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ABSTRACT: Introducing transition-metal components to ceria (CeO2) is important
to tailor the surface redox properties for a broad scope of applications. The emergence
of high-entropy oxides (HEOs) has brought transformative opportunities for oxygen
defect engineering in ceria yet has been hindered by the difficulty in controllably
introducing transition metals to the bulk lattice of ceria. Here, we report the fabrication
of ceria-based nanocrystals with surface-confined atomic HEO layers for enhanced
catalysis. The increased covalency of the transition-metal−oxygen bonds at the HEO−
CeO2 interface promotes the formation of surface oxygen vacancies, enabling efficient
oxygen activation and replenishment for enhanced CO oxidation capabilities.
Understanding the structural heterogeneity involving bulk and surface oxygen defects in nanostructured HEOs provides useful
insights into rational design of atomically precise metal oxides, whose increased compositional and structural complexities give rise to
expanded functionalities.

■ INTRODUCTION
Activation of lattice oxygen in ceria (CeO2), usually associated
with the formation and migration of oxygen vacancies, is
fundamentally important for catalysis,1 energy conversion,2

magnetics,3 sensing, and biomedical applications.4,5 Introduc-
ing foreign metal species has been demonstrated to be an
effective route to modulating the defect chemistry of ceria to
access desirable properties.6 First-row transition-metal ele-
ments, including Cu, Co, Fe, Ni, and Mn, are intriguing
promoters to activate lattice oxygen in CeO2 as substitutional
dopant and/or interfacial domains.7 In comparison with binary
and ternary rare-earth oxides that are chemically inert,
transition-metal substitution induces catalytically active centers
that efficiently trigger a variety of molecular transformations.8,9

For example, coordination-unsaturated copper species that are
atomically dispersed on ceria yield high activity and stability
for oxidation,10 hydrogenation,11 desulfurization,12 and water-
gas shift reactions,13 as well as multiple electrocatalytic and
photocatalytic reactions.14,15

The emergence of high-entropy oxides (HEOs) has
introduced a distinct and transformative paradigm to
manipulate the creation of oxygen defects in ceria-based
oxides.16 Different from high-entropy alloys (HEAs) with
single-site occupancies, independent cation and anion
sublattices in HEOs have greater structural tunabilities.17−19

The enhanced configurational entropy gives rise to a higher
endurance for lattice distortion. This allows the incorporation
and stabilization of a higher concentration of aliovalent metal
cations in the oxide lattice, which promotes the activation of
lattice oxygen and formation of active species.20 Additionally,

the sluggish kinetics of HEOs introduced improved thermal
and chemical stabilities for the metal species under reaction
conditions.21,22 The entropy-maximization principle has also
been extended to the self-regeneration of the HEO-supported
metal catalysts.23,24

Nonetheless, the applicability of this entropy-induced
stabilization strategy is limited for ceria-based mixed oxides.
The drastic size difference between the first-row transition
metal and cerium atoms prompts the formation of oxide−oxide
interfaces with inherent structural heterogeneities, which
presents a fundamentally distinct scenario relative to the
rare-earth-metal-based ceria solid solutions.25 The associated
influence on the oxygen defects of ceria has remained elusive,
mainly due to the inherent complexities in oxygen-containing
structures and difficulties in controllably creating and
accurately identifying different types of oxygen defects. Various
oxygen-deficient CeO2−δ polymorphs within the Ce2O3−CeO2
composition range can be formed upon oxygen loss.6 Frenkel-
type oxygen defects, which involve displacement of oxygen
atoms from the octahedral interstitial sites in the fluorite
lattice, are also common in CeO2.

26 Discerning these
stoichiometric and nonstoichiometric oxygen defects on the
surface and in the bulk of ceria-based HEOs is thus challenging
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yet crucial, particularly for nanocatalysis. Accessibility to
surface oxygen defects determines the reaction pathways for
low-temperature molecular conversions, whereas the pathways
in the bulk favor oxygen transport for electrocatalysis and high-
temperature thermocatalysis.27,28 Fundamental insights are
also desired to unveil and leverage the cation−oxygen-vacancy
interactions in entropy-stabilized oxides for rational catalyst
design.

Recent studies have observed pronounced local structural
heterogeneities involving distinct surface and bulk domains of
HEOs during synthesis and catalysis processes.20 Instead of the
formation of entropy-stabilized single-phase solid solutions,29

building surface-confined HEO domains provides an alter-
native to tailor the surface reactivities of ceria via oxygen defect
engineering. Here, we demonstrate the feasibility of construct-
ing atomically thin HEO layers on ceria for enhanced catalysis.
Neutron diffraction coupled with a pair-distribution function
(PDF) analysis enables an atomistic investigation of the
HEO−CeO2 interface, which identifies both the intrinsic
interstitial oxygen defects in the bulk lattice and the extrinsic
oxygen vacancies on the surface of CeO2. The strong covalency
of the transition-metal−oxygen bonds facilitates the formation
of surface-confined oxygen vacancies, which promotes efficient
oxygen activation and replenishment for enhanced CO
oxidation capabilities. Elucidating the structural heterogeneity
involving surface and bulk oxygen defects in HEO nanocrystals
lays the foundation for regulating oxygen defects in a broad
range of complex oxides with expanded functionalities. For
instance, controllably introducing different types of oxygen
defects in nanoscale HEOs offers a potential entryway to
modulating the electrochemical behaviors and engineering the
oxide−oxide heterojunctions.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations of Ceria-Based

Nanocrystals. Ceria-based nanocrystals with tunable compo-
sitions were prepared using colloidal synthesis. During the
synthesis, cerium and transition-metal oleates decompose in
the mixture of octadecene and oleylamine at 220 °C and
ultimately form metal oxide nanoparticles.30 In addition to
pristine CeO2 nanoparticles, 5 atom % Cu-substituted CeO2
(denoted Cu-CeO2) and 5 atom % Cu- and 5 atom % Co-co-
substituted CeO2 (denoted CuCo-CeO2), corresponding to
binary copper−ceria and ternary copper−cobalt−ceria systems,
respectively, were also fabricated.10,31,32 Diversifying the
dopant species can improve their dispersions on ceria.33,34

Further extension to entropy-stabilized multicomponent oxides
brings elevated transition-metal contents stabilized in the ceria
lattice due to the enhanced entropic effects, as revealed by
recent studies.21,22,35 We thereby prepared CeO2 simulta-
neously substituted with Cu, Co, Fe, Ni, and Mn (5 atom % for
each element, denoted CuCoFeNiMn-CeO2) to interrogate
the entropic effects of the transition-metal promoters. Kinetic
control in colloidal solutions warrants facile nucleation and
growth of high-entropy nanocrystals at low temperatures,36,37

where phase segregation would induce an enthalpic penalty.
The surface-capped oleylamine ligands, which are absent for
high-temperature solid-state materials, can be another factor
that fine-tunes the formation pathway of the HEO nanocryst-
als.

As shown by the transmission electron microscopy (TEM)
images with corresponding fast Fourier transform (FFT)
patterns (Figures S1 and S2), the as-synthesized colloidal
CeO2 nanocrystallites are approximately 5 nm in size, with a
truncated-octahedral shape exposing the {200} and {111}
facets.31,38 The ceria-based colloidal nanocrystals were then

Figure 1. HAADF-STEM images of the annealed (a) CeO2 and (b, c) CuCoFeNiMn-CeO2 nanocrystals with EDS elemental maps showing a
uniform distribution of the transition-metal elements. The terminated {111} and {200} facets in the truncated-octahedral shape are highlighted in
green and yellow, respectively. (d) XRD patterns of the annealed transition-metal-substituted CeO2 nanocrystals and the simulated reference
pattern for comparison.40 (e) UV Raman spectra of the annealed ceria-based samples with an excitation wavelength of 325 nm. The relative peak
heights of F2g and D are highlighted by dashed lines, with the intensity ratio (ID/IFd2g

) estimated according to Lorentzian fitting.
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annealed in air at 500 °C to remove the surface capping ligands
for further characterization (Figure S3 and Tables S1 and S2).
The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images with the
corresponding STEM-energy dispersive X-ray spectroscopy
(EDS) element maps show that the annealed samples retain
the truncated-octahedral morphology with uniform elemental
distributions (Figure 1a−c). The annealed powders also
become darker with elevated substitution levels, transitioning
from pale yellow for CeO2 to dark brown for CuCoFeNiMn-
CeO2 (Figure S4). This color transition can be ascribed to the
decreased band gaps along with transition-metal incorporation,
which extends the absorption edge to lower energies and may
bring enhanced photocatalytic activities.39

Figure S5 and Figure 1d display the powder X-ray diffraction
(XRD) data for the colloidal and annealed CeO2, Cu-CeO2,
CuCo-CeO2, and CuCoFeNiMn-CeO2 samples, with a
reference pattern for bulk CeO2 for comparison.40 Diffraction
peaks corresponding to the CeO2 phase can be identified for all
of the samples, confirming retention of the host fluorite
structure upon transition-metal incorporation. Notably,
CuCoFeNiMn-CeO2 only exhibits the characteristic diffraction
peaks matching well with the fluorite structure of CeO2, while
additional crystalline peaks corresponding to the CuO phase
emerge for the annealed copper-ceria sample with comparable
transition-metal concentrations (∼25 atom %) (Figure S6).
This suggests that diversifying the transition-metal components
mitigates the formation of the segregated transition-metal
oxides in the bulk form. According to the Gibbs free energy
equation (ΔGmix = ΔHmix −TΔSmix), the enhanced configura-
tional entropy (ΔSmix) lowers the overall Gibbs free energy
(ΔGmix) through forming a homogeneous, randomly dis-
tributed phase,41 which inhibits phase segregation and prompts
better dispersions of the transition-metal species.

Figure 2e displays the ultraviolet (UV) Raman spectra of the
annealed CeO2 samples measured with a 325 nm excitation
wavelength, which probes the dynamic interaction between the
metal and oxygen atoms in ceria with a strong resonance
effect.42 CeO2 exhibits the characteristic F2g and defect-
induced D modes at 467 and 599 cm−1, respectively, together
with the 2LO mode centered at 1188 cm−1. In comparison, the
D and 2LO modes of CuCoFeNiMn-CeO2 exhibit an ∼4 cm−1

red shift relative to those of the other samples, while the F2g
mode remains unchanged at ∼467 cm−1, implying substitution-
induced modulation of the fluorite lattice (Table S3).
Moreover, the relative intensity ratio between the D and F2g
modes (ID/IFd2g

), which is indicative of the oxygen defect
concentration in ceria,43 increases from CeO2 to CuCoFe-
NiMn-CeO2. Concentration of the oxygen defects in ceria is
thus positively correlated with the overall concentration of the
transition-metal substituents. This is further supported by the
Raman spectra with 532 nm excitation wavelength, as the D
mode of CuCoFeNiMn-CeO2 is observably stronger than
those of the other samples (Figure S7 and Table S4).
Atomistic Insights into Oxygen Defects in Ceria-

Based HEO Nanocrystals. The above results show the
capability to create and modify oxygen defects in CeO2
nanocrystals by introducing transition-metal substituents and
cosubstituents. However, the long-range, macroscopic charac-
teristics derived from the XRD pattern and Raman spectra can
hardly be utilized to precisely pinpoint the origin of the
observed structure difference, especially for nanoscale materi-

als.44 Possessing much smaller sizes in compariosn with that of
cerium, the transition-metal substituents induce severe local
distortions with short-range, nonperiodic features that under-
pin the local structures and the correlated functional
properties.45 In our case, the pronounced surface-dependent
properties derived from the high surface-area-to-volume ratio
of nanocrystals affords the opportunity to differentiate bulk
and surface characteristics. We resorted to synchrotron- and
neutron-based techniques to elucidate the nature, type, and
concentration of the oxygen defects, which helps identify the
metal−oxygen correlations in the ceria-based nanocrystals.

X-ray absorption spectroscopy (XAS) was used to study the
chemical environments of the metal cations. The Ce LIII edge
remains almost identical for all the samples (Figure S8),
indicating that the bulk Ce3+/Ce4+ ratio remains unaltered
upon transition-metal substitution. This is consistent with the
unchanged surface Ce3+/Ce4+ ratio as supported by the X-ray
photoelectron spectroscopy (XPS) results of the Ce 3d region
(Figure S9). We then focused on Cu, which is involved in all
the three substituted samples, to acquire energetic insights.
Figure 2a displays the Cu K-edge XANES spectra. The
measurably higher absorption energy (E0) values for Cu-CeO2
(8991.5 eV), CuCo-CeO2 (8991.6 eV), and CuCoFeNiMn-
CeO2 (8991.2 eV) relative to that for CuO (8990.3 eV) and
the pre-edge features corresponding to the 1s → 3d transitions
collectively indicate the existence of Cu2+.10 A previous study
has attributed the oddly positive energy shift of Cu to the
emergence of Cu3+ species,31 while Lancaster and colleagues
recently suggested that the strong covalency of the Cu−ligand
bonding could be the main trigger.46 For pristine CeO2, the
empty Ce 4f and filled O 2p energy levels, which are above and
below the Fermi level, respectively, are the main contributors
to the covalent interactions.47 Incorporating Cu and other first-
row transition-metal cosubstituents alters the hybridization and

Figure 2. (a) Normalized Cu K-edge XANES spectra of the ceria-
based samples with Cu and CuO references, with the pre-edge region
(∼8980 eV) being highlighted. (b) Cu K-edge EXAFS spectra of the
ceria-based samples with Cu and CuO references. The peaks
corresponding to Cu−O, Cu−M, and Cu−Ce shells are highlighted
for comparison. (c) Wavelet transforms of EXAFS for Cu-CeO2,
CuCo-CeO2, and CuCoFeNiMn-CeO2.
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energy level of the Ce and O orbitals, which will be discussed
later.

The local coordination geometries of Cu were analyzed by
fitting their Fourier-transformed extended X-ray absorption
fine structure (EXAFS) spectra (Figure 2b and Figure S10 and
Table S5). Cu-CeO2, CuCo-CeO2, and CuCoFeNiMn-CeO2
all possessed the main Cu−O shell at ∼1.9 Å with reduced
magnititude and a lower Cu coordination number (CN) of
∼2−3, reflecting the existence of transition-metal oxide motifs
with small domains. Cu-CeO2 also exhibited a minor Cu−Ce
contribution at 3.26 Å (CN ≈ 3.0), which is attributed to the
Cu−[Ox]−Ce structure with strong copper−ceria interac-
tions.48 Further wavelet transforms suggest that the Cu−Ce
contribution weakens with an increased amount of the
transition-metal substituents, while an additional coordination
shell emerges at lower R and higher k values (Figure 2c). It is
challenging to unambiguously identify the atoms giving rise to
each individual scattering path, especially in the case of high-
entropy CuCoFeNiMn-CeO2, where different transition-metal
atoms share similar weight numbers. On the basis of the
copper−ceria interfacial perimeter model,13 we tentatively
assign this additional shell as the Cu−Cu distance (or Cu−M,
where M represents Co, Fe, Ni, or Mn). XANES and EXAFS
analyses together reveal that the atomically dispersed
transition-metal substituents are strongly coordinated with
the ligand oxygen from the CeO2 domain.

Neutron diffraction, which relies on short-range nuclear
interactions and thus possesses a high detection sensitivity for
light elements,49 was employed to identify the positions of the
oxygen atoms in the transition-metal-substituted CeO2 nano-
crystals. According to the Rietveld refinements (Figures S11−
S14 and Table S6), no (crystalline) impurity phase was
observed for CeO2, Cu-CeO2, and CuCo-CeO2, whereas a
minor rock salt, sub-nanometer (<5 Å) HEO phase emerged
for CuCoFeNiMn-CeO2.

50 Moreover, no substantial changes
were observed for the refined lattice parameters of CeO2
among these four samples. This affords direct and
unambiguous evidence showing the atomic-level structural
heterogeneity, where the transition-metal substituents reside
on the CeO2 surface. Lattice shrinkage would be expected if
Ce4+ (Ce3+) in the bulk lattice were replaced by the transition-
metal cations with smaller sizes. In addition, the surface
enrichment of Ce3+ was also observed in the STEM-electron
energy loss spectroscopy (EELS) analysis, as evidenced by the
appearance of low-energy features at the Ce M4,5 edge (Figure
S15). Taken together, these results point to a structural picture
where the substituted metal cations are embedded on the
surface lattice of ceria, which constructs atomically thin HEO
layers in CuCoFeNiMn-CeO2.

The unexpected local structural disorder and interfacial
effects between ultrasmall domains, which can hardly be
detected using conventional techniques, play decisive roles in
regulating the surface properties of high-entropy materials.51,52

PDF analysis was applied to interpret this surface-confined
transition-metal−ceria interface on the basis of the neutron
diffraction data. Different from Rietveld refinements that focus
on Bragg diffraction peaks, PDF analysis utilizes both Bragg
scattering and diffuse scattering information and thereby
possesses high sensitivities to short- and intermediate-range
structures in nanoscale and amorphous systems.53−56 As
exhibited in Figure 3a, the first negative G(r) peak at around
0.96−1.0 Å is assigned to the surface-attached O−H bonds,
given the negative coherent nuclear scattering length of

hydrogen. The peak at ∼1.95 Å is attributed to the nearest
transition-metal−oxygen (M−O) correlation, which splits
from a single peak to multiple deconvoluted peaks for
CuCoFeNiMn-CeO2 that correspond to different M−O
bond lengths. This manifests the structure disorder in the
surface-confined HEO layers. The nearest Ce−O and O−O
correlations are located at ∼2.35 and ∼2.70 Å, respectively.
Frenkel-type oxygen defects, which are common in the bulk
lattice of CeO2 due to the displacement of the oxygen anions
along the ⟨111⟩ or ⟨110⟩ directions,26 were introduced to the
structure model for a short-range PDF analysis (Figures S16−
S18). The concentrations of the interstitial oxygen defects were
refined to be 9.3%, 12.0%, 13.6%, and 13.1% for CeO2, Cu-
CeO2, CuCo-CeO2 and CuCoFeNiMn-CeO2, respectively
(Table S7). The concentration of the intrinsic interstitial
oxygen defects in the bulk lattice thus remains almost
unaltered, due to the comparable sizes and morphologies of
the ceria-based nanocrystals. Variation of the transition-metal
substituents and cosubstituents situated on the CeO2 surface
thus has a negligible influence on the formation of oxygen
defects deep within the bulk lattice.

Interestingly, the nearest Ce−O bond becomes shorter with
transition-metal substitution, while the nearest O−O distance
shifts toward higher r values (Figure 3a). This shift becomes
non-negligible for CuCoFeNiMn-CeO2 and results in a

Figure 3. (a) Short-range neutron diffraction data for the transition-
metal-substituted CeO2 samples. The peaks corresponding to the O−
H, M−O, Ce−O, and O−O correlations are noted for comparison.
Insets showing the structure model of the fluorite structure of CeO2
and illustrative model of the surface-substituted CeO2 nanocrystals are
provided at the top and bottom, respectively. Short-range PDF
analysis of CuCoFeNiMn-CeO2 (b) excluding and (c) including the
Ce7O12 phase. The contribution from the rock salt HEO domains,
which is less than 5 Å as shown in Figure S21, is highlighted using an
asterisk.
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discrepancy between the experimental and fitting results
(Figure 3b). As the average fluorite structure model still well
describes the intermediate-range PDF data above 5 Å (Figures
S19 and S20), this opposite trend for the shift of the nearest
Ce−O and O−O distances indicates an abundance of the
surface oxygen defects in the HEO layers that drastically differ
from the interstitial defects in the bulk fluorite lattice. Due to
the small domain size, a large portion of the surface oxygen
atoms from the CeO2 domain are directly bonded to the
transition-metal cations, resulting in pronounced surface-
dependent phenomena for the high-entropy CuCoFeNiMn-
CeO2 sample.

To corroborate this hypothesis, we selected C−Ce2O3+δ,
Ce7O12, and Ce11O20, three common CeO2−x polymorphs with
different types of oxygen vacancies,40 as an additional surface
phase to the short-range PDF analysis of CuCoFeNiMn-CeO2.
The Ce7O12 phase, a rhombohedral structure with periodic
arrangements of oxygen vacancies perpendicular to the {111}
planes,57 was identified as the one that best describes the
oxygen sublattice at the HEO−ceria interface. As displayed in
Figure 3b, the difference between the simulated and
experimental curves show three features in the range of 2−3
Å, which match well with the Ce−O, Ce7O12-like Ce−VO
(partially vacant oxygen sites), and Ce−O correlations in the
Ce7O12 structure, respectively. The PDF fitting for the
CuCoFeNiMn-CeO2 data including the Ce7O12 phase yields
a noticeable improvement (Figure 3c and Figure S21),
demonstrating enrichment of surface-confined, oxygen-defi-
cient phases. Accordingly, we were able to estimate the

concentration of the Ce7O12-like oxygen vacancies for CeO2
(<1%), Cu-CeO2 (3.0%), CuCo-CeO2 (5.0%), and CuCoFe-
NiMn-CeO2 (13.4%) (Table S8 and Figure S22). In contrast
to the relatively constant concentration of the interstitial
oxygen defects, significantly more surface-confined oxygen
vacancies are produced along with the formation of surface-
confined HEO atomic layers in CuCoFeNiMn-CeO2. This also
suggests two orthogonal strategies to modulate the amount of
the bulk and surface oxygen defects in ceria. Tuning the
geometric parameters such as size and exposed facet facilitates
the modification of the intrinsic, interstitial oxygen defects in
the bulk lattice, while modulating the transition-metal
substituents enables engineering of the extrinsic, surface-
confined oxygen vacancies.
Computational Investigation of Formation of the

Surface Oxygen Vacancies of Ceria-Based Nanocrystals.
The oxygen vacancy formation energy has been shown to be an
important descriptor for the reactivity of lattice oxygen on
oxide surfaces. We hypothesize that, when the surface-confined
HEOs are formed in CuCoFeNiMn-CeO2, oxygen vacancy
formation in the CeO2 surface becomes more favorable,
leading to the Ce7O12-like Ce−VO species. To test this
hypothesis and elucidate the correlation between formation of
the transition-metal−oxygen bond and modulation of surface
oxygen vacancies, we performed density functional theory
(DFT) calculations at the GGA+U level based on a simplified
model for the transition-metal-functionalized CeO2 surfaces,
using the oxygen vacancy formation energy (Evac) as a
descriptor.

Figure 4. (a) Optimized surface structures of CeO2-(111) and Cu-CeO2-(111) with and without oxygen vacancies. (b) Calculated oxygen vacancy
formation energies (Evac) of the pristine and transition-metal-substituted CeO2-(111). (c) Calculated COHP between the cerium and oxygen atoms
on the surfaces of the pristine and transition-metal-substituted CeO2-(111). The colored areas on the left and right correspond to the antibonding
and bonding orbitals, respectively, and the Fermi level is noted using a dashed gray line.
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Because the truncated-octahedral shape of the ceria-based
nanocrystals prominently exposes the {111} facet of CeO2
(Figure 1), we use the (111) surface structure of CeO2 as our
starting model to probe how a surface substitutional doping by
a 3d metal changes Evac (Figure 4a).58 One can see from Figure
4b that the Evac value of M-CeO2-(111) is much lower than
that of the pristine CeO2-(111) for M = Cu, Co, Fe, Mn, Ni.
The key reason is that substitution of M for Ce on the surface
creates 2-fold-coordinated oxygen atoms (Figure 4a and Figure
S23), which are more active than the 3-fold-coordinated
oxygens on the pristine CeO2-(111). The negative Evac values,
especially for Ni-CeO2-(111), indicate the favorable thermo-
dynamic driving force for creating surface oxygen vacancies.
The sluggish diffusion kinetics that are characteristic of
HEOs59 may further enhance the availability of the oxygen
vacancies.

Bader charge analysis was performed to elucidate the
oxidation state in Cu-CeO2, with Cu2O and CuO as references.
We found that Cu in Cu-CeO2 is slightly more oxidized in
comparison to Cu in CuO (Figure S24), consistent with the
observed positive energy shift of the Cu K-edge XANES
spectra for Cu-CeO2 (Figure 2a). We further investigated the
change in the surface Ce−O bonding with M, using a crystal
orbital Hamilton population (COHP) analysis (Figure 4c).
One can see that the antibonding states of the CeO2-(111)
surface are either decreasing or pushed to above the Fermi
level after substitutional doping by M. In other words, the Ce−
O bonds are more strengthened in M-CeO2 than in CeO2. The
computational results suggest that the formation of surface
oxygen vacancies is thermodynamically favored in the high-

entropy ceria nanocrystals. In comparison with Ce3+/Ce4+, the
transition-metal cations possess lower oxidation states and
smaller ionic radii, resulting in structural heterogeneities at the
transition-metal−ceria interface. The strong bond covalency
redistributes the charge on lattice oxygen and facilitates
generation of the oxygen vacancies on the CeO2 surface/
subsurface instead of the interstitial vacancies in the bulk.
CO Oxidation Performance of Ceria-Based Nano-

crystals. The surface oxygen vacancies induced by transition-
metal substitution not only facilitate removal of oxygen atoms
but also promote refilling of the vacant sites by adsorbed
oxygen species. CO oxidation, a key technological process to
treat automotive exhaust streams,60,61 was selected as a model
reaction to study the associated redox properties. The “light-
off” curves show that introducing transition-metal species
lowers the onset and complete conversion temperatures for
CO oxidation (Figure 5a). The T50 values, the temperatures at
which 50% of CO is converted to CO2, are 257, 190, 155, and
109 °C for CeO2, Cu-CeO2, CuCo-CeO2, and CuCoFeNiMn-
CeO2, respectively. The steady-state measurements at 80 °C
show the same trend (Figure S25a). Following the Mars−van
Krevelen mechanism,34 CO molecules are adsorbed and
oxidized by the activated lattice oxygen on the CeO2 surface,
where the accompanying oxygen vacancies are repeatedly filled
by the dissociated oxygen molecules in the atmosphere.
Notably, the CO oxidation activity is positively correlated with
the concentration of the Ce7O12-like surface oxygen vacancies
in the transition-metal-substituted CeO2 nanocrystals. The
apparent activation energies were calculated in the range of
48.6−66.8 kJ/mol (Figure S25b), consistent with previously

Figure 5. (a) CO oxidation light-off curves for the transition-metal-substituted CeO2 samples, measured with 20 mg of the catalysts in 1% CO
balanced with dry air at a flow rate of 12 mL min−1. (b) CO oxidation light-off curves under simulated exhaust conditions (0.2% CO, 0.01% NO,
0.083% C2H4, 0.033% C3H6, 0.11% C3H8, 6.0% CO2, 12.0% O2, and 6.0% H2O balanced with Ar) using the CuCoFeNiMn-CeO2 catalyst for three
repeated cycles, measured with 111 mg of the catalyst at a flow rate of 370 mL min−1 (GHSV ≈ 200000 h−1). (c) CO-TPR profiles of the
transition-metal-substituted CeO2 catalysts with the CO consumption amount being highlighted. (d) Evolution of the 18O2 species for
CuCoFeNiMn-CeO2 and CuOx-CeO2 during the TPOIE measurement, where the onset temperature is noted for comparison.
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reported values.8 This also validates that the activity difference
originates from the different amouns of active sites that share
the same Mars−van Krevelen mechanism. We further applied
the optimal CuCoFeNiMn-CeO2 catalyst to the treatment of
exhaust streams, which showed compelling catalytic activity
and stability under harsh conditions (GHSV ≈ 200000 h−1), as
displayed in Figure 5b and Figure S26. Inherent compositional
diversities in HEOs afford separate active metal sites for
adsorption and conversion of competing reactant molecules,
which include CO, CO2, hydrocarbons, NOx, and H2O in the
exhaust streams. This points out a new direction for the design
of CeO2-based noble-metal-free catalysts for enhanced
catalysis, where relevant studies have mainly focused on
improving the CO oxidation activity or the performance of
preferential oxidation of CO in excess hydrogen
(PROX).8,10,31,33,48 In addition to the catalytic activity, the
sluggish kinetics of HEOs may reinforce the resistance to
hydrocarbon inhibitions and catalyst stability during long-term
operations, both of which are pivotal for industrial exhaust
treatments.

CO temperature-programmed reduction (CO-TPR) was
conducted to evaluate the reducibility of the transition-metal-
substituted CeO2 nanocrystals. As shown in Figure 5c, Cu-
CeO2 exhibits two peaks at 103 and 277 °C, corresponding to
the reduction of the CuOx clusters weakly bound to CeO2 and
the Cu−[Ox]−Ce structure with strong covalent copper−ceria
interactions, respectively.48 While the position of the first peak
remains at ∼100 °C, the second peak observably shifts toward
lower temperatures for CuCo-CeO2 (216 °C) and CuCoFe-
NiMn-CeO2 (179 °C). This suggests that the incorporation of
the additional transition-metal species other than Cu facilitates
reduction of the M−[Ox]−Ce structures, allowing activation
and utilization of surface lattice oxygen at lower temperatures.
In parallel, the CO consumption amount also increases from
Cu-CeO2 (256 μmol g−1) and CuCo-CeO2 (294 μmol g−1) to
CuCoFeNiMn-CeO2 (562 μmol g−1), highlighting the enlarge-
ment of the HEO−CeO2 heterointerface for CO activation. A
similar trend was observed for the H2-TPR data (Figure S25c),
whereas differentiation of the different reduction peaks became
challenging, presumably due to the stronger reducing ability of
H2 in comparison with that of CO. In light of the above
experimental and computational studies, we infer that the
strong covalency of the M−O bonds in the M−[Ox]−Ce
structures leads to the formation and stabilization of surface
oxygen vacancies. With maximized active sites, the constructed
HEO layers on ceria enable efficient oxygen activation and
replenishment for enhanced CO conversions.

To unveil the entropic effects in oxygen defect formation
and correlated lattice oxygen activation, we applied temper-
ature-programmed oxygen isotope exchange (TPOIE) to
compare the oxygen exchange behaviors of the high-entropy
oxide (CuCoFeNiMn-CeO2) and binary oxide (CuOx-CeO2)
with comparable transition-metal concentrations (Table S2).62

As shown in Figure 5d, the consumption of 18O2 started at 228
°C for CuCoFeNiMn-CeO2, observably lower than that for
CuOx-CeO2 (271 °C). A similar trend was observed for the
evolution of the 16O2 and 16O18O signals (Figure S27), which
demonstrates the enhanced oxygen exchange capability for
CuCoFeNiMn-CeO2 relative to that for CuOx-CeO2. Mean-
while, the normalized oxygen capacity for CuCoFeNiMn-CeO2
is around the same (104%) as that for CuOx-CeO2. The
TPOIE results indicate that the surface-confined atomic HEO
layers enriched with Ce7O12-like oxygen vacancies facilitate the

exchange between gas-phase oxygen and surface lattice oxygen
of CeO2. The enhanced configurational entropy affords a
distinct route to activating surface lattice oxygen, benefiting the
formation, migration, and utilization of active oxygen species
for oxidation reactions. This brings opportunities to tackle
issues that are considered challenging for conventional mixed-
oxide catalysts.

■ CONCLUSIONS
Given the broad scope of potential applications for ceria-based
nanomaterials, it is pivotal to tailor the oxygen defects in CeO2
through a rational structure and composition design. As a
distinct strategy to tune the oxygen defects in ceria, entropy
stabilization has been mostly limited to single-phase solid
solutions. Here, we demonstrate that the surface-confined
HEO atomic layers, where different transition metals are
randomly embedded and stabilized on the surface lattice of
ceria, have profound effects on the creation of oxygen defects.
The formation of the bulk interstitial oxygen defects is
dependent on the size and geometry of the ceria nanocrystals,
whereas tuning of the cluster surface defects relies on the
transition-metal−CeO2 interface engineering. With enhanced
bond covalency and maximized active sites, the CuCoFeNiMn-
CeO2 sample exhibits optimal CO oxidation capabilities. These
atomistic insights into the surface and bulk structures of ceria-
based HEO nanocrystals have important implications for
oxygen defect engineering in reducible metal oxides.63 For
example, the ability to control the surface and bulk oxygen
defects of nanoscale HEOs is important in the exploration of
new topological materials, where the interior electronic and
magnetic properties are completely different from those on the
surface or at the oxide−oxide interface.64 More work is
anticipated to unravel the metal−oxygen covalency in mixed
and entropy-stabilized metal oxides, as the atomic-scale
structural heterogeneities may benefit lattice oxygen activation
for catalytic and sensing applications.
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