation across different environments is the
presence of Ti cations in the surface and subsurface regions of
the HEO NPs. The coordination and valence state of Ti
strongly influence the HEO NPs’ surface electronic structure
and catalytic performance. STEM-electron energy loss spec-
troscopy (EELS) was used to study the Ti valence state under
various redox environments. Figure S presents EELS profiles of
the Ti L,; edges as the probe moves from the surface to the
bulk with a 0.5 nm step size. In pristine HEO NPs, bulk Ti has
a valence of ~4" with clear t,, and ¢, splits, while surface Ti has
a lower valence of ~3" based on merging split peaks and
energy shifts®”*° (Figure Sa). The thickness of the reduced
surface layer is about 1—1.5 nm. Surprisingly, a 4% H,-650 °C
environment does not further reduce surface Ti** but reduces
Ti*" beneath the surface, thereby increasing the depth of the
surface reducing layer (Figure Sb). A clear reduction to Ti** is
observed at ~1.5 nm from the surface and subsurface regions,
indicating the abundance of oxygen vacancies. The oxidation
environment induces distinct changes in surface Ti coordina-
tion and valence states on the surface (Figure Sc), confirming
the formation of LaTiO;_,-like islands observed in our imaging
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and mapping. These sites can also directly participate in
activating reactants or act as stable anchoring sites for metal
species in heterogeneous catalysis.”>*'

Our STEM imaging and spectroscopy analysis demonstrate
the abundant presence of oxygen vacancies at high temper-
atures, irrespective of redox environments. This experimental
evidence provides a good explanation for the HEOs in various
applications in which oxygen vacancies and structural stability
are critical factors. For instance, HEOs exhibit outstanding
catalytic activity in reactions such as partial oxidation, water—
gas shift, methane reforming, and CO, conversion,”** where
oxygen vacancies promote reactions by increasing the mobility
of oxygen ions and facilitating the transfer of oxygen atoms. In
energy storage applications, HEOs have recently demonstrated
exceptional capacity retention as electrodes in alkali ion
batteries; while their thermal and structural stability were
highlighted as the main contributing factors,>'>'> our findings
suggest that the abundant oxygen vacancies in HEOs may also
contribute significantly to their performance, since the
presence of oxygen vacancies has the potential to enhance
the mobility of lithium ions and serve as active sites for redox
reactions.” "> Our findings explain the value of HEOs in
energy storage and catalysis, highlighting the importance of
understanding surface characteristics in HEO particles,
particularly under their operation conditions, for the design
of HEOs in energy applications. The atomic arrangements and
elemental distributions revealed in this study also provide
direct input for structural calculations.
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