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Ultrasound-mediated synthesis of nanoporous

fluorite-structured high-entropy oxides
toward noble metal stabilization

Francis Okejiri,’? Juntian Fan," Zhennan Huang,® Kevin Michael Siniard,’ Miaofang Chi,® Felipe Polo-Garzon,?

Zhenzhen Yang,”* and Sheng Dai'?4*

SUMMARY

High-entropy oxides (HEOs) are an emerging class of advanced ceramic materials
capable of stabilizing ultrasmall nanoparticle catalysts. However, their fabrica-
tion still relies on high-temperature thermal treatment methodologies affording
nonporous architectures. Herein, we report a facile synthesis of single-phase,
fluorite-structured HEO nanocrystals via an ultrasound-mediated co-precipitation
strategy under ambient conditions. Within 15 min of ultrasound exposure, high-
quality fluorite-structured HEO (CeHfZrSnErO,) was generated as ultrasmall-
sized particles with high surface area and high oxygen vacancy concentration.
Taking advantage of these unique structural features, palladium was introduced
and stabilized in the form of highly dispersed Pd nanoclusters within the
CeHfZrSnErO, architecture. Neither phase segregation of the CeHfZrSnErO,
support nor Pd sintering was observed under thermal treatment up to 900°C.
The as-afforded Pd/CeHfZrSnErO, catalyst exhibits good catalytic performance
toward CO oxidation, outperforming Pd/CeO, of the same Pd loading, which
highlights the inherent advantage of CeHfZrSnErO, as carrier support over tradi-
tional oxides.

INTRODUCTION

High-entropy oxides (HEOs) are among the emerging new classes of compositionally complex ceramics
with abundant structural diversity and peculiar functional features which makes them promising candidates
in various fields of applications including heterogeneous catalysis (Amiri and Shahbazian-Yassar, 2020; Rost
etal., 2015; Sun and Dai, 2021; Zhang et al., 2021a, 2021b). As a unique class of concentrated solid-solution
materials, HEOs, unlike high-entropy alloys (HEAs), possess independent cation and anion sublattices that
give rise to expanded tuning range in composition and structure diversity (Chen et al., 2019; Sun and Dai,
2021). However, the potentials of HEOs as heterogeneous catalysts remain highly underexplored, partly
due to the nascency of the high-entropy field but more importantly due to the unavailability of facile
and reliable synthetic methods to fabricate nanostructured HEOs more suited for heterogeneous catalysis.

Since the emergence of the first HEO (rock-salt-structured) in 2015, there has been a growing interest in the
development of synthetic strategies to fabricate HEO materials of other crystalline structures and func-
tional features, including perovskite oxides (Okejiri et al., 2020), pyrochlores (Andrew et al., 2020), spinel
oxides (Nguyen et al., 2020), fluorite-structured oxides (Xu et al., 2020), etc. Fluorite-structured HEOs, in
particular, have shown great applicability as oxidation catalysts owing to their excellent redox properties
and good oxygen storage capacity (Xu et al., 2020). The ability to generate and modulate the oxygen va-
cancy concentration in the crystal lattice is particularly useful in improving the catalytic performance for
different oxidation reactions (Sun and Dai, 2021; Xu et al., 2020). Their great tunability and inherent surface
complexity provide an excellent opportunity to access superior catalytic features “hidden” in the unex-
plored central regions of a multicomponent phase space of higher orders, constituting an obvious advan-
tage over the traditional fluorite-structured binary oxides such as CeOg, HfO,, or ZrO,. Unfortunately, the
reported synthesis methods are tedious, rigorous, or energy-intensive, typically requiring extreme temper-
atures and/or pressures, long reaction times, resulting in microsized particles with reduced surface
areas that are ill-suited for catalytic applications. For example, Chen et al. and Gild et al. fabricated
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fluorite-structured HEO materials via high-energy ball milling methods (Chen et al., 2018b; Gild et al.,
2018). However, the requirements of extreme synthetic conditions, including the ultrahigh temperature
(1500°C-1800°C) and extended reaction times (6-24 h), limit its application in heterogeneous catalysis.
Nanocrystalline fluorite-structured HEOs have been realized via the nebulized spray pyrolysis method at
1150°C and 900 mbar pressure (Chellali et al., 2019). While the scalability of this synthetic strategy is quite
promising, the requirement of a highly sophisticated piece of equipment constitutes both technological
and economic constraints. More recently, our group synthesized fluorite-structured HEO support via a
combination of mechanical ball milling and subsequent calcination at 900°C (Xu et al., 2020), which was
used to improve the reducibility of lattice oxygen and stabilize Pd single atoms (SAs), leading to enhanced
catalytic performance. Other promising strategies that have been reported include co-precipitation (Spi-
ridigliozzi et al., 2021), co-precipitation and peptization (Anandkumar et al., 2019), and hydrothermal
synthesis methods (Spiridigliozzi et al., 2020), being limited by rigorous synthetic processes, multiple
reaction procedures, and energy-intensive unit operations, respectively. In addition, the as-afforded fluo-
rite-structure HEOs are in dense phase and exhibit inferior mass transfer in catalysis. The development of
technologically feasible, facile, and reliable synthetic strategies capable of generating high-quality fluorite-
structure HEOs with high stability and nanoporous architecture is still highly desirable, particularly in high-
temperature gas transformation procedures requiring robust noble metal SAs or small nanoparticles (NPs).

The present study demonstrates a facile ultrasound-mediated co-precipitation strategy deployed toward
the fabrication of single-phase, fluorite-structured HEO nanocatalysts. Within 15 min of ultrasound expo-
sure, nanocrystalline HEO (CeHfZrSnErO,) was obtained sonochemically under ambient conditions and
without the unfavorable heat-treatment process encountered in other synthetic strategies. The as-afforded
CeHfZrSnErO, is characterized by ultrasmall crystallites with high surface area and high oxygen vacancy
concentration, which provided an opportunity to stabilize palladium SAs or highly dispersed small NPs
within the CeHfZrSnErO, architecture to form Pd/CeHfZrSnErO,. The as-afforded nanocatalysts demon-
strated ultrahigh stability and sintering resistance under thermal treatment conditions at up to 900°C. Us-
ing CO oxidation as a probe reaction, the inherent advantage of CeHfZrSnErO, over traditional oxides as
carrier supports is highlighted by the superior catalytic performance of Pd/CeHfZrSnErO, over Pd/CeO, of
the same Pd loading. This technologically feasible, facile, and scalable synthetic strategy holds great prom-
ise toward the synthesis of nanostructured HEO systems with functional features and promising applica-
tions to afford robust supported noble metal SA catalysts.

RESULTS
Synthesis of CeHfZrSnErO, and Pd/CeHfZrSnErO,

Ultrasound can be used to drive high-energy chemical reactions via the physical process of acoustic cavi-
tation that provides a unique high-energy environment at such magnitude and timescale that is unattain-
able with conventional energy sources. The acoustic cavitation phenomenon is described as the formation,
growth, and implosive collapse of microbubbles in liquids under ultrasound irradiation, which could be
leveraged for efficient production of high entropy materials under mild conditions (Suslick and Price,
1999, Zhang et al., 2021a, 2021b). Recently, we exploited this unique high-energy environment toward
the synthesis of nanostructured HEAs (Liu et al., 2019; Okejiri et al., 2021), and high-entropy perovskite ox-
ide nanocatalysts (Okejiri et al., 2020). The present study seeks to investigate the feasibility of fabricating
fluorite-structured HEO nanocatalysts using an ultrasound-mediated co-precipitation strategy. First, the
following selection guidelines as suggested by Rost et al. and modified by Djenadic et al. were considered
for the choice of the metal compositions to favor the formation of a single-phase HEO system: (i) cations of
similar ionic radii are preferred over cations with profound ionic size mismatch; (i) the possible binary ox-
ides should not exhibit uniform crystal structure; and (iii) there should exist, at least, one binary oxide pair
that does not exhibit complete solubility in the oxide binary phase diagram (Djenadic et al., 2017; Rost
et al, 2015). In the assessment of these, the following cations with comparable ionic were utilized as the
metal precursor (Shannon, 1976): Ce®*, Hf**, Zr**, Sn**, and Er®*.

To sonochemically synthesize CeHfZrSnErO,, an aqueous solution of the metal precursors was added to a
precipitating agent and instantaneously exposed to ultrasound irradiation for 15 min. Following the sep-
aration and drying processes, CeHfZrSnErO, was obtained as a crystalline powder without calcination.
The synthetic procedure is schematically shown in Figure 1A. CeHfZrSnErO,-stabilized palladium nanoclus-
ters (Pd/CeHfZrSnErO,) were synthesized by adding an alcoholic solution of a palladium precursor to pre-
synthesized CeHfZrSnErO, under ultrasound exposure for 10 min.
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Figure 1. The synthesis and structure characterization of CeHfZrSnErOx
(A) Schematic illustration of the synthesis of CeHfZrSnErO,.
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Figure 1. Continued

(B) XRD patterns CeHfZrSnErO, and CeO; (the shift in reflection positions of CeHfZrSnErO, relative to CeO, is denoted by
the dotted lines in the inset).

(C) HRTEM image of CeHfZrSnErO, and (D) the corresponding SAED.

(E) STEM-EDS elemental maps of CeHfZrSnErO, showing Zr (green), Sn (red), Ce (teal), Er (blue), and Hf (purple).

Structure characterization of CeHfZrSnErO,

X-ray diffraction (XRD) technique was first employed for phase identification. Figure 1B displays the XRD
patterns of CeHfZrSnErO, and CeO,. The diffraction peaks of CeHfZrSnErO, are centered at 29.87°,
34.60°, 49.62°, 58.86°, 61.75°, and 72.57° and can be indexed to (111), (200), 220), (311), (222), and (400)
planes, respectively, of a cubic fluorite structure. Compared to the diffraction pattern of CeO,, these char-
acteristic reflections are located at slightly higher 2-theta angles (inset in Figure 1B), suggesting a unique
set of lattice parameters smaller than that of CeO,. This shrinkage in the lattice parameter, from 5.4111 Ato
5.1911 A, is consistent with the diffusion of the smaller-sized cations (Hf**, Zr**, Sn**, and Er®) into the base
CeO;, crystal lattice to form CeHfZrSnErO, as a new single-phase HEO material. Notably, the peaks are
sufficiently broad which generally suggest small crystallite size, microstrain, sample inhomogeneity, or
instrumental effects (Zamkovskaya et al., 2018). But since the sample is compositionally homogeneous
(as demonstrated later by the energy-dispersive X-ray (EDX) mapping), the crystallite size and microstrain
contributions to peak broadening were assessed by the Williamson-Hall (W-H) method (Williamson and
Hall, 1953) after correcting for the instrumental profile (Figure S1). Figure S2 displays the broadening in
FWHM against 2-theta values obtained for the standard Si sample used for instrumental correction. A poly-
nomial fitting of the experimentally observed values was made using the quadratic function in Equation 1:

y = a®+bx+c (Equation 1)

where y is the broadening (FWHM), x is the 2-theta angle (°), a, b, and ¢ are constants determined as
7.4 x ~° —3.1 x 1074 and 0.13329, respectively (Figure S2). Figure S3 displays the plot of Bcos6 against
4sinf. The negative slope of the fitted line in the W-H plot indicates compressional strain and agrees
with the contraction of the lattice parameter reported above. The estimated slope and hence the value
of the microstrain is —0.0058, while the determined crystallite size is 6.3 nm. On the basis of these analyses,
we conclude that the peak broadness is mainly due to the small crystallite size.

High-resolution transmission electron microscopy (HRTEM) images were acquired to gain additional struc-
tural information. Figure 1C displays the HRTEM image of the as-obtained CeHfZrSnErO, nanocrystals. The
well-defined lattice fringes indicate high crystallinity. The interplanar spacings between lattice fringes were
measured to be ~0.30 and 0.26 nm, corresponding to the (111) and (200) planes of a cubic fluorite lattice.
The corresponding selected area electron diffraction (SAED) pattern exhibits a continuous ring pattern,
indicating its polycrystalline nature. The radial intensity line profile as a function of distance in the reciprocal
lattice is shown in Figure 1D. The interplanar spacings agree with the values obtained from the XRD pattern
and can be indexed to (111), (200), (220), and (311) planes of a cubic fluorite structure. Figure 1E displays the
EDX elemental map of CeHfZrSnErO,. The uniform distribution Ce, Hf, Zr, Sn, Er, and O in the nanosphere
validate the formation of a single-phase HEO solid-solid. To demonstrate uniformity, the EDX elemental
map of a different area of the sample was examined. The result (Figure S4) indicates that CeHfZrSnErO,
is both chemically and structurally uniform.

The relative concentrations of the cations were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis. The atomic percentages of Ce, Hf, Zr, Sn, and Er in the sample were deter-
mined to be 3.81, 3.73, 3.68, 3.72, and 3.71, respectively, which are consistent with the theoretical concen-
trations in the precursor solution. The slight deviation from equimolar stoichiometric ratios is probably due
to the differences in the purity of the metal precursors.

The low-temperature N, adsorption isotherm and the corresponding pore size distribution of CeHfZrSnErO, are
displayed in Figure S5. CeHfZrSnErQy exhibits a relatively high surface area (87 m?g™") and a narrow pore size
(5 nm) distribution which makes it a suitable candidate for the dispersion of active metal catalysts.

Surface chemistry analysis of CeHfZrSnErO,

To understand the surface chemistry, X-ray photoelectron spectroscopy (XPS) technique was employed.
Figure S6 displays the XPS survey spectrum of CeHfZrSnErO,, showing photoemission signals for Ce, Hf,
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Figure 2. Core-level XPS spectra of CeHfZrSnErO,
(A) Ce 3d.

(B) Hf 4f.

(C) Zr 3p.

(D) Sn 3d.

(E) Er 4d, and (F) O 1s.

Zr, Sn, Er, and O as expected. To gain insight into their oxidation states, the core-level spectra of Ce 3d, Hf
4f,Zr 3p, Sn 3d, Er4d, and O 1s were acquired and displayed in Figures 2A-2F. For the Ce 3d XPS spectrum,
eight peaks resulting from the pairs of spin-orbit doublets were identified through deconvolution. The six
peaks centered at approximately 883, 888, 898, 901, 907, and 916 eV are assigned to Ce** species, while the
two peaks around 885 and 905 eV are assigned to ce®t species (Han et al., 2016; He et al., 2019). The Hf 4f
peak overlapped with a Ce 5p peak at ~19 eV. Peak fitting reveals that the Hf 4f;,, is centered at 17.2 eV,
and is normally attributed with Hf in the +4 oxidation state (Barreca et al., 2007). The Zr 3p spectrum con-
tains two peaks with binding energies around 333 and 346 eV, characteristic of Zr** species (Huang et al.,
2001; Yang et al., 2019). For the Sn 3d spectrum, four peaks were identified resulting from pairs of spin-orbit
doublets. Two peaks centered at approximately 488 and 496 eV are assigned to Sn** species, while the

iScience 25, 104214, May 20, 2022 5
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ones around 486 and 494 eV are attributed to Sn?* species (Su et al., 2014; Xia et al., 2014). The Er photo-
electron signal indicates that Erbium is unquestionably present in the sample’s surface. However, the Er 4d
peak overlapped with the Zr 3d signal. The peak fitting process is quite ambiguously given that the Er 4d
photoelectron region consists of a complex mixture of doublets and satellite peaks not reliably identified at
this point. Nevertheless, the approximate position of the Er 4d peak is consistent with the position of Er,O3
reported by Swami et al. (1984). The O 1s spectrum shows two peaks corresponding to two kinds of oxygen
species. The strong peak at 529.5 eV is ascribed to the lattice oxygen (O)), as in M—O (where M = Ce*,
Ce® H*, Zr**, Sn**, and Er®*); the other portion of the deconvoluted peak centered at 531 eV is attributed
to oxygen vacancy Oy (Huang et al., 2014). Overall, the surface features of CeHfZrSnErO, are dominated by
Ce™, Ce®* Hf*, Zr**, Sn**, Sn?*, Er**, and O°~ species. The existence of Ce®*, Sn?*, and Er®* suggests
high surface oxygen vacancy concentration, which benefits reactant activation and conversion is catalytic
CO oxidation (Gunawan et al., 2019).

Structure characterization of Pd/CeHfZrSnErO,

After introducing 0.5-1.0 wt % Pd to CeHfZrSnErO,, the diffraction pattern of the resultant CeHfZrSnErO,-
stabilized palladium nanoclusters (Pd/CeHfZrSnErQ,), like CeHfZrSnErO,, displayed only diffraction peaks
indexed to the cubic fluorite structure with no additional peak attributed to Pd or PdO species, indicating
that Pd exists in the form of SAs or ultrasmall and highly dispersed NPs. However, the characteristic reflec-
tions progressively shifted (Figure 3A) toward the lower 2-theta angle with increasing Pd loading because
of the substitution of a significant amount of Pd?* for M™ (M = Ce**, Hf*", Zr**, sn**, or ErY) in
CeHfZrSnErO, to form PdCeHfZrSnErO, as a new oxide phase with increased oxygen vacancy concentra-
tion and higher surface area relative to pristine CeHfZrSnErO, (Figure 3B). More importantly, Pd/
CeHfZrSnErOy retained its single-phase cubic fluorite structure even after heat treatment at 500°C and
900°C (Figure S7). There were no apparent Pd peaks, highlighting the ability of CeHfZrSnErO, to stabilize
metal species at elevated temperatures.

Scanning transmission electron microscopy (STEM) was used to observe the microstructure of Pd in
Pd/CeHfZrSnErO,. Unfortunately, owing to the lack of distinct contrast between Pd and the substrate,
the highly dispersed/incorporated Pd species cannot be differentiated from the support. Notwithstanding,
the EDS elemental map analysis displayed in Figure 3C reveals homogeneous distribution Pd, Ce, Hf, Zr,
Sn, Er, and O with virtually no agglomeration of Pd species. The HRTEM image in Figure 3D shows well-
defined lattice fringes with measured interplanar spacings of 0.30 and 0.26 nm, which correspond to the
(111) and (200) planes, respectively, of the cubic fluorite structure. Additional lattice fringes with a
measured d-spacing of 0.22 nm are equally visible and consistent with the (111) plane of the fcc lattice
of Pd in accordance with the literature (Slavinskaya et al., 2016). Notably, these highly dispersed, low
concentrated, ultrasmall-sized Pd nanocrystals were not detectable by XRD even after a slow scan of the
Pd (111) region (26 = 40). Similarly, the SAED pattern in Figure 3E shows a diffuse ring that can be indexed
to (111), (200), (220), and (311) planes of a cubic fluorite structure as well as an additional ring that is ascribed
to the Pd(111) planes. This observation is in agreement with the HRTEM results. The relative concentrations
of Pd in Pdqo/CeHfZrSnErO, (1.05%) and Pdg s/CeHfZrSnErO, (0.49%) were determined by ICP-OES and
agree with the theoretical values.

Surface chemistry analysis of Pd/CeHfZrSnErO,

Figure 4A displays the Pd 3d XPS spectrum of Pd/CeHfZrSnErO,. The photoemission signals overlapped
with the Zr 3p. Four peaks resulting from the pairs of spin-orbit doublets were identified for the Pd 3d
XPS spectrum after deconvolution. Judging from the asymmetric peak shape and positions, it appears
as though Pd exits as a combination of Pd® and Pd*2 The peaks at 340 and 335 eV are attributed to
3d3/» and 3dsy, spin-orbits of metallic Pd® while those at 342 and 337 eV are ascribed to 3d3/, and 3ds/»
spin-orbits of ionic Pd?* in accordance with the literature (Gao et al., 2021; Mandapaka and Madras,
2016; Pillo et al., 1997; Priolkar et al., 2002; Ren et al., 2020). This submission is collaborated by the Pd
CO adsorption behavior in the diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra
displayed in Figure 4B. The electron-deficient Pd?* may have resulted from pairs of electron transfer from
Pd to M through Pd-O-M bonds (M = Ce, Hf, Zr, Sn, and Er) in PdCeHfZrSnErO, solid solution as similarly
reported elsewhere in the literature (Xu et al., 2020).

To further understand the chemical structure of palladium, additional information was acquired by the
DRIFTS technique upon CO adsorption. The IR spectra are displayed in Figure 4B. To enhance the CO
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Figure 3. Structure characterization of CeHfZrSnErO, and Pd/CeHfZrSnErO,

(A) XRD patterns of Pd/CeHfZrSnErO, and CeHfZrSnErO;; the characteristic reflections progressively shifted toward the
lower 2-theta angle with increasing Pd loading from 0.5-1.0 wt%.

(B) N, adsorption isotherms of CeHfZrSnErO, and Pd; o/CeHfZrSnErO, and the corresponding pore size distribution (inset).
(C) STEM-EDS elemental maps of CeHfZrSnErO, showing O (red), Zr (green), Ce (teal), Pd (pink), Er (blue), Hf (purple), and
Sn (slate blue).

(D) HRTEM image of Pd; o/CeHfZrSnErO, and (E) the corresponding SAED.
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Figure 4. Surface chemistry characterization and catalytic performance evaluation

(A) Pd 3d XPS spectrum of Pdy o/CeHfZrSnErO,.

(B) DRIFTS spectra of Pdq o/CeHfZrSnErO,, Pdg s/CeHfZrSnErO,, and CeHfZrSnErO, upon CO adsorption.

(C) Light-off curves of CO conversion over Pdy o/CeHfZrSnErO,, Pdg s/CeHfZrSnErO,, Pd/CeO,, CeHfZrSnErO,, and
CeO,. Reaction condition: 20 mg catalysts loading, 1% CO balanced with dry air at a flow rate of 12.5 mL/min.

(D) Cycled measurement of CO oxidation over Pdq o/CeHfZrSnErO, and its stability test result for a continuous CO
oxidation experiment conducted at 140°C for 24 h (inset) and 100 h (Figure S9).

adsorption on the Pd sites, the samples were heated in the DRIFTS cell at 400°C for 30 min under 5% O,/Ar
flow to remove surface-bound organic residues that may have originated from ethylene glycol employed as
the reducing agent-cum-solvent-cum-stabilizer in the synthesis process. The DRIFTS spectra of CO
collected at 30°C show the existence of different active sites on the Pd-containing samples. For Pd; o/
CeHfZrSnErO, with 1.0 wt% Pd, the IR bands at ~2097 cm™" and ~2140 cm ™" are attributed to CO ad-
sorbed onto A-top sites of Pd (111) atoms and linearly adsorbed CO on electron-deficient Pd®*, respec-
tively (Bertarione et al., 2006; Szanyi et al., 1993; Tiznado et al., 2004; Zaera, 2002). The less intense peak
at ~1917 cm™" is attributed to CO adsorbed on the bridge sites. The IR band signal for a 3-fold hollow
site is virtually non-existent which indicates the absence of agglomerated Pd particles. The existence of
both linear and bridge CO adsorption sites indicates the presence of single-sites and ensemble Pd sites,
respectively (Zeinalipour-Yazdi et al., 2016). That said, it appears that that adsorption site is predominantly
single-sites, judging from the relative intensities of both peaks. The IR spectrum of Pdg s/CeHfZrSnErO,
with lower Pd loading displays only IR bands that are assignable to linearly bonded CO on Pd?* and Pd®
(111) defects, with no evidence of bridge nor hollow-CO bands, indicating that Pd is atomically dispersed
on CeHfZrSnErO, carrier for this sample. On the other hand, the IR spectrum of CeHfZrSnErO, in the same
wavenumber region, showed no characteristic IR band, suggesting its inability to adsorb CO molecules.

Catalytic CO oxidation, apparent activation energies, and stability tests

Catalytic CO oxidation is one of the most widely investigated reactions in heterogeneous catalysis because
of its usefulness in both fundamental studies and pollution abatement (Chen et al., 2018a, 2020; Zhou et al.,
2015). Catalytic CO oxidation, particularly over Pd-based has attracted significant interest in the research
community because of its high performance and the relative simplicity of the process (Chen et al., 20183,
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2020; Zhou et al., 2015). Therefore, temperature-dependent CO oxidation was used as a model reaction to
assess the activity of different catalytic materials synthesized in the present study. As seen in Figure 4C, the
activity of the catalytic materials investigated in the present depends strongly on the Pd content and the
support system and decreases in the following order: Pd; o/CeHfZrSnErO, > Pdgs/CeHfZrSnErO, >
Pd;0/CeO, > CeHfZrSnErO, > CeO,. Their apparent activation energies were calculated and displayed
in Figure S8. The order of the determined apparent activation energies is consistent with the order of the
activity of the five catalysts and is given as follow: CeO, (118.5 kd/mol) > CeHfZrSnErO, (96.2 kJ/mol) >
Pd/CeO; (75.8 kdJ/mol) > Pdg.s/CeHfZrSnErO, (29.5 kJ/mol) > Pd; o/CeHfZrSnErO, (23.8 kJ/mol). Among
the various CeHfZrSnErO,-based catalysts investigated, pristine CeHfZrSnErO, exhibited the least activity
for CO oxidation with a high onset temperature of 110°C with no complete CO conversion below 300°C as
seenin Figure 4C. The introduction of 0.5 or 1.0 wt% Pd to pristine CeHfZrSnErO, dramatically improved its
catalytic performance. The resultant Pdg s/CeHfZrSnErO, and Pd; o/CeHfZrSnErO, showed lower onset
temperatures of ~50°C and 70°C, respectively, and a complete CO oxidation at 140°C and 150°C, respec-
tively, indicating the significant importance of the highly dispersed Pd species within the HEO system. The
presence of Pd facilitates the CO and O, adsorption on the catalysts’ surface, which in turn resulted in
higher catalytic activity (Kunkalekar and Salker, 2012).

Interestingly, the ceria-supported Pd catalyst Pd/CeQ, exhibited inferior performance relative to Pdg s/
CeHfZrSnErO, and Pdq o/CeHfZrSnErO, but superior to pristine CeHfZrSnErO, under similar conditions.
The onset and complete conversion temperatures, over Pd/CeO,, are 90°C and 250°C, respectively. It
should be noted that CO oxidation over reducible oxide-supported metal catalysts is generally believed
to proceed via the Mars-Van-Krevelen reaction mechanism, where the adsorbed CO on the metals interacts
with active lattice O from the reducible support to create oxygen vacancies (Peterson et al., 2014); hence,
the reducibility of the surface lattice O from the support significantly impacts the catalytic CO oxidation (Xu
et al.,, 2020). Therefore, it is reasonable to posit that superior catalytic performance of Pdg s/CeHfZrSnErO,
and Pd; o/CeHfZrSnErO, over Pd/CeQ; is most likely due to enhanced reducibility of the surface lattice ox-
ygen in the vicinity of the Pd in addition to the high oxygen vacancy concentration in the crystal lattice. This
is consistent with the experimental result previously reported (Xu et al., 2020). Also, a strong synergistic
effect that goes beyond the simple additive result of combining five catalytically active metals in the cation
sublattice may have also contributed to the superior activity. Similarly, the catalytic performance of pristine
CeHfZrSnErO, is superior to that of pure ceria under identical test conditions, additionally highlighting the
inherent advantage of CeHfZrSnErO, as the carrier support.

Furthermore, the stability test of Pd o/CeHfZrSnErO, was studied via a continuous CO oxidation experi-
ment conducted at 140°C for 24 h. Pd; o/CeHfZrSnErO, showed remarkable stability for CO oxidation, dis-
playing no appreciable loss of activity for 24 and 100 h as seen in Figures 4D (inset) and S9. Additionally, the
reusability was tested through consecutive CO oxidation experiments for five cycles. As seen in Figure 4D,
Pd; o/CeHfZrSnErO, maintains its low-temperature CO oxidation and good reproducibility of results
across all five use cycles.

DISCUSSION

In summary, we have developed an ultrasound-mediated co-precipitation strategy to fabricate nanostruc-
tured high-entropy fluorite oxide (CeHfZrSnErO,) without any external heat treatment. The chemical effect
and crystallization process are driven by the transient localized hotspot generated by the physical phenom-
enon of acoustic cavitation. The as-synthesized CeHfZrSnErO, carrier, given its high surface area and high
oxygen vacancy concentration, was employed as an excellent carrier for the stabilization of highly
dispersed palladium species. The CeHfZrSnErO,-stabilized Pd catalysts (Pd/CeHfZrSnErO,) outperformed
a ceria-stabilized counterpart (Pd/CeQ,) toward catalytic CO oxidation, underscoring the inherent advan-
tage of CeHfZrSnErO, as reducible carrier support. Such a technologically feasible, scalable, and facile syn-
thetic strategy holds great promise toward the synthesis of HEO systems of other crystal structures and
functionalities and the development of robust SAs-derived nanocatalysts.

Limitations of the study

A facile synthesis of fluorite-structured high-entropy oxide nanocatalysts is described in the present study.
However, it would be pertinent to investigate the synthetic protocol toward the fabrication of high-entropy
oxide systems of different crystal structures and functional features, namely perovskite oxides, pyrochlores,
spinel oxides, etc., before generalizing the synthetic method.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Other

Cerium (ll) chloride heptahydrate (CeCl3-H,0)

Hafnium (IV) chloride (HfCl,)
Zirconium (IV) chloride (ZrCly)

Tin (IV) chloride hydrate (SnCly:xH,0)
Erbium (1ll) nitrate pentahydrate
Sodium hydroxide

Potassium tetrachloropalladate (Il) (KzPdCl,)

Ethylene glycol (HO-CH,CH,-OH)

Fischer chemicals, USA
Alfa Aesar, USA

Sigma Aldrich, USA
Alfa Aesar, USA

Alfa Aesar, USA

Sigma Aldrich, USA
Fischer chemicals, USA
Alfa Aesar, USA

CAS: 18618-55-8
CAS: 13499-05-3
CAS: 10026-11-6
CAS: 7646-78-8
CAS: 10031-51-3
CAS: 1310-73-2
CAS: 10025-98-6
CAS: 107-21-1

Software and algorithms

MDI JADE
OriginPro 2017

Microsoft Excel

Materials Data JADE
OriginLab

Microsoft

https://materialsdata.com/prodjd.html
https://www.originlab.com/index.aspx?go=Products/

Origin/2021b&pid=4416

https://www.microsoft.com/en-gb/

Other

PANalytical Empyrean diffractometer

Gemini 2375 surface area analyzer

Hitachi HT-7700 microscope

Thermo Nicolet Nexus 670 FTIR

DiffusIR
Thermo Scientific Model K-Alpha S5

Agilent 5110 ICP-OES spectrometer

750 Watt ultrasonic processor, VCX 750

Malvern Panalytical Ltd.

Micromeritics Instrument Co.

Hitachi High-Tech in America

ThermoFisher Scientific

Pike Technologies

ThermoFisher Scientific

Agilent Technologies, Inc.

Sonics & Materials, INC

https://www.malvernpanalytical.com/en/products/
product-range/empyrean-range/empyrean
https://www.micromeritics.com/particle-testing/
analytical-testing/surface-area/
https://www.hitachi-hightech.com/us/library/literature/
brochure-highresolution-lens-exalens-ht7700-transmission-
electron-microscope.html

https://www.thermofisher.com
https://www.piketech.com/product/dr-diffusir-tm/
https://www.thermofisher.com/us/en/home/electron-
microscopy/products/xps-instruments/k-alpha.html
https://www.agilent.com/en/product/atomic-spectroscopy/
inductively-coupled-plasma-optical-emission-
spectroscopy-icp-oes/icp-oes-instruments/5110-icp-oes
https://www.sonics.com/?gclid=CjOKCQjwt-6LBhDIARIsAIP
RQcLOWVO1WqUzQzFUIJG7ecXoSyKEgXnNeTLgjmbKJQ1yzX
pLnSv-mTlaAIG7EALw_wcB

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Sheng Dai (dais@ornl.gov).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
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METHOD DETAILS

Synthesis of CeHfZrSnErO,

To synthesize CeHfZrSnErO,, an aqueous solution of the metal precursors was prepared by dissolution of
1.0 mmol each of CeCl3-7H,0, HfCly, ZrCls, SnClsxH,0, and Er(NO3)3-5H,0 in 3.0 mL deionized (DI) water.
The precursors were added dropwise to a 30.0 mL of 5.0 M NaOH solution while simultaneously
being exposed to ultrasound irradiation for 15 min via direct immersion of an ultrasonic titanic horn
operating at 20 kHz at ambient conditions, as schematically shown in Figure 1A. The ultrasonic processor
which has a maximum output of 750 W was acquired from Sonics & Materials, INC. and equipped with a
cylindrical probe of %,” diameter. The sonication was performed under the pulsed mode, and the ampli-
tude was set at 50% amplitude. When the sonication time was reached, the solid was recovered via centri-
fugation, washed thoroughly with deionized (DI) water before being dried in an oven at 110°C to obtain the
final crystallites.

For the investigation of the entropic contribution to phase stability, the as-synthesized CeHfZrSnErO, was
heated at different temperatures and rapidly air-quenched to preserve the crystal structure at the specific
temperature.

Synthesis of Pd/CeHfZrSnErO,

To synthesize Pd/CeHfZrSnErO,, an alcoholic solution the Pd precursor was prepared by dissolution
0.025 mmol of K,PdCly in 5.0 mL ethylene glycol. This solution was combined with a calculated mass of
the as-synthesized CeHfZrSnErO, pre-dispersed in 30.0 mL ethylene glycol for a final Pd mass loading of
0.5 or 1.0 wt% (referred to as Pdgs/CeHfZrSnErO, and Pd; o/CeHfZrSnErO,, respectively). This mixture
was quickly exposed to ultrasound irradiation for 10 min via direct immersion of ultrasonic titanic horn oper-
ating at 20 kHz at ambient conditions. When the sonication time was reached, the solid was recovered via
centrifugation, washed thoroughly with DI water and ethanol before being dried in an oven at 90°C to
obtain CeHfZrSnErO,-stabilized palladium nanoclusters (Pd/CeHfZrSnErO,) as the final crystallite. Pd; o/
CeHfZrSnErO, was chosen as the representative sample for characterization purposes except otherwise
indicated. Also, Pd/CeO, with 1.0 wt% Pd was synthesized in a similar manner. The detailed synthetic pro-
cedure is provided in the supplementary information.

Sythesis of CeO,

To synthesize CeO,, an aqueous solution of the metal precursors was prepared by dissolution of 5.0 mmol
of CeCl3:7H,0 in 3.0 mL deionized (DI) water. The precursors were added dropwise to a solution of NaOH
while simultaneously being exposed to ultrasound irradiation for 15 min via direct immersion of an ultra-
sonic titanic horn operating at 20 kHz at ambient conditions. When the sonication time was reached, the
solid was recovered via centrifugation, washed thoroughly with DI water before being dried in an oven
at 110°C to obtain the final crystallites.

Synthesis of Pd/CeO,

To synthesize Pd/CeQ,, an alcoholic solution the Pd precursor was prepared by dissolution 0.025 mmol of
KoPdCly in 5.0 mL ethylene glycol. This solution was combined with a calculated mass of the as-synthesized
CeO; support pre-dispersed in 30.0 mL ethylene glycol for a final Pd mass loading of 1.0 wt%. This mixture
was quickly exposed to ultrasound irradiation for 10 min via direct immersion of ultrasonic titanic horn oper-
ating at 20 kHz at ambient conditions. When the sonication time was reached, the solid was recovered via
centrifugation, washed thoroughly with DI water and ethanol before being dried in an oven at 90°C to
obtain Pd/CeQ; as the final crystallite.

Characterization techniques

To determine the crystallographic structure of the materials, the X-ray diffraction (XRD) technique was
employed. XRD patterns were acquired on a PANalytical Empyrean diffractometer with Cu Ka.1 radiation
(A = 1.5406 A), operated at 45 kV and 40 mA. The 26 range angles were scanned between 20° to 90° at a
step size of 0.05°. The crystallite size and microstrain contributions to peak broadening were assessed
by Williamson-Hall (W-H) analysis (Williamson and Hall, 1953). The instrumental broadening effect was
taken into account in the measurement of the full width at half maximum intensity (FWHM). A silicon stan-
dard sample was used to apply a correction for the instrumental broadening. The W-H analysis assumes
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that the crystallite size and microstrain contributions are mutually independent of each other and is given
by Equation 2:

K
BcosO = B)\+4 esin® (Equation 2)

where Bis the FWHM in radians, 0 is the scattered angle measured in degrees, k is the shape factor (0.9), A is
the wavelength of the X-ray (0.15406 nm), D and e represent the crystallite size and microstrain, respectively.
By plotting a graph of Bcosf against 4sin6, the microstrain and average crystallite size were estimated by
the slope of the line and y-intercept extrapolation, respectively. The interplanar spacings were determined
by Bragg's law using MDI JADE 4.5 software. The lattice parameter, ap was calculated from Equation 3 after
indexing the hkl values for each of the diffraction peaks.

3o

dw = ———
(hz +k2+|2>

(Equation 3)

The specific surface area of samples was determined by low-temperature (77 K) nitrogen adsorption per-
formed on Gemini 2375 surface area analyzer. Prior to analysis, samples were degassed for 6 h in a drying
compartment under N, at 160°C to eliminate any adsorbed species. Surface area analysis was performed
by applying the Brunauer, Emmett, and Teller (BET) theory. Pore size distributions were calculated from the
adsorption isotherm using Barrett-Joyner—Halenda (BJH) method. High-resolution transmission electron
microscopy (HRTEM) images and the energy-dispersive X-ray spectroscopy (EDS) mapping images were
recorded on Hitachi H-7700 microscope with an acceleration voltage of 100 kV. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) spectra were acquired on Thermo Nicolet Nexus 670 FTIR spec-
trometer equipped with a mercury cadmium telluride (MCT) detector and Pike Technologies diffuse reflec-
tance cell. Each spectrum was recorded with 32 scans at a resolution of 4 cm™". In a typical run, the sample
was loaded into a ceramic cup located in the DRIFTS cell and preheated at 400°C for 30 min under a con-
stant flow of 5% O,/Ar gas (flow rate =30 mL/min). Next, Ar was passed through the sample and the tem-
perature was taken down to 30°C for background collection. Thereafter, CO was adsorbed for 10 min at
30°C, followed by desorption for 10 min at 30°C. Spectra were collected during the adsorption-desorption
process and transformed into Kubelka-Munk form. X-ray photoelectron spectroscopy (XPS) spectra were
recorded on Thermo Scientific Model K-Alpha S5 X-ray Photoelectron Spectrometer (XPS) System using
Al Ka (1486.6 eV photons) as the radiation source. The instrument uses a hemispherical electron energy
analyzer equipped with a 128-channel electron detection system. Samples were prepared for analysis by
dispersing the powder material onto a double-sided tape fixed to a clean glass slide. After inserting the
sample into the analysis chamber through a vacuum-pumped load-lock, an initial wide energy range survey
scan was acquired. Next, a set of narrow energy range core level spectra were acquired for the elements of
interest. The C 1s peak (284.6 eV) was used for the calibration. The relative metal concentrations were
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis performed
on an Agilent 5110 ICP-OES spectrometer. Prior to analysis, samples were digested in aqua regia and
diluted with 2.0% nitric acid.

Catalytic CO oxidation experiment

The catalytic CO oxidation experiment was performed in a fixed-bed reactor at atmospheric pressure con-
ditions according to previous reports (Okejiri et al., 2020; Zhang et al., 2019). The reactor is made of quartz
tubing with an inner diameter of approximately 4 mm. The gas flow rate was controlled with a mass-flow
controller. For the measurement of CO light-off curves showing CO conversion as a function of reaction
temperature, 20 mg of the catalyst was charged into the reactor and supported with a ball of quartz
wool. A feed gas of 1% CO balanced with dry air was passed through the catalysts bed at a flow rate of
12.5 mL/min, corresponding to a gas hourly space velocity (GHSV) of 37,500 mL (h gea)". The concentra-
tions of CO5 and CO in the reactor effluent were analyzed using an on-line gas chromatograph (Buck Sci-
entific 910) equipped with a dual molecular sieve/porous polymer column (Alltech CTR1) and a thermal
conductivity detector (TCD). The conversion, Cco(%) was calculated according to Equation 4:
[CO] [CO]

Ceo(%) = Wx 100 (Equation 4)
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The steady-state experiment was performed in the same reactor when the CO conversion was below 15.0%
to ensure that the reaction was close to under kinetic control as possible. The rate constant, K was deter-
mined according to Equation 5:

_ RixCe

Meat

K (Equation 5)

where R; (mL.s™") is the total gas flow rate, Cco is the CO conversion (%) at temperature T(K), and mc,: is the
mass (g) of the catalysts in the reactor. The apparent activation energy, (E,) was estimated from the slope of
the linear plot of In(K) versus 1000/T according to the non-exponential Arrhenius equation given in
Equation 6:

T

where K(s " and A (s represent the rate constant and pre-exponential factor, respectively; E, (kJ mol)is
the apparent activation energy, R is the gas constant, 8.314 J mol™ K™'; and T(K) is the kelvin temperature.

In(K) = In(A) — %(l) (Equation 6)

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were analyzed using OriginPro 2017 (OriginLab Cor., Northampton, Massachusetts, USA).
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