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Abstract

Supported Pt catalysts are highly active for the selective catalytic oxidation of ammonia
(NH3-SCO), but their practical use is limited by poor Nj selectivity and insufficient hy-
drothermal durability under high-temperature exhaust conditions. Herein, we report a
composition-regulated high-entropy oxide interface strategy to stabilize Pt-Cu dual sites
and steer NHj3 oxidation toward selective Ny formation. A series of fluorite-type Ce-based
high-entropy oxides, including CeZrLaPrYOy, CeSmLaPrYOy, and CeSnLaPrYOy, were
constructed as thermally robust supports for Pt and Cu loading. Among them, PtCu/HEO-
Zr calcined at 1000 °C exhibits the best NH3-SCO performance, achieving 90% NHj3 con-
version at 260 °C while maintaining N selectivity above 80% over a broad temperature
window of 100-300 °C under a high weight hourly space velocity of 100,000 mL-g~!-h~1.
More importantly, after harsh hydrothermal aging at 800 °C with 10 vol% H,O for 12 h,
the catalyst shows negligible activity loss and nearly unchanged N, selectivity, demon-
strating exceptional structural and catalytic robustness. Structural and surface analyses
reveal that Zr incorporation optimizes the fluorite high-entropy lattice, increases oxygen
vacancy concentration, promotes lattice oxygen mobility, strengthens surface acidity, and
enriches active Cu®* species, thereby enhancing the interfacial cooperation between NH;
activation and oxygen-assisted intermediate conversion. In situ DRIFTS further reveals
that PtCu/HEO-Zr favors an Oj,;-assisted internal selective catalytic reduction pathway;,
in which adsorbed NHj is activated to -NH; species and subsequently reacts with lattice
oxygen-derived intermediates to form N,O,2-like species that decompose into N and
H,0. Meanwhile, the formation of nonselective NOx and N,O products is suppressed. This
work highlights high-entropy oxide-supported Pt—Cu interfaces as a promising platform
for designing hydrothermally durable and Nj-selective NH3-SCO catalysts.

Keywords: high entropy materials; NH3-SCO; ASC supported catalysts; hydrothermal
durability

1. Introduction

Climate change has become one of the most pressing issues in the world today, prompt-
ing countries to establish ambitious emission reduction targets and related laws and regula-
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tions. A case in point is the European Commission’s target of slashing net greenhouse gas
emissions by no less than 55% by 2030, followed by the attainment of net-zero emissions in
2050 [1]. Over 25% of all greenhouse gas emissions are attributable to the transportation
sector [2]. Therefore, to reduce emissions, strategies promoting low-emission vehicles have
been introduced. This category covers two main types: electric or hybrid vehicles, and
vehicles that retain conventional internal combustion engines but operate on low-carbon
fuels [3]. Among them, natural gas, which consists primarily of CHy, is considered a highly
promising clean fuel alternative to traditional gasoline or diesel and has been widely used in
the transportation sector, particularly in heavy-duty vehicles and marine applications [4]. It
is worth noting that although methane has the highest hydrogen-to-carbon ratio among all
hydrocarbons, which significantly reduces CO, emissions, increasingly stringent emission
regulations still require the use of aftertreatment systems to reduce conventional pollutants
such as CO, hydrocarbons (HC), and NOy. Most natural gas engines today are operated
stoichiometrically and are equipped with three-way catalysts (TWCs) to abate CO, HC, and
NOx emissions in the exhaust [5,6]. However, while TWCs control conventional pollutant
emissions, they are often accompanied by increased ammonia emissions [7]. Therefore, it
is necessary to combine TWCs with ammonia slip catalysts (ASCs) to achieve maximum
clean emissions. However, compared with diesel engines, natural gas engines have higher
thermal loads, higher exhaust temperatures, and significantly different exhaust composi-
tions and concentrations [8]. Existing diesel ASC systems cannot be directly transplanted
into natural gas engine aftertreatment systems, necessitating the development of dedicated
ammonia removal catalyst solutions for natural gas engines.

Researchers have developed a range of catalyst types for ASC, such as noble metal-
based catalysts [9], non-noble metal oxides [10], modified zeolites [11], and bifunctional
catalysts [12]. While Pt-based noble metal catalysts demonstrate excellent low-temperature
activity for ammonia oxidation, they are both costly and prone to over-oxidizing NHj3
to NOx and N,O, which significantly reduces N; selectivity [13,14]. In contrast to noble
metals, Cu-based transition metal catalysts are inexpensive and earth-abundant. While
they typically cannot achieve complete NH3 conversion at low temperatures, they deliver
excellent N selectivity during the NH3-SCR process [15,16]. Bifunctional catalysts pair
noble metal components with modified zeolites to boost selectivity via internal selective
catalytic reduction (i-SCR). Although this design improves selectivity, it usually sacrifices
low-temperature activity. Furthermore, achieving a promotional effect requires precisely
tuning the component ratio within a narrow temperature window [17,18], which poses a
challenge for meeting emission reduction targets across all vehicle operating conditions.
Consequently, a novel strategy rooted in surface atomic engineering has been introduced
to tailor the NH;3-SCR reaction pathway. This approach relies on the construction of dual
sites for surface NHj activation and subsequent NO4-SCR. For example, Liu et al. [19]
constructed dual active sites of Pt and Cu on AL,O3. By introducing Cu, they enabled
NHj3 dehydrogenation assisted by lattice oxygen and surface active oxygen, achieving
an effective balance between high activity and high N, selectivity at relatively low tem-
peratures. It is worth noting that although the authors tested the long-term stability of
the catalyst, they neglected the catalyst performance after hydrothermal aging. Whether
the catalyst is suitable for the high-temperature, high-water-content exhaust conditions of
natural gas engines remains debatable. Building on this strategy, An et al. [20] confined
PtCu bimetallic clusters within a zeolite to construct a polarized Cu(6%)-Pt(6 ™) interface,
synergistically enhancing NH3 adsorption and O, activation and thereby markedly im-
proving low-temperature NH3-SCO activity and N; selectivity. Liu et al. [21] adopted
a heteroatom-ensemble design strategy to construct a Cu-Pt;-Cu heteroatom ensemble,
substantially increasing the turnover frequency (TOF) of the reaction.
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To suppress the aggregation of noble metals at high temperatures and enhance the
thermal stability of catalysts, loading noble metals onto high-entropy oxides has attracted
significant attention from researchers in recent years. In a study by Dai et al. [22], Pt was
deposited onto a NiCuZnCoOy support. This approach effectively suppressed the sintering
of Pt at elevated temperatures and simultaneously boosted the catalytic performance. The
resulting catalyst still exhibited considerable activity after being subjected to heat treatment
at 900 °C. Xu et al. [23] further explored this concept by anchoring single atoms onto
high-entropy oxides (HEOs). Their investigation revealed that, while the pristine HEO
support showed minimal oxidation activity, the introduction of just 1 wt% Pd into the
high-entropy lattice led to a dramatic enhancement in catalysis. This effect is credited to
the maximal configurational entropy, which benefits both the structural stability and the
catalytic function of the material. For context, HEOs are formally defined as oxides com-
prising five or more metal cations in roughly equimolar proportions [24]. As documented
in the literature, the catalytic benefits of HEOs can be ascribed to their unique architecture
and multiple high-entropy effects (i.e., the high-entropy, sluggish diffusion, severe lattice
distortion, and cocktail effects [25]. These materials not only lower activation barriers and
create more surface defects and unsaturated coordination sites, but also impart structural
stability. As a result, reactant adsorption—-desorption and charge transfer are significantly
improved [26,27]. Therefore, high-entropy materials are regarded as highly promising
catalysts for the future.

In summary, to address the issues of high-water content and high temperature in natu-
ral gas engine exhaust, this work constructed catalysts based on surface atomic engineering
and entropy-driven strategies, using high-entropy metal oxides as supports with co-loaded
Pt and Cu. The catalytic activity of the prepared catalysts for the NH;3-SCO reaction was
evaluated. Furthermore, by tuning the elemental composition of the high-entropy metal
oxides and optimizing the crystalline phase structure (via calcination temperature), the
low-temperature activity and hydrothermal aging resistance of the catalysts were improved.
In addition, various characterization techniques were employed to thoroughly investigate
the effects of different elements and crystalline phases of the high-entropy metal oxides
on the structural and surface chemical properties of the catalysts. The reaction pathways
in the NH3-SCO reaction over the catalysts were explored using in situ characterization.
The experimental results provide new insights for the development of natural gas engine
aftertreatment systems and high-entropy catalysts, demonstrating high application value.

2. Results and Discussion
2.1. Structural Characteristics

To ensure the successful preparation of the catalysts, the chemical composition and
crystal structure were first characterized by XRD, as shown in Figure 1A. The XRD patterns
in Figure 1A reveal that every catalyst sample consists of a cubic fluorite structure, evi-
denced by prominent diffraction peaks at (111), (200), (220), and (311), with negligible peaks
attributable to impurities. This indicates that the five metal cations form a homogeneous
single-phase cubic fluorite structure high-entropy solid solution. It is also observed that
the diffraction peaks of PtCu/HEO-5n are slightly shifted to the right, which is due to the
substitution of Sn** (with a radius smaller than those of Zr and Sm), causing a systematic
shift. Conversely, PtCu/HEO-Sm, composed of Sm with a larger atomic radius, shows a
slight leftward shift in the diffraction peaks, indicating lattice expansion [28], further con-
firming the flexible tunability of the high-entropy structure. With an increase in calcination
temperature, the diffraction peaks of the samples become progressively sharper and the
full width at half maximum (FWHM) decreases, reflecting enhanced crystallinity when
compared to the PtCu/HEO-Zr calcined at 1000 °C. Moreover, a slight but insignificant
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leftward shift in the peaks is observed, attributed to lattice expansion caused by the increase
in temperature [29]. It is worth noting that no distinct diffraction peaks of Pt and Cu are
clearly found in any of the samples, suggesting that Pt and Cu are likely anchored on the
support surface as highly dispersed nanoclusters or in an amorphous state. To investigate
the molecular vibrations within the catalysts, Raman characterization was performed. As
shown in Figure 1B, although the catalysts exhibit a clear cubic fluorite structure in XRD,
none of the samples show an obvious Fpg symmetric vibration mode peak at ~450 cm~1,
which is characteristic of the fluorite structure [30]. The observed changes in the peak shape
and position can be attributed to the creation of oxygen vacancies and variations in the
original Ce-O bond distance. Therefore, the severe lattice distortion of the high-entropy
oxide formed by multiple cations leads to a red shift and broadening of this peak, causing it
to become submerged. An increase in calcination temperature from 750 °C to 1000 °C leads
to a gradual loss of peak intensity and a more pronounced asymmetry. This behavior is
driven by symmetry breaking, manifested as severe lattice distortion, which originates from
the disordered solid solution of Ce, La, Pr, Sm, and Y cations and the associated changes in
phase stability [31]. In addition, broad peaks corresponding to the defect-induced mode
(D) and the second-order longitudinal optical mode (2LO) are observed in the regions 500
800 cm~! and 920-1200 cm ™, respectively. The defect-induced mode (D) is attributed to the
defect vibration mode induced by oxygen vacancies, indicating that the high-entropy oxide
support is rich in oxygen vacancies, while the second-order longitudinal optical mode (2LO)
originates from charge compensation and bonding between Ce3* /Ce** cations and oxygen
vacancies [32,33]. Comparing samples calcined at different temperatures, PtCu/HEO-Zr-
MT and PtCu/HEO-Zr-LT show broader F2g peaks and more pronounced D peaks, whereas
the peaks of PtCu/HEO-Zr become sharper, indicating that high-temperature treatment
reduces defect concentration but improves crystallinity. However, the broadening and
asymmetry of the peaks further reflect changes in interatomic forces and inhomogeneity in
the distribution of oxygen vacancies. The above Raman results clearly reveal the fluorite
structure, severe lattice distortion, abundant oxygen vacancies, and multi-cation disordered
occupation characteristics of the HEO.

To further determine the structure and elemental distribution of the catalysts, TEM
characterization was performed. Figure 1C-E illustrate that all three catalysts exhibit
irregular block-like morphologies. Among them, PtCu/HEO-Zr displays irregular pores
on its surface, PtCu/HEO-Sm appears relatively intact, and PtCu/HEO-5n shows an
aggregated morphology composed of multiple blocks. The selected area electron diffraction
(SAED) pattern of PtCu/HEO-Zr, shown in Figure 1C, exhibits well-defined diffraction
rings that can be indexed to the (111), (200), (220), and (311) planes of a cubic fluorite phase.
This observation agrees with the XRD data. Notably, the measured interplanar spacing of
the (111) plane is 0.3389 nm, which is larger than that of the standard fluorite structure.
The crystal planes distances of the remaining planes likewise exceed the reference values,
suggesting an expansion of the lattice due to the incorporation of larger cations (La3*, Sm3*,
and Y3*) into Ce?** sites. This finding agrees well with the XRD and Raman observations.
Furthermore, Figure 1C-E displays the elemental distribution of the catalyst. It can be
seen that the Ce, Zr, La, Pr, and Y elements are uniformly distributed without any phase
separation. Meanwhile, Pt and Cu are also homogeneously distributed on the catalyst,
indicating that Pt and Cu have been successfully loaded without significant agglomeration.
Given the similar atomic number and morphology of Pt and Cu, individual Pt and Cu
clusters cannot be reliably distinguished by HRTEM/HAADF imaging alone; the EDS
mapping therefore provides the primary evidence for their spatial distribution. Combined
with the XRD results discussed above—where the characteristic diffraction peaks of Pt
and Cu remain weak or undetectable across all five catalysts—Pt and Cu are inferred to
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maintain a consistently high degree of dispersion throughout the series, with no substantial
variation among the samples.
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Figure 1. (A) XRD pattern, (B) Raman spectra, (C-E) TEM images, SAED pattern and element
mapping of catalysts, (F) N, adsorption-desorption isotherms, (G) Average pore size distributions
(H) Summary of specific surface area and average pore size.

The N; adsorption—desorption isotherms of the five catalysts, as well as their derived
pore size distributions, are displayed in Figure 1F,G. All the catalysts are seen to produce
typical type IV isotherms with H3-type hysteresis loops, suggesting that the high-entropy
oxide materials contain micropores [34,35]. The pore size distributions also reveal that all
catalyst samples contain micropores, mesopores, and macropores, but are dominated by
mesopores and macropores. Figure 1H lists the pore characteristics and specific surface
areas of all samples. Among the catalysts doped with various elements, PtCu/HEO-5n
stands out, delivering the highest specific surface area (10 m?/g), the largest total pore
volume (0.065 cm®/g), and the smallest average pore diameter (20.6 nm). This suggests that
the introduction of Sn** may inhibit grain agglomeration, thereby maintaining a higher pore
volume and possessing smaller sized mesopores. Conversely, PtCu/HEO-Sm exhibited
the smallest specific surface area (7.3 m?/g), whereas its average pore diameter was the
largest among the samples (26.1 nm). Its total pore volume remained at a moderate level of
0.046 cm3/g. The reason is that the larger ionic radius of Sm** enhances lattice expansion,
leading to an increase in pore size while also promoting grain growth, thus reducing the
specific surface area. Furthermore, comparing the catalysts prepared at different calcination
temperatures, it can be seen that as the calcination temperature increases from 750 °C to
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1000 °C, the specific surface area decreases from 13.2 m?/g to 8 m?/g, indicating that high
temperature causes grain sintering and particle growth. Meanwhile, the total pore volume
decreases accordingly from 0.079 cm?/g at 750 °C to 0.041 cm?/g at 1000 °C, suggesting
pore collapse or blockage. The average pore diameter first increases and then decreases;
this may be because some small pores merge into mesopores as the temperature rises, but a
further increase in temperature induces sintering, leading to the collapse or blockage of
large pore structures [36,37].

2.2. Catalytic Performance

Figure 2 shows the catalytic activity for NH3 and the N selectivity of the catalysts. Ad-
ditionally, the activity of the catalysts after hydrothermal aging was also tested. Figure 2A,B
show that the NHj3 conversion of catalysts prepared from high-entropy oxides with dif-
ferent elemental compositions exhibits small differences before low temperature (175 °C)
and after high temperature (above 250 °C), with the main differences concentrated in the
intermediate temperature range. The Nj selectivity is also relatively close below 175 °C,
but the differences gradually increase with rising temperature. Unlike the NH3 conversion,
which increases with temperature, the Nj selectivity gradually decreases with increasing
temperature but remains above 80% throughout. Among them, PtCu/HEO-Zr shows the
highest activity, achieving 90% NHj conversion and approximately 84% N; selectivity
at around 260 °C. Compared with other catalysts in Table 1, the catalysts using high-
entropy oxides as supports exhibit superior catalytic activity, especially in maintaining
high N selectivity. This may be attributed to the multi-element synergy that provides
abundant electron donors and acceptors, moderately modifying the d-band center of Pt
and inhibiting the excessive dissociation and activation of O, on Pt. Meanwhile, the oxygen
vacancy defects generated by severe lattice distortion tend to produce N; via the hydrazine
mechanism or the lattice-oxygen-assisted mechanism, rather than generating NOx via
the imide mechanism. Furthermore, comparing the NH3 conversion of the other two
elemental compositions indicates that doping with Zr is more favorable for enhancing the
catalytic activity. Moreover, the three CeZrLaPrY catalytic samples all maintain better Ny
selectivity, even though PtCu/HEO-Zr-LT shows the poorest activity. This is because a
higher calcination temperature achieves a true single-phase high-entropy fluorite structure,
which is a prerequisite for exerting the high-entropy effect (especially lattice distortion
and electronic regulation). This is supported by the XRD and Raman results (Figure 1A,B):
the low-temperature calcined samples (PtCu/HEO-Zr-LT and PtCu/HEO-Zr-MT) exhibit
broadened diffraction peaks with a larger FWHM, as well as broader Raman F,g peaks
and a more pronounced defect-induced (D) mode, indicating incomplete cation homoge-
nization and lower crystallinity relative to PtCu/HEO-Zr. Such a structure approximates
a ‘pseudo-high-entropy’ state with insufficient lattice distortion and electronic regulation,
resulting in poorer catalytic activity.

Table 1. The physicochemical parameters of samples.

Catalysts NH; C:);lpcre;;tratlon Concfe)n)g‘,agtei!gn %) Too (°C) N Sel. (%) Reference
1.00 wt%Pt/Al,O3 200 8 247 50 [18]
Pt/ZSM-5 180 8 250 75 [38]
Pt-Cu/ZSM-5 180 8 245 77 [18]
2.00 wt%Pt/Al, O3 600 10 223 74 [19]
1.1 wt%Pt/NbyOs 50 20 250 100 [39]
PtCu/HEO-Zr 500 10 260 84 This work
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Figure 2. (A) NHj conversion and (B) N selectivity of the fresh catalyst, and (C) NH3 conversion and
(D) N selectivity after hydrothermal aging. Test conditions: 500 ppm NHj3, 10 vol% O,, balanced
with N, WHSV = 100,000 mL-g~'-h~1. Aging conditions: 800 °C, 10% H,O, 12 h. Durability testing
of PtCu/HEO Zr catalyst in (E) fresh state and (F) after hydrothermal aging.

The aging resistance of the catalysts was further evaluated. As shown in Figure 2C,D,
after hydrothermal aging, the catalytic activity is almost unaffected, with only a slight
decrease in N selectivity of about 1%. This indicates that the use of high-entropy oxides
as supports can significantly improve the stability of the catalysts, which is beneficial for
application in real exhaust conditions. And from the durability tests in Figure 2E/F, it
can be found that both the catalyst in fresh state and after hydrothermal aging showed
excellent performance in the 12 h durability test. The conversion rate of NH3 was almost
maintained at 100% throughout the process, and the selectivity of N, changed very little,
with the fresh state remaining above 81.2% and the sample after hydrothermal aging also
maintaining above 80.7%. The above results indicate that the high entropy oxide supported
Pt-Cu catalyst has excellent aging resistance and stability.

2.3. Chemical State Characterization

To further investigate the mechanism influencing catalyst performance, the surface
chemical states of the catalysts were characterized. Figure 3A displays the Hy-TPR patterns
of the samples. All catalysts display a prominent reduction feature in the 200-300 °C region,
attributable to the consumption of surface oxygen [40]. Among them, PtCu/HEO-Zr
(doped with Zr) shows the lowest reduction temperature, indicating that it possesses the
largest amount of chemisorbed oxygen species and that the generation of active oxygen
species on the PtCu/HEO-Zr surface is easier than on the other samples. Furthermore,
a relatively distinct reduction peak appears below 200 °C specifically in the three Zr-
containing catalysts, but not in PtCu/HEO-Sm or PtCu/HEO-5n, despite comparable Pt
loading across all samples. We attribute this to Pt—support synergy: spillover hydrogen
from Pt sites reduces the more mobile lattice oxygen near the Zr-doped supports, consistent
with their lower O,-TPD desorption temperatures (Figure 3B) relative to the Sm- and
Sn-doped samples. Platinum migration/redispersion, an alternative mechanism reported
in the literature, cannot be entirely ruled out [41].
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Figure 3. (A) H,-TPR, (B) O,-TPD, (C) NH;3-TPD, (D) The proportion of each fitted peak in NHj3-
TPD, (E) The desorption curve of N, in NH3-TPD, (F) The desorption curve of N,O in NH;3-TPD.
(a. PtCu/HEO-Zr, b. PtCu/HEO-Sm, c. PtCu/HEO-Sn, d. PtCu/HEO-Zr-MT, e. PtCu/HEO-Zr-LT.).

The O,-TPD profiles of the catalysts are presented in Figure 3B. The peak appearing
below 300 °C is assignable to the desorption of weakly bound oxygen (Oy, O, ™), whereas
the signal located between 300 and 600 °C corresponds to the release of chemisorbed
oxygen species (O7) [42]. The figure shows that the desorption curves of all catalysts
in the range of 100-300 °C are similar, except that PtCu/HEO-Sn exhibits a relatively
distinct peak at around 223 °C, which may be related to the active oxygen generated at
the Pt-HEO interface and its larger specific surface area [43]. In the range of 300-600 °C,
compared with the other two catalysts, the three catalysts doped with Zr ions show lower
desorption peak temperatures, indicating that their active oxygen species have higher
mobility, and this enhanced activity of surface lattice oxygen may be the reason for their
higher N selectivity. Moreover, the desorption peak area expanded markedly with rising
calcination temperature. This expansion is attributed to the enhanced structural stability of
the high-entropy oxide [44], which in turn suppresses the release of lattice oxygen.

Figure 3C shows the NH3-TPD results of the catalysts. It can be seen from the figure
that the NHj3 desorption peaks can be roughly divided into two parts: the peak at around
200 °C can be attributed to the desorption of physically adsorbed NH3; and weakly ad-
sorbed NHj3, while the peak in the range of 200400 °C can be attributed to the desorption
of strongly adsorbed NHj. Generally, catalysts with more NHj3 adsorption sites and a
greater proportion of weakly adsorbed NHj exhibit higher activity in low-temperature
SCR reactions, and this also applies to NH3-SCO. Therefore, to more intuitively compare
the content of NHj3 adsorption sites in each catalyst, the desorption peaks were fitted and
the areas of the fitted peaks were compared, as shown in Figure 3D [45]. PtCu/HEO-Zr-LT
exhibited the poorest catalytic performance among the samples. However, it contained
the most abundant NHj3 adsorption sites overall, although the relative amount of weakly
adsorbed NHj3 was the smallest. PtCu/HEO-Zr, which shows the highest activity, has the
lowest total content of NH3 adsorption sites but a relatively higher proportion of weakly
adsorbed NHj3 and a lower desorption temperature for this species. PtCu/HEO-Zr-MT
has the highest proportion of weakly adsorbed NHj3, but its desorption temperature is
relatively higher. Furthermore, among the three catalysts doped with Zr ions, the des-
orption peak temperature of strongly adsorbed NHj is higher than that of the other two
high-entropy oxides. This indicates that in the NH3-SCO reaction, with an appropriate
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ratio of weakly adsorbed NHj to strongly adsorbed NH3, a lower desorption temperature
for the weakly adsorbed species and a moderately high desorption temperature (250-350
°C) for the strongly adsorbed species are most conducive to the high-selectivity conversion
of NHj to Nj. Furthermore, the desorption curves of N, and N,O in the NH3-TPD are
shown in Figure 3E,F. It can be observed that the N, desorption peak area of PtCu/HEO-Zr
is significantly larger than those of the other catalysts, indicating that more adsorbed NH3
is selectively converted into N during the temperature-programmed process. This directly
reflects the higher catalytic activity and selectivity of this catalyst for the oxidation of NH3
to N,. Additionally, a distinct desorption peak of N,O appears below 200 °C. Since N,O
is a typical byproduct of NHj3 oxidation, usually originating from incomplete oxidation
or incomplete conversion of intermediates, this result demonstrates that PtCu/HEO-Zr
can selectively convert NHj to Ny with little involvement of the N, O byproduct pathway;,
highlighting its excellent low-temperature reaction pathway control capability and high
Ny selectivity.

To determine the surface chemical states of Ce, O, La, Y and Pt, XPS analysis was
conducted, and the results are presented in Figure 4. Figure 4] summarizes the relative
amounts of the different chemical species. From Figure 4A, it is evident that the Ce 3d
spectra of the catalysts exhibit ten peaks corresponding to the Ce 3ds/, and Ce 3d3/»
levels. Among them, two spin-orbit doublets labeled u’, v/ and uy, vy are assigned to Ce3t,
while the other two doublets labeled u””’, v'’/, u”, v"’, and u, v are assigned to Ce** [46].
It can be seen that Ce** is the dominant oxidation state in the catalysts. From Figure 4],
it is found that PtCu/HEO-Zr has the highest proportion of Ce3* (17.0%), while the Ce3*
proportions in the other catalysts are similar. This difference may be related to the formation
of oxygen vacancies and electron transfer between the noble metal Pt and the Ce species.
Figure 4B shows the O 1s spectra, which were also fitted with three peaks. The peak labeled
Olat corresponds to lattice oxygen in CeO,, the peak labeled O,45 corresponds to surface
adsorbed oxygen, and the peak labeled Oqy is assigned to adsorbed molecular water or
surface hydroxyl (OH) species [47]. Figure 4] summarizes the O,45/Oj4 ratio for each
catalyst. PtCu/HEO-Zr exhibits the highest O,q5/ O, ratio, which is more favorable for
low-temperature NHj3 oxidation, while PtCu/HEO-Zr-LT shows the smallest O,45/Oj4t
ratio, consistent with the O,-TPD results. Figure 4C shows the XPS spectrum of Y 3d,
in which two peaks corresponding to 3d5/, and 3d3/; are clearly observed. This spin—
orbit coupling of Y3* indicates the successful incorporation of Y element [48]. Figure 4D
displays the XPS spectrum of La 3d, where clearly separated spin-orbit splitting peaks can
be observed, corresponding to the 3ds/, and 3d3/, spin—orbit components, respectively,
indicating the formation of La-O bonds on the catalyst surface [49].

Figure 4E shows the Pt 4d spectra, where three fitted peaks correspond to Pt**, Pt?*,
and Pt [19], respectively, indicating that Pt exists mainly as metallic Pt as well as Pt>*
and Pt** species on the catalysts. Figure 4] shows that the PtCu/HEO-Zr catalyst has
the lowest Pt° /Pty ratio, while the PtCu/HEO-Zr-LT catalyst has the highest Pt%/Ptsum
ratio; this ratio decreases with increasing calcination temperature. However, the Pt%/Ptsum
ratio of the PtCu/HEO-Sm catalyst still reaches 57.0%. It should be noted that the NH3-
SCO reaction is governed by a complex interplay of multiple factors—including surface
defect concentration, oxygen adsorption/dissociation, NH3 adsorption, and dehydrogena-
tion/activation behavior—of which the Pt oxidation state is only one contributing factor
rather than the sole determinant. Indeed, the Pt? /Pty ratio of PtCu/HEO-Zr, although
the lowest among the catalysts, remains around 50%, a relatively high proportion capable of
providing substantial catalytic promotion in its own right. Ce is also known to play a major
role in Pt-group-metal-containing systems, sometimes comparable to or interacting with
the effect of Pt oxidation state [50]. PtCu/HEO-Zr possesses the highest Ce3* proportion
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among the five catalysts, which, combined with the higher lattice oxygen mobility of the
Zr-doped catalysts established from the O,-TPD results above, may act synergistically to
promote activity alongside the contribution from Pt oxidation state.
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Figure 4. (A) Ce 3d, (B) O 1s, (C) Y 3d, (D) La 3d, (E) Pt 4d results of catalysts: a. PtCu/HEO-Zr,
b. PtCu/HEO-Sm, c. PtCu/HEO-Sn, d. PtCu/HEO-Zr-MT, e. PtCu/HEO-Zr-LT, and (F) DR-UV-vis
spectra of the catalysts, (G) Zr 3d, (H) Sn 3d, (I) Sm 3d results of catalysts, (J) The percentage content
of the different chemical species.

Since the Cu XPS signals overlap with the Pr 3d signals, DR-UV-Vis spectroscopy was
employed as an alternative technique for Cu species identification, and the obtained spectra
are displayed in Figure 4F. The band at 240 nm corresponds to the ligand-to-metal charge
transfer of Cu?* ions, while the broad absorption in the 600-800 nm region originates from
d-d transitions of Cu?* in bulk CuO. The peak around 580 nm is assigned to Cu®. Moreover,
an interband absorption band of Cu* in the range of 300—400 nm is also detected [51,52],
which is attributed to electron transfer with CeO,. It is also found that the content of
bulk CuO on the Zr-doped high-entropy oxide is relatively high, which may be the reason
for its higher N selectivity. In Figure 4, the Zr, Sm, and Sn species on the catalysts were
also measured. Zr mainly exists in an oxidized state, and with increasing calcination
temperature, the binding energy of Zr 3d in the PtCu/HEO-Zr catalyst gradually decreases.
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This can be ascribed to high temperature promotes the formation of a uniform single-phase
high-entropy fluorite structure. Meanwhile, the high-temperature treatment induces an
optimized distribution of oxygen vacancies and boosts the electronic interaction between
the PtCu alloy and the support, both of which contribute to a higher electron density
around the Zr atoms [44]. This corroborates the structural evolution and electronic property
regulation of the high-entropy support at high temperatures.

2.4. Catalytic Mechanism

To probe the reaction pathways and intermediates of NH;3-SCO, in situ DRIFTS ex-
periments were performed on the catalysts, as presented in Figure 5. On all three catalysts
at 125 °C, signals corresponding to gaseous NHj (~3334 cm~!) and coordinated NH; on
Lewis acid sites (~1282 cm™! and a broad 3000-3600 cm~! band) [53] [19] are observed,
yet they are less intense than the bands of Brensted-acid-bound NH* (~1622 cm~! and
1434 Cm’l) [54,55]. Moreover, all these peaks are the highest on the PtCu/HEO-Zr catalyst,
indicating that PtCu/HEO-Zr possesses the most abundant surface acid sites (especially
Brensted acid sites), which favor the stable adsorption of NH; as NH;*. Meanwhile, a
peak attributed to -NH, species (1560 cm~!) [45,56] appears on all three catalysts, and
again it is highest on PtCu/HEO-Zr, suggesting that -NHj is a key intermediate in NH3
dehydrogenation and that PtCu/HEO-Zr exhibits the strongest dehydrogenation activity.
A peak corresponding to the N,0,2~ species (1363 cm 1) [19], related to peroxynitrite or
dioxygen anion intermediates, is observed only on PtCu/HEO-Zr and PtCu/HEO-5n, and
it is weak. According to the literature, N,0,2 is the core intermediate for the selective
conversion of NHj to Np. Combined with the catalytic activity results, it is likely that
PtCu/HEO-Zr already possesses such high reaction activity at low temperatures that the
generated N0, is rapidly consumed and converted into Nj, resulting in a very low
steady-state concentration. In addition, no peaks attributable to partially positively charged
NO; species (2232 cm~!) or adsorbed N,O species (2200 cm™~1) [51,57] are observed on any
of the three catalysts. However, a peak due to NO species (1725 cm ™) [58] is present on all
three catalysts with similar intensities.

As the temperature gradually increases, the peak intensity of gaseous NH3 changes
little. The peak at approximately 1282 cm ™!, assigned to coordinated NHj; on Lewis acid
sites, gradually decreases. The broad band at 3000-3600 cm ! on PtCu/HEO-Zr increases
with temperature, whereas on the other two catalysts it gradually decreases, especially on
PtCu/HEO-Sn. This is likely because PtCu/HEO-Zr possesses the highest Ce>* proportion
and oxygen vacancy concentration, allowing water generated from the reaction to dissociate
at oxygen vacancies to form —OH groups. The peaks of ionic NH,* associated with Brensted
acid sites on the three catalysts gradually decrease with temperature. The peak attributed
to -NH, species decreases with temperature on PtCu/HEO-Zr and PtCu/HEO-5m, but
on PtCu/HEO-5n it first increases and then decreases. This may be due to slower initial
dehydrogenation on PtCu/HEO-5n, leading to accumulation of -NHy; as the temperature
rises, the reaction accelerates and the peak then begins to decline. The peak assigned to
N,O,2" species (1363 cm 1), related to peroxynitrite or dioxygen anion intermediates,
appears on PtCu/HEO-Zr after the temperature increases and then gradually increases
on all three catalysts. Meanwhile, the peaks assigned to partially positively charged
NO, species (2232 cm 1) and adsorbed N,O species (2200 cm~!) gradually increase with
temperature on all three catalysts. The peak assigned to NO species (1725 cm 1) shows
little difference over the entire temperature range.
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Figure 5. In situ DRIFTS results of (A) reaction between NH3 and O,, (B) NH3 adsorption at 350 °C,
(C) Pre-adsorbed NHj3 and O, react at 350 °C and (D) Schematic diagram of NH3-SCO reaction
pathway. (a) PtCu/HEO-Zr, (b) PtCu/HEO-Sm and (c¢) PtCu/HEO-Sn catalysts.

Figure 5B shows the in situ DRIFTS results of the three catalysts at 350 °C under only
NHj flow. All three catalysts exhibit adsorption of gaseous NHs and coordinated NHj, as

well as peaks of NH,;* bound to Brensted acid sites. Among them, the peak of gaseous NHj

is the highest, and its intensity is even higher on the surface of PtCu/HEO-Zr, indicating

that PtCu/HEO-Zr is more favorable for the adsorption of NHj species, thereby promoting

the reaction. As time increases, these peaks show little change, suggesting that at relatively

high temperatures, chemically adsorbed NHj3 species can hardly exist stably on the catalyst

surface. In addition, the presence of N,O,2~ species is observed, indicating that N,O,2~

can still be formed even under the action of lattice oxygen. Upon introduction of O,,

the adsorbed NHj3 and NHy* species gradually convert to N via N,0,2~, or are further

oxidized to N,O and NO; via -NH; intermediates, as shown in Figure 5C. However, no

obvious peak of -NH); species is observed in the spectra, which may be due to its rapid

conversion rate, making it unstable on the catalyst surface.
The above analysis indicates that the NH3-SCO reaction over the PtCu/HEO catalysts
follows the lattice oxygen (O),)-assisted i-SCR mechanism, which mainly proceeds via two

pathways, as shown in Figure 5D. The first is the selective pathway: NHj is first adsorbed
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on Lewis or Brensted acid sites and partially dehydrogenated to form —NHj species; these
then combine with adjacent lattice oxygen (Oj,t) or reactive oxygen species to generate
N,0,2~, which further decomposes into N, and H,O, simultaneously creating oxygen
vacancies. The second is the non-selective pathway: NHj or reaction intermediates are
over-oxidized by strongly oxidizing adsorbed oxygen to form by-products such as NO,
NO,, and NO. As the temperature increases, the contribution of the non-selective pathway
gradually rises, leading to a slow decrease in N selectivity. The doping of Zr optimizes the
oxygen vacancy concentration, lattice oxygen mobility, surface acidity, and the abundance
of Cu?* sites. As a result, NHj is rapidly adsorbed and dehydrogenated to —NHj at low
temperatures, which is subsequently converted efficiently into the N,O,?~ intermediate,
achieving both high activity and high N, selectivity.

3. Materials and Methods
3.1. Catalyst Preparation

All chemical reagents were used as received without further purification. Cit-
ric acid(anhydrous,), Ce(NO3)3-6Hy0 (>99.5%), ZrO(NO3), (>99.5%), La(NO3)3-6H,O
(>99.9%), Pr(NO3)3-6H,0 (>99.9%), Y(NO3)3-6H20 (>99.5%), Sm(NO3)3-6H,0 (>99.9%),
SnCly (>99%), Cu(NO3),-3Hy0 (>99%), and Pt(NOg3)4 (Pt, 18.02 wt%) were purchased
from Aladdin company (Shanghai, China). Deionized water was prepared in-house and
used throughout the experiments.

Figure 6A shows the preparation process of the catalyst. The preparation process
mainly consists of two steps. Firstly, the preparation of HEO support, and finally, the
loading of Pt and Cu. Preparation of high-entropy oxides: First, 57.636 g of citric acid
was dissolved in 86.454 g of deionized water to prepare a 40 wt% citric acid aqueous
solution. Then, 0.02 mol of each metal precursor, namely Ce(NO3)3-6H,0, ZrO(NOs3),,
La(NOj3)3-6H,0, Pr(NO3)3-6H,0, and Y(NO3)3-6H,0, were mixed at a metal-to-citric acid
molar ratio of 1:4. After mixing the solution, ammonia water was added dropwise to adjust
the pH to 4-5 (<60 mL). The mixture was continuously stirred at room temperature until
a transparent sol formed. The solution was then transferred to a water bath at 60-80 °C,
heated, and stirred to evaporate the solvent until a viscous gel (with no flowing liquid)
formed. The gel was dried in an oven at 120 °C for 24 h to obtain a xerogel. The xerogel
was successively calcined at 400 °C for 2 h and then at 1000 °C for 2 h, followed by
grinding to obtain CeZrLaPrYOy powder. In addition, to compare the effects of different
crystalline phase structures on catalyst performance, CeZrLaPrYO, powder was also
prepared by calcining at 900 °C and 750 °C instead of 1000 °C. The preparation methods
for CeSmLaPrYOy and CeSnLaPrYOx were similar to the above, except that ZrO(NO3),
was replaced with Sm(NO3)3-6H,O and SnCly, respectively.

Loading of Pt and Cu: The incipient wetness impregnation method was used to load Pt
and Cu. First, a certain amount of Pt(NO3)4 (0.7 wt%) and Cu(NOj3),-3H,O (0.7 wt%) was
dissolved in deionized water. After mixing uniformly, a certain amount of high-entropy
oxide powder was impregnated into this solution. After impregnation for 12 h, the support
was placed in a drying oven at 80 °C for drying. Subsequently, it was calcined in a muffle
furnace at 700 °C for 7 h to obtain the corresponding catalyst.

The catalysts prepared by loading Pt and Cu onto different high-entropy oxides,
namely CeZrLaPrYOy, CeSmLaPrYOy, and CeSnLaPrYOy, are denoted as PtCu/HEO-Zr,
PtCu/HEO-Sm, and PtCu/HEO-Sn, respectively. The catalysts prepared by loading Pt and
Cu onto CeZrLaPrYO, calcined at 900 °C and 750 °C are denoted as PtCu/HEO-Zr-MT
and PtCu/HEO-Zr-LT, respectively.
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Figure 6. (A) Schematic diagram of catalyst preparation process and (B) ASC catalyst NH3-SCO
performance evaluation device.

3.2. Catalyst Characterizations

The structure and chemical state of the catalyst were systematically characterized using
various techniques. Please refer to the Supplementary Materials for detailed procedures.

3.3. Catalytic Performance Evaluation

The continuous NH3-SCO performance of the catalyst was assessed using a custom-
built evaluation apparatus. As illustrated in Figure 6B, the apparatus comprised a gas
distribution unit, a reaction unit, and a gas analysis unit. For each test, 0.24 g of the catalyst
sample (sieved to 40-60 mesh) was loaded into the reactor. A feed gas containing 500 ppm
NH; and 10 vol% O, balanced with N, was introduced at a total flow rate of 400 mL/min,
corresponding to a WHSV of 100,000 mL-g~!-h~!. Prior to data collection, the catalyst was
activated at 200 °C for 30 min under the reaction atmosphere to remove surface-adsorbed
species and establish a stable catalytic state. During the reaction, the effluent gas was
allowed to stabilize at each target temperature for 20 min before being analyzed with a
laser NH3 analyzer and an Agilent gas chromatograph (GC). The ammonia conversion and
Ny selectivity were calculated according to the equations below:

C(NHC’)—In) — C(NH?)—Out)

Connp, = C(NH 1) x 100% 1)

2C(Ny)
Sy, — x 100% 2
N2 ™ C(NH;_1n) — C(NH;_out) @

where C(NH;_1,) is the NH3 concentration at the reactor inlet, C(NH3_oyt) is the NHj
concentration at the reactor outlet, C(N3) is the N, concentration difference at the inlet and

outlet of the reactor.
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In addition, to simulate the atmospheric conditions of high temperature and high-
water vapor content in actual natural gas engine exhaust, the fresh catalyst was aged for
7 h in an atmosphere with 10 vol% HyO/N; water content at 800 °C.

4. Conclusions

In this study, high-entropy oxides doped with different elements were successfully
prepared by a sol-gel method, and Pt and Cu were successfully loaded onto them. Benefit-
ing from the synergistic effect of Pt and Cu as well as the unique structure and high-entropy
effect of the high-entropy oxides, the catalysts not only achieved high activity in the NH3-
SCO reaction but also consistently maintained a N, selectivity above 80%. Moreover, they
exhibited excellent hydrothermal aging resistance, providing a natural advantage for adapt-
ing to natural gas engine aftertreatment systems. Among the prepared high-entropy oxides,
compared with Sm and Sn doping, Zr doping optimized the oxygen vacancy concentration,
lattice oxygen mobility, surface acidity, and Cu?* sites, thus leading to higher catalytic
activity. In situ DRIFTS analysis revealed that the reaction over the PtCu/HEO catalysts
proceeds mainly via two pathways. One is the selective pathway: NHj is first adsorbed on
Lewis or Brensted acid sites and partially dehydrogenated to form -NH; species, which
then combine with adjacent lattice oxygen (Ojyt) or reactive oxygen species to generate
N,O,? species. Subsequently, the N,O,? intermediates undergo further transformation
involving lattice oxygen species, leading to N, formation while simultaneously creating
oxygen vacancies. The other is the non-selective pathway: NHj3 or intermediates are over-
oxidized by strongly oxidizing adsorbed oxygen to form by-products such as NO, NO,,
and N,O.

In summary, this study reports that the high-entropy-oxide-supported noble metal
catalyst PtCu/HEO-Zr can significantly enhance the N, selectivity of NH3-SCO and exhibits
good hydrothermal aging resistance, providing a new strategy for ASCs aimed at efficiently
reducing NHj3 emissions from natural gas engines.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal16080689 /s1. Experimental details (XRD, TEM, N, adsorption
desorption, XPS, UV-vis, Hy-TPR O,-TPD, NH3-TPD, Raman spectra, in situ DRIFTS).
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