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High-temperature catalytic ammonia combustion (HT-CAC) is a pro-
mising strategy for the clean and efficient utilization of energy carried
by green NH3; fuels. A key challenge lies in developing catalysts that
offer high ammonia oxidation activity, excellent thermal stability, and
high N, selectivity. In this study, we synthesized a high-entropy
fluorite oxide aerogel (HEFOA) via supercritical drying. The enhanced
chemical disorder results in a higher specific surface area and
improved thermal resistance compared to its low-entropy counterpart
(LEFOA). Incorporating Pt through a one-pot method yielded Pt@HE-
FOA, which demonstrated good catalytic activity and long-term
stability during a 50-hour HT-CAC test at 1200 °C. This work opens
new avenues for desighing robust ammonia combustion catalysts that
remain effective at extreme temperatures, which can contribute to the
development of a sustainable NHs-based hydrogen energy cycle.

Introduction

Ammonia, a carbon-free fuel with high energy density
(3.16 kWh L"), has attracted considerable attention for its
potential to decarbonize energy systems." However, compared to
conventional fuels, ammonia fuel suffers from poor combustibil-
ity, high NO, emissions, and potential slip. Catalytic ammonia
combustion (CAC) offers a promising strategy to address these
challenges,>* but most prior studies have focused on relatively
low operating temperatures, which limit the thermal potential of
NH; combustion.*® For instance, the performance of ammonia
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New concepts

This work presents a significant advancement in high-temperature cata-
lysis with the development of a high-entropy fluorite oxide aerogel
(HEFOA)-supported Pt catalyst for catalytic ammonia combustion at
1200 °C, which is extremely challenging for conventional catalysts. Unlike
conventional catalysts, which degrade under extreme conditions, the
HEFOA-supported system exhibits exceptional thermal stability, main-
taining structural integrity and catalytic performance. The key innovation
lies in the intrinsic structural and chemical disorder of HEFOA, stem-
ming from atomic-scale mismatches in size, mass, and charge. These
inherent heterogeneities induce lattice distortion and force field fluctua-
tions, effectively suppressing atomic diffusion and enhancing sintering
resistance—a critical limitation of traditional single- or binary-oxide
supports. Beyond demonstrating superior stability, this work expands
the frontier of aerogel applications in catalysis, showcasing their
potential as robust, high-entropy scaffolds for extreme-condition reac-
tions. The findings open new avenues for designing next-generation high-
temperature catalysts, particularly in energy-related applications where
conventional metal oxides fall short.

catalytic combustion over Cu-CeO, catalysts below 700 °C was
explored by Su et al® Hinokuma et al investigated CAC over
various Cu-based and Ag-based catalysts below 900 °C and
observed good low-temperature activity but could only achieve
good N, selectivity without NH;-slip at 600 °C generally.””
Although catalytic ammonia combustion at higher tempera-
tures has been explored, the reported improvements remain
modest."°™"* Previously reported catalysts often show relatively
high ignition temperatures and noticeable NH; slip, accompa-
nied by limited N, selectivity. For instance, Zhou et al. synthe-
sized CuO,@SiO, core-shell catalysts via flame spray pyrolysis
that showed promising reactivity and N, selectivity at 1000 °C,
but its cycling stability remains to be improved.'* Noble metal
catalysts such as Pt and Pd are also constrained by poor
thermal robustness.'*'* Although Pt-based catalysts are highly
active, they tend to sinter at elevated temperatures, leading to
reduced catalytic efficiency and increased NO, formation."
We recently demonstrated'® that combining atomically dis-
persed Pt with a thermally stable ZrO,-Al,O; support enables

This journal is © The Royal Society of Chemistry 2025
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effective high-temperature CAC (HT-CAC) at 1100 °C, achieving
low ignition temperature, high N, selectivity, and excellent
thermal stability. However, the Al,Os-based support in that
system suffers severe surface area loss above 1100 °C, leading
to catalyst deactivation.'”” Thus, the next challenge lies in
developing catalysts that can further extend the HT-CAC opera-
tion window to even higher temperatures, enabling the genera-
tion of higher-quality heat from NH; combustion.

While various strategies have been explored to retain the
surface area of conventional refractory oxides under extreme
conditions,'®° alternative support materials with inherently
superior thermal stability are also being investigated.”' High-
entropy fluorite oxides (HEFOs), a subclass of high-entropy oxides
(HEOs), are composed of five or more metal cations (e.g., Ce, Zr,
La, Yb, and other rare-earth elements) uniformly distributed
within a single-phase fluorite-type lattice (CeO,-like structure) at
near-equimolar ratios.>> This concept is inspired by the develop-
ment of high-entropy alloys (HEAs), which have demonstrated
remarkable thermal stability, sluggish diffusion, and lattice dis-
tortion effects due to their multicomponent nature.**2* These
HEFO materials exhibit remarkable thermal stability, making
them promising candidates for high-temperature applications
such as thermal barrier coatings.”>*® Furthermore, synergistic
interactions among the multiple metal components optimize
electronic structures, leading to outstanding catalytic performance
in various reactions.*” For instance, Xu et al.>" prepared Pd single-
atom catalysts using HEFO supports calcined at 900 °C. The
resulting PA@HEFO exhibited enhanced lattice oxygen reducibil-
ity and stable Pd-O-M species, which not only improved low-
temperature CO oxidation activity but also demonstrated excep-
tional thermal and hydrothermal stability.”' Similarly, Okejiri
et al®® observed no phase segregation in the CeHfZrSnErO,
support nor Pd nanoparticle sintering even after thermal treat-
ment at 900 °C, and the catalyst exhibited better performance
than Pd/CeO, with the same Pd loading in catalytic CO oxidation.
The work by Fang et al.®® revealed that even without Ce, high-
entropy fluorite oxides retained their exceptional thermal
properties.

Although HEO-based catalysts have been demonstrated to
exhibit promising structural stability at elevated temperatures,”*®
including thermochemical H, production®® and catalytic methane
combustion,® most reported catalysts operated below 900 °C.
Systematic investigations into their thermal stability and catalytic
performance under extreme high-temperature conditions
(>1000 °C) remain scarce. In this work, we demonstrated that
a high-entropy fluorite oxide aerogel (HEFOA, Er,(Nb,,Ta,,
Y.2YDbo 2Cep1),Ce,0-) could serve as a thermally robust support
for Pt, maintaining surface area and catalytic stability at tempera-
tures as high as 1200 °C. This was inspired by our previous study,
in which we determined that the compound Er,(Nby,.
Tay,Yo.,Ybo,Cey5),Ce,0; exhibited low thermal conductivity from
room temperature to 1000 °C, indicating a high degree of porosity
and suggesting its potential to retain a relatively high specific
surface area at elevated temperatures.®”

Here, we prepared a new class of HT-CAC catalysts based on
HEFO supports, derived from a HEFOA synthesized via a
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supercritical CO, drying method. HEFOA exhibits pronounced
chemical disorder, including atomic size, mass, and charge
mismatches, which induces significant lattice distortion and
atomic-scale force field fluctuations. These features were
reported to inhibit atomic diffusion and increase the sintering
barriers.*>*® Incorporating Pt precursors through a one-pot
synthesis method yielded Pt@HEFOA, which demonstrated
high catalytic activity and long-term stability in HT-CAC at
1200 °C. These findings establish Pt@HEFOA as a highly
promising catalyst for ultra-high-temperature applications,
offering good sintering resistance and thermal durability.

Results and discussions
Synthesis of HEFOA materials

The high-entropy fluorite oxide (HEFOA, Er,(Y(2Ybo,Nbg.,-
Tay ,Cep»),0,) was synthesized via a sol-gel method, as illu-
strated in Fig. la. In a typical procedure, stoichiometric
amounts of ErCl,-6H,0 (20 mmol) along with YCl;-6H,0,
YbCl;-6H,0, NbCls, TaCls, and CeCl; (4 mmol each) were
dissolved in 100 mL of anhydrous ethanol. The mixture was
continuously stirred for 12 hours at room temperature to
ensure complete homogenization. Subsequently, 120 g of pro-
pylene oxide (PO) was added as a gelation agent and stirred for
3 minutes to initiate gel formation. The resulting wet gel was
aged for 3 days at room temperature, followed by supercritical
drying for 6 hours to remove residual solvents. Finally, the
obtained xerogel was calcined in air at temperatures ranging
from 500 to 1200 °C to investigate the phase evolution during
HEFOA formation. To further elucidate the role of configu-
ration entropy in enhancing sintering resistance, a low-entropy
fluorite oxide aerogel (LEFOA), Er,Ce,0, was synthesized using
an identical methodology (Fig. 1b). The HEFOA exhibited an
ultralow density of ~100 mg cm ®, coupled with a porosity
exceeding 90% (see Methods). Its exceptional lightweight nat-
ure is visually demonstrated by its ability to rest stably on a
delicate leaf (Fig. S1).>*

Fig. 2 and Fig. S2 present the scanning transmission elec-
tron microscopy (STEM) and X-ray energy-dispersive spectro-
scopy (XEDS) characterization results of the HEFOA-1100
sample (calcined at 1100 °C for 4 hours in air). The corres-
ponding XEDS spectra and elemental mapping demonstrate
homogeneous spatial distribution of Er, Y, Yb, Nb, Ta, Ce, and
O. These results confirm the successful formation of a high-
entropy fluorite oxide structure with uniform elemental mixing.

X-ray diffraction (XRD) was employed to examine the crystal-
lization behavior of HEFOA upon calcination at varying tem-
peratures (Fig. 3a). At 500 °C, the XRD pattern exhibited
broad peaks, suggesting the formation of nanosized crystals
embedded within an amorphous matrix. As the temperature
increased, the peak intensities gradually intensified, reflecting
enhanced crystallinity and particle growth. Upon reaching
1200 °C, eight well-defined diffraction peaks emerged, which
were indexed to the (111), (200), (220), (311), (222), (400), (331),
and (420) planes of a defective fluorite structure.® In
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Fig. 1 The schematic synthetic routes of HEFOA (a) and LEFOA (b).

comparison, LEFOA exhibited a similar XRD evolution trend
but demonstrated a higher degree of crystallinity at 500 °C
(Fig. 3b). The lower crystallinity of the HEFOA Er,(Yo.-
Yb, ,Nby ,Ta,,Ceq )0, compared to the LEFOA Er,Ce,0, can
be attributed to several factors. In the low-entropy system, the
high CeO, content provides abundant nucleation sites,
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facilitating ordered grain growth even at relatively low tempera-
tures. In contrast, the nucleation effect of Ce*" in the high-
entropy composition is diluted by the presence of multiple
cations, making it less effective in initiating crystallization.*®
Furthermore, the significant mismatch in ionic radii among
the five constituent cations leads to significant lattice
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Fig. 2 STEM-XEDS analysis and elemental mapping of HEFOA materials. (a) Sum X-ED spectrum, and (b) STEM image and the corresponding elemental
mappings of the HEFOA-1100 sample (after calcining for 4 hours at 1100 °C in air). Additional STEM-XEDS analysis can be found in Fig. S2.
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Fig. 3 Structure characterization of HEFOA and LEFOA materials. XRD patterns of (a) HEFOA and (b) LEFOA materials after calcined for 4 hours at different
temperatures in air. O 1s XPS profiles of (c) HEFOA-1100 and (d) LEFOA-1100 materials. TEM images of (e) HEFOA-1100 and (f) LEFOA-1100 materials.

distortion in HEFOA. Additionally, the coexistence of multiple
elements in HEFOA induces a sluggish diffusion effect, sup-
pressing atomic mobility and hindering grain boundary migra-
tion and grain growth, especially at lower temperatures.***’
The O 1s X-ray photoelectron spectroscopy (XPS) profiles of
HEFOA-1100 and LEFOA-1100 are presented in Fig. 3c and d. In
HEFOA-1100, the peaks observed at approximately 529.5 eV,
531.6 eV, and 534.0 eV correspond to lattice oxygen (Ojattice)s
oxygen vacancies (Oyacancy), and surface oxygen species (e.g.,
hydroxyl groups, Ogurface), respectively.®® It can be seen that the
proportion of oxygen vacancies in all oxygen sites reached
32.2% in the HEFOA-1100 sample, which was significantly
higher than that of 20.1% in LEFOA. This difference can be
ascribed to several factors. First, the random arrangement in
HEFOA introduces local strain and weakens metal-oxygen

This journal is © The Royal Society of Chemistry 2025

bonds, facilitating oxygen atom detachment from the lattice,
thus the configurational entropy reduces oxygen vacancy for-
mation energy.***° In addition, the mismatch in atomic radii of
different metal elements induces significant lattice distortion
and local strain in HEFOA.*" The high configurational entropy
enables HEOs to maintain a single-phase structure at high
temperatures, inhibiting the annihilation of oxygen vacancies
due to cation migration or phase transition.*>

The average grain sizes of HEFOA and LEFOA particles,
calculated using the Scherrer formula (see the Methods section
for details) after calcination at different temperatures, are
presented in Fig. S3. For HEFOA particles, the average grain
size increased from ~2.5 nm to 33 nm as the calcination
temperature rose from 500 to 1200 °C. Notably, grain growth
proceeded slowly below 900 °C but accelerated significantly

Nanoscale Horiz., 2025, 10, 2920-2930 | 2923
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above this temperature, consistent with a liquid-assisted growth
mechanism, as reported in our prior work.** In contrast, LEFOA
particles exhibited significantly larger grain sizes under identical
calcination conditions. The superior sintering resistance of
HEFOA, evidenced by its higher activation energy, accounts for
this difference. Transmission electron microscopy (TEM) images
(Fig. 3e and f, and Fig. S4) confirm that HEFOA-1100 retains
much finer particle sizes compared to LEFOA-1100. This
enhanced stability can be attributed to sluggish diffusion
kinetics arising from the extreme structural disorder in HEFOAs
(Fig. S5). The mutual solid solution of ions with distinct radii,
masses, and charges within the HEFOA lattice has led to an
unprecedented increase in structural disorder.*® This, in turn,
significantly hinders mass transfer, resulting in higher sintering
activation energy and enhanced high-temperature stability.

High-entropy-driven stability and sintering resistance of
HEFOA

The HEFOA system possesses an exceptionally high configura-
tional entropy (>1.5R), which confers superior thermodynamic

View Article Online
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stability at elevated temperatures.’” This behavior can be quanti-
tatively described by the Gibbs free energy equation (AGnix =
AHpix — TASpi), where the entropic term (TASy,) becomes
increasingly dominant with increasing temperature.** As demon-
strated in Fig. 4, the calcined HEFOA exhibits significantly higher
surface area and stability compared to calcined LEFOA. Notably,
after calcination at 1200 °C for 4 hours in air (HEFOA-1200), the
material maintains a surface area of ~9 m”> g~ !, whereas LEFOA-
1200 becomes nearly 0 m* g~ " due to significant sintering. This
highlights HEFOA’s potential as a robust support for high-
temperature combustion reactions. Further pore size distribution
analysis (Fig. 4c) reveals that HEFOA-1200 contains predomi-
nantly mesopores and macropores, while LEFOA-1200 exhibits
minimal pore volume, consistent with its negligible surface area
retention. The scanning electron microscopy (SEM) images of
HEFOA-1200 (Fig. S6) revealed well-preserved pore structures,
demonstrating its potential as a stable support material for
high-temperature catalytic reactions. Thermal stability was eval-
uated through simultaneous thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) under atmospheric
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Fig. 4 The evolution of Brunauer—Emmett—Teller (BET) surface areas of HEFOA and LEFOA materials (a) after calcining at 1000, 1100, and 1200 °C for 4
hours in air, and (b) after calcining at 1200 °C for 4, 8, and 12 hours in air. The (c) pore size distributions and (d) N, adsorption/desorption isothermal of

HEFOA-1200 and LEFOA-1200 materials.
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conditions (Fig. S7). The TGA curve showed minimal mass loss
(<1%), while the DSC profile exhibited no abrupt thermal
transitions between room temperature and 1200 °C, collectively
confirming the material’s exceptional thermal stability. Notably,
a pronounced endothermic peak appeared in the 800-1200 °C
range on the DSC curve, likely corresponding to intermediate
phase evolution and oxygen release processes at elevated
temperatures.”’

Characterization of Pt@HEFOA and HT-CAC performance at
1200 °C

We further prepared a Pt@HEFOA catalyst and tested its
performance for the high-temperature combustion of NH;. Pt-
based materials are commonly studied catalysts in NH; selec-
tive catalytic oxidation (NH;-SCO), however, they usually strug-
gle in deactivation due to the Pt active species aggregation

View Article Online
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caused by elevated reaction temperatures.’® In this work,
Pt@HEFOA and Pt@LEFOA catalysts (both with a nominal Pt
loading of 0.5 wt% based on our previous study'®) were
synthesized via a one-pot method (see the Methods section
for details). The STEM high-angle annular dark-field (HAADF)
image, XEDS analysis and elemental mapping (Fig. S8) identi-
fied that Pt species were uniformly dispersed in LEFOA. After
incorporating Pt species and calcining at 1100 °C for 4 hours in
air, Pt@HEFOA retained the high-entropy fluorite oxide struc-
ture but exhibited a slight right shift in XRD pattern compared
to HEFOA-1100 (Fig. 5a and b), suggesting successful incor-
poration of Pt into the cation sublattice. In situ CO adsorption
diffuse reflectance infrared Fourier transform spectroscopy
(CO-DRIFTS) analysis (Fig. 5¢) further confirmed the presence
of Pt single atoms (absorption band at ~2078 cm™') in
Pt@HEFOA."*® N, physisorption analysis (Fig. 5d and e)
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Fig. 5 Structure characterization of the catalyst after incorporating Pt (Pt@HEFOA). (a) XRD patterns of Pt@HEFOA and HEFOA-1100. (b) Enlarged view
of the XRD patterns in the 20 range of 27-35°, highlighting a slight rightward shift of the (111) and (200) peaks in Pt@HEFOA compared to HEFOA-1100. (c)
In situ CO-DRIFTS analysis of Pt@HEFOA and HEFOA-1100. Prior to data collection, the sample was reduced in 5 vol% H./N, at 300 °C for 1 h.#° (d) N,
adsorption/desorption isotherms and (e) corresponding pore size distributions of Pt@HEFOA-1100. (f) TEM image and (g) corresponding SAED pattern of
Pt@HEFOA. (h) STEM-HAADF image and (i) sum X-ED spectrum of Pt@HEFOA. (j) Sum X-ED spectrum of Pt@HEFOA in the golden rectangle area in (h).
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revealed nearly identical isotherms and pore size distributions
between Pt@HEFOA and HEFOA-1100, confirming that Pt
incorporation had negligible impact on the material’s pore
structure. TEM imaging (Fig. 5f and Fig. S9) further demon-
strated uniform particle size distribution, with the corres-
ponding selected area electron diffraction (SAED) pattern
aligning well with the XRD results in Fig. 5g. XEDS analysis
and elemental mappings (Fig. 5h—j and Fig. $10-S12) verified
the presence of Pt and the homogeneous distribution of all
constituent elements (Er, Y, Yb, Nb, Ta, Ce, and O).

The catalytic performance of Pt@HEFOA and other refer-
ence materials in ammonia combustion was evaluated using a
fixed-bed reactor system (Fig. S13), as illustrated in Fig. 6. Both
Pt@HEFOA and Pt@LEFOA exhibited comparable catalytic
activity (Fig. 6a), as evidenced by their similar 10% (T;,) and
90% (Too) NH; conversion temperatures. Notably, these Pt-
loaded catalysts demonstrated significantly higher activity than
HEFOA, LEFOA, sand, and an empty tube.

Despite their similar activity, PP(@HEFOA and Pt@LEFOA
displayed a marked difference in N, selectivity at 1200 °C
(Fig. 6b). Specifically, Pt@HEFOA achieved an exceptional N,
selectivity of 99.6%, whereas Pt@LEFOA yielded around 97.5%,
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resulting in substantially higher NO, emissions for the latter.
Interestingly, undoped LEFOA exhibited superior N, selectivity
compared to HEFOA, likely due to its higher oxygen vacancy
content and enhanced lattice oxygen mobility of LEFOA. How-
ever, upon Pt doping, the synergistic interaction between Pt and
HEFOA led to significantly improved N, selectivity in Pt@HE-
FOA. In contrast, non-catalytic ammonia combustion (repre-
sented by the empty tube) required temperatures exceeding
700 °C to achieve 90% NH; conversion and exhibited poor N,
selectivity (1200 °C), thereby highlighting the critical role of
catalysts in optimizing ammonia combustion reactions.

To elucidate the reaction pathway of NH; combustion over
Pt@HEFOA, in situ DRIFTS experiments were conducted
at 250 °C,*°? corresponding to around 50% NH; conversion.
As depicted in Fig. S14, NH; adsorption occurred on both
Lewis (L) and Brensted (B) acid sites of Pt@HEFOA at this
temperature.®>>* Upon O, introduction, the Lewis-bound NH;
species (evidenced by the band at ~1200 cm™"') were rapidly
consumed, while Brgnsted-bound NH; remained largely inert.
This observation highlights the pivotal role of Lewis acid sites
in facilitating low-temperature NH; oxidation.>® Furthermore,
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Fig. 6 HT-CAC performance of materials. (a) NHz conversion at different temperatures. (b) N, selectivity at 1200 °C. The NHz conversion of (c)
Pt@HEFOA and (d) Pt@LEFOA during 50-hours cycle stability tests. Reaction conditions for (a)—(d): 2 vol% NHs, 3 vol% O,, Ar balance, 100 mL min~* flow

rate, W/F = 2 x 107° g min mL™%, GHSV = 5500 h™%.
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~1557 cm™', assignable to monodentate and bidentate
nitrite species, respectively. These spectral features align with
reported CeO,-based catalysts by Sun et al.,>* suggesting the
participation of an internal selective catalytic reduction (iSCR)
mechanism during low-temperature NH;-SCO over Pt@HEFOA.

The long-term thermal stability of the as-prepared catalysts
under harsh conditions (1200 °C in HT-CAC) was evaluated. As
illustrated in Fig. 6¢c and d, the NH; conversion profiles were
monitored over a 50-hour continuous test. Pt@HEFOA exhib-
ited outstanding stability, maintaining nearly constant NH;
conversion throughout the test. The 50-hour durability test
was primarily designed to compare the thermal stability of
high-entropy and low-entropy supports under HT-CAC condi-
tions. Pt@HEFOA exhibited markedly superior stability over
Pt@LEFOA, and its cycling performance was comparable to
our previous results in 1100 °C HT-CAC,'® highlighting the
advantage of high-entropy oxide supports in high-temperature
ammonia combustion. In contrast, Pt@LEFOA displayed pro-
gressive deactivation with increasing reaction time (Fig. 6d),
accompanied by a notable rise in both T;, and Ty, (Fig. S15),
indicative of deteriorating catalytic performance.

The in situ CO-DRIFTS spectra of fresh Pt@LEFOA, Pt@LE-
FOA-50h, and Pt@HEFOA-50h are shown in Fig. S16. The fresh
Pt@HEFOA and Pt@LEFOA samples exhibited similar profiles
of atomically dispersed Pt species. However, after 50 hours of
HT-CAC at 1200 °C, the Pt@HEFOA-50h sample retained a
spectral profile similar to that of the fresh catalyst, whereas
the Pt@LEFOA-50h sample displayed an additional distinct
peak corresponding to Pt nanoparticles (NPs). A shoulder
peak between 1900-1800 cm ™" was observed in the Pt@HEFOA,
HEFOA-1100, and Pt@LEFOA samples (all calcined at 1100 °C).
Combined with the spectra in the 1800-1300 cm ' region
(Fig. S17), this feature likely arises from carbonate formation
due to the reaction between CO and the supports.”® The
significantly lower intensity in the 50-hour samples can be
attributed to reduced surface-active oxygen species, likely
caused by the decreased surface area'® in 1200 °C HT-CAC.

These results indicate a much stronger metal-support inter-
action between Pt and HEFOA, which is analogous to the
interaction mechanism reported by Xu et al. in their study on
Pd/(CeZrHfTiLaO), catalysts.”® In their system, single Pd atoms
were incorporated into the oxide sublattice via stable Pd-O-M
(M = Ce/Zr/La) bonds, leading to significantly enhanced ther-
mal stability compared to conventional Pd/CeO, catalysts. In
our work, the enhanced Pt stability on HEFOA can similarly be
attributed to the formation of strong Pt-O-M interactions,
enabled by the presence of multiple, compositionally diverse
cationic sites that act as robust anchoring centers. This is
supported by the stable surface area of HEFOA even after
prolonged high-temperature treatment (Fig. 4b), in contrast to
the near-zero surface area observed for LEFOA under the same
conditions. Furthermore, the high-entropy configuration of
HEFOA not only provides a large number of heterogeneous
coordination environments but also induces severe lattice
distortion and sluggish diffusion, which together suppress Pt
migration and agglomeration at elevated temperatures.

This journal is © The Royal Society of Chemistry 2025
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As shown in Fig. S18, the Pt@HEFOA-50h retained grain
sizes in the range of 50-100 nm, showing limited growth
compared to the fresh sample synthesized at 1100 °C
(Fig. S12a) and demonstrating good thermal stability. XRD
analysis (Fig. S19) further confirmed that the spent catalyst
maintained a single-phase fluorite structure identical to the
fresh catalyst (Fig. 5a). While strong SiO, peaks were observed
due to the quartz sand used in the catalyst bed, the character-
istic reflections of the HEFOA phase remained clearly identifi-
able, indicating the structural integrity of the catalyst after
prolonged operation. These findings highlight Pt@HEFOA as
a promising candidate for industrial HT-CAC applications, due
to its superior stability under extreme thermal conditions.

Conclusions

In summary, this study demonstrates that the HEFOA support
exhibits high thermal stability, retaining a functional specific
surface area even after calcination at 1200 °C. The resulting
Pt@HEFOA catalyst exhibits good performance in high-
temperature catalytic ammonia combustion, combining high
activity with increased N, selectivity. Notably, Pt@HEFOA
maintains cycling stability, showing no detectable degradation
after 50 hours of continuous operation at 1200 °C, exceeding
the durability of reference catalysts. These results position
HEFOA as a next-generation refractory support for high-
temperature catalytic combustion, offering a promising path-
way toward efficient and clean utilization of ammonia as a
carbon-free fuel.

Methods

Materials

ErCl;-6H,0 (99.0%), YC;-6H,0 (99.5%), YbCl,-6H,0 (99.0%), and
CeCl; (99.0%) were purchased from Sigma-Aldrich. Propylene
oxide (PO, 99.0%), NbCls (99.5%), H,PtCls (5 wt% in aqueous
solution), and TaCls (99.5%) were obtained by Sigma-Aldrich. All
chemicals and solvents were used as received without further
purification.

Preparation of HEFOA and LEFOA

For HEFOA, in a typical process, 20 mmol of ErCl;-6H,0 and
4 mmol each YCl;-6H,0, YbCl;-6H,0, NbCl;, TaCls, and CeCl;
were dissolved in 100 mL of anhydrous ethanol, and stirred for
12 hours at room temperature for homogenization. Then 120 g
propylene oxide were added in the solution and stirred for
3 min, forming the wet gel. After aging for 3 days at room
temperature, the obtained wet gel was dried under supercritical
conditions for 6 hours to remove the solvent in the wet gel. The
xerogel was then calcined at temperatures ranging from 500 to
1200 °C in air by 10 °C min™' to investigate the phase
composition during the HEFOA formation process. The LEFOA
followed the same procedure except using 20 mmol of ErCl;-
6H,0 and 20 mmol CeCl; as the precursor.
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Preparation of Pt@HEFOA and Pt@LEFOA

The Pt@HEFOA was prepared via a similar sol-gel method. Six
metal chlorides, including ErCl;-6H,0, YCl;-6H,0, YbCl;-6H,0,
NbCl;, TaCls, and CeCl; were used as the raw materials. In a
typical process, 20 mmol of ErCl;-6H,O and 4 mmol of the
remaining chloride were dissolved in 100 mL of anhydrous
ethanol, and stirred for 12 hours at room temperature for
homogenization. 1 g of 8 wt% H,PtCls solution and 120 g
propylene oxide (PO) were added in the solution and stirred for
3 minutes, forming the wet gel. After aging for 3 days at room
temperature, the obtained wet gel was dried under supercritical
conditions for 6 hours to remove the solvent in the wet gel. The
xerogel was then calcined to 1100 °C in air by 10 °C min™" to
obtain Pt@HEFOA catalysts. The Pt@LEFOA followed the same
procedure except using 20 mmol of ErCl;-6H,0 and 20 mmol
CeCl; as the precursor.

HT-CAC reaction tests

The catalytic performance evaluation system shown in Fig. 513
mainly includes the high temperature furnace (GSL-1700X-
VT®60), calibrated mass flowrate controller (MFC, Sevenstar,
D07-7D), and the mass spectrometer (MS, Hidden Analytical,
HPR-20 R&D), using a 7 mm inner and 12 mm outer diameter
corundum tube. MS was used to detect the gas concentration
before and after the reaction. The MS system used in this study
(Hiden Analytical, HPR-20 R&D) was calibrated by determining
the sensitivity values of NH;, O,, and Ar relative to N,, using a
reference gas mixture of known composition (2 vol% NHs,
3 vol% O,, and 95 vol% Ar). The calibration assumes that the
total gas concentration in the mixture sums to 100%. To
prevent measurement errors or potential damage to the MS
system from water vapor condensation, the transfer lines were
tightly wrapped with heating tape maintained at 120 °C to
ensure that water remained in the vapor phase throughout the
measurement. Before the NH; catalytic combustion reaction,
200 mg catalysts and about 1000 mg quartz sand (50-70 mesh,
Sigma Aldrich) were mixed evenly and then put into the quartz
tube. The sand served as a thermal diluent to minimize the
formation of hot spots during the highly exothermic ammonia
oxidation process. The temperature rising rate during reaction
is fixed at 10 °C min *, and the furnace is kept at constant
temperature for 10 minutes at 200, 300, 500, 700, 900, 1100,
and 1200 °C, respectively.

Test conditions: 2 vol% NH; (Air liquid, 99.9995%), 3 vol%
O, by 10 vol% O,/Ar (Air liquid, >99.9%), while using pure Ar
(Air liquid) as the balance gas. The total gas flow rate was
100 mL min " to meet a W/Fya Of 2 X 10> g ming, *, GHSV =
5500 h™'. Note: GHSV in this work was calculated by the total
flow rate dividing the volume of catalyst bed (about 1.1 ml),
including the catalyst and sand.

Under this condition, the NH; conversion (1) was calculated
in the temperature range of 200-1200 °C, which was calculated
using eqn (1):

4= (Cin — Coue)/Cin X 100% 1)
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where C;, and C,, refer to the NH; concentration of the inlet
and outlet, respectively.
The selectivity of the material was calculated using eqn (2):

N, selectivity = Cy /(Cx, + 0.5Cxo + Cn,0) X 100%

2)

C is the concentration of the gas in the total flow.
While the final NO, emissions (ppm) are calculated using

eqn (3):
NO, emissions = (Cno + Cn,0)/(Cn, * Cno + Cn,0 + Car

+ Co, + Cnp, + Cu,0) ®3)

Catalyst characterizations

The porosity (P) of an aerogel is estimated based on the ratio of
the measured bulk density pj, to the theoretical density pg of the
material by eqn (4):

P=(1— pu/ps) x 100% (4)

The measured bulk density p}, is based on the measured
volume and mass of aerogel. The theoretical density pg of the
aerogel was calculated based on its unit cell parameters (edge
lengths a, b, ¢ and angles «, f3, 7) which are typically obtained via
X-ray diffraction. Skeletal density is defined as the solid mass
divided by the framework volume (excluding pores) in eqn (5):

ps =m|V = (Z-M)/(Na'V) ()

The total molar mass M of atoms/molecules in a single unit
cell based on the aerogel’s composition, and Z represents the
number of atoms per unit cell. Mass of a unit cell m = (Z-M)/N,,
where N, is Avogadro’s constant, amd V is the volume of
unit cell based on its parameters (edge lengths a, b, ¢ and
angles a, 3, 7).

XRD patterns were collected using a Bruker D8 Advance with
Cu Ko radiation from 2 theta angles of 10° to 90° with a step
size of 0.02°. Different batches of HEFOAs were annealed at
each temperature for 4 h and cooled naturally, before the XRD
experiment. The crystallite grain size (D) of HEFOA was esti-
mated by using the Scherrer formula in eqn (6):>’

Dy =089 (6)
pcosO
where 1 is the wavelength of XR radiation, f is the corrected
peak width at half-maximum intensity (FWHM in radians), and
0 is the peak position of the main reflection.

Calculation of sintering activation energy. The grain growth
process during isothermal annealing can be described by
combining a generalized grain growth equation with the Arrhe-
nius relationship using eqn (7):°®

D" — Dg = tk = tkyexp (—Qg/RT) )

D is the grain size after annealing time ¢, D, is the initial grain
size, n is the grain growth exponent (n = 2 in this study), t is the
annealing time (held constant at 4 h for all measurements), &,
is a pre-exponential constant, Q. is the sintering activation

This journal is © The Royal Society of Chemistry 2025
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energy, R is the universal gas constant, and 7 is the absolute
temperature.

STEM-HAADF and elemental mapping were performed
using an aberration-corrected JEOL ARM 200CF operated at
200 kv and 80 kV, equipped with an Oxford Instruments XEDS
system. Complementary bright-field TEM imaging. SAED and
XEDS analyses were conducted on a JEOL JEM-2800 microscope
(200 kV) equipped with a JEOL EDS detector featuring 100 mm?>
silicon drift detectors (SDDs) and a solid collection angle of
~0.95 sr. Gaussian peak fitting was employed to deconvolute
overlapping Pt L, Ta L, and Er L lines, while a linear function
was used for background subtraction. Minor peaks of Ta and Er
were included based on their known relative intensities with
respect to the corresponding Lo peaks.

TG-DSC curve of HEFOA was recorded by a thermogravi-
metric analyzer (STA 449F3, NETZSCH, Germany) under atmo-
spheric conditions and a heating ramp rate of 10 °C min~".

The BET specific surface areas and N, adsorption isotherms
were determined using a Micromeritics 3 Flex adsorption
analyzer after degassing the sample for 12 h at 200 °C in N,.

XPS measurements were performed using the ESCALAB 250
device of thermo electron with a monochromatic ray Al Ko
(1486.6 eV) as the excitation source. The O 1s binding energy
scale was calibrated using the C 1s reference peak from
adventitious carbon, standardized at 284.8 eV.

The in situ CO-DRIFTS analysis was conducted using a
Nicolep iS50 instrument. The sample was reduced at 300 °C
for 60 minutes by 5 vol% H,/N, at first, and then cooled down
to 30 °C to obtain the background spectrum in Ar. Subse-
quently, the spectrum was collected when the 5 vol% CO/N,
was opened, finally changed to Ar after adsorption of CO for
15 min. All the spectra were recorded by accumulating 64 scans
at a resolution of 4 cm ™.

In situ DRIFTS of catalytic NH; combustion showing the
reactivity of adsorbed NH; species with 3 vol% O,/Ar at 250 °C.
The sample was treated at 250 °C for 60 minutes by
20 ml min~" Ar to remove surface impurities at first, and then
obtained the background spectrum at 250 °C in Ar. Then,
2 vol% NHj/Ar (100 ml min~') was flowed into the sample
holder for 30 minutes and changed to a rate of 20 ml min™*
Ar for another 20 minutes. Finally, the 3 vol% O,/Ar
(100 ml min™") was introduced to obtain the final data at
250 °C in 10 minutes. All the spectra were recorded by accu-

mulating 64 scans at a resolution of 4 cm™ .
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