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Abstract

Selective catalytic oxidation of ammonia (NHs-SCO) is a promising technology for ammo-
nia abatement. Cu/CeO: catalysts have attracted extensive attention because of their
strong metal-support interaction and favorable redox properties. However, their practical
application is still limited by insufficient low-temperature catalytic activity and unsatis-
factory control of by-product formation. Herein, phosphate-functionalized Cu/CeO: cata-
lysts were fabricated to regulate surface acidity and oxygen species behavior, thereby pro-
moting low-temperature NHs-SCO activity. The optimal Acid-Cu/CeO: catalyst achieved
90% NHs conversion at 260 °C, corresponding to a 192 °C decrease in Too compared with
pristine Cu/CeO2 (452 °C). Kinetic analysis showed that the apparent activation energy
decreased from 125.78 to 84.70 k] mol after phosphoric acid modification. In addition,
Acid-Cu/CeO: maintained relatively high N2 selectivity and lower NOx selectivity over
the tested temperature range, indicating that phosphate modification suppresses the deep
oxidation of NHs to NOx by-products. Structural and surface characterization results
demonstrated that Cu species remained highly dispersed on CeO: after modification,
while surface phosphate species modified the local electronic environment and redistrib-
uted oxygen species. O 1s XPS and O2-TPD results revealed that phosphate modification
decreased the static surface adsorbed/defect-related oxygen fraction but improved the ac-
cessibility and mobility of labile surface/subsurface or weakly bound lattice oxygen spe-
cies. Py-IR and DRIFTS results further showed that phosphate modification increased
Brensted/Lewis acidity, enhanced NHs adsorption and N-H activation, and facilitated the
formation and subsequent consumption of NHx/-NHO-related intermediates under reac-
tion conditions. This work provides insights into phosphate-mediated regulation of sur-
face acidity and oxygen mobility and offers a strategy for designing efficient low-temper-
ature Cu/CeO2-based NH3-SCO catalysts.

Keywords: Cu/CeO: catalyst; NH3-SCO; acid treatment; active oxygen species; surface
acid sites

1. Introduction

Ammonia (NHs) has been recognized as a critical atmospheric pollutant that contrib-
utes significantly to the formation of fine particulate matter (PM:s5) and tropospheric
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ozone, leading to severe air quality degradation and adverse impacts on human health
and ecosystems [1]. With the widespread implementation of selective catalytic reduction
(SCR) technology for NOx abatement in industrial flue gas and diesel vehicles, ammonia
slip has become an increasingly prominent environmental issue [2]. NH3-SCO, which se-
lectively converts NHs into N2 and H20O, has emerged as a promising approach for ammo-
nia emission control because of its high efficiency, relatively low operating cost, and po-
tential to suppress secondary pollutants when high N2 selectivity is achieved [3]. The core
challenge in NH3-SCO technology lies in developing catalysts that can achieve complete
ammonia conversion at low temperatures (<300 °C) while maintaining high N: selectivity
and long-term stability under complex industrial conditions [4]. Extensive research has
demonstrated that the catalytic performance of NH3-SCO catalysts is primarily governed
by surface acidity and redox properties [4-7]. Surface acidic sites play a fundamental role
in NHs adsorption and activation, which are the initial steps of the NH3-SCO reaction. In
this context, the acid-site concentration affects the ability of the catalyst to adsorb NHs,
whereas acid-site strength influences the stability and reactivity of adsorbed NHs species.
Acid-site strength can be considered from two related aspects: the thermodynamic inter-
action strength between NHs and surface acid sites, and the thermal stability of adsorbed
NHs species, which is commonly reflected by the NHs desorption temperature range in
NHs-TPD or NHs-TPD-FTIR measurements. For low-temperature NHs-SCO, suitable acid
strength is essential: weak acid sites may not retain NHs effectively under reaction condi-
tions, whereas excessively strong acid sites may hinder NHs activation and subsequent
conversion. Therefore, optimizing both the acid-site concentration and strength distribu-
tion of surface acid sites is important for improving low-temperature NHs-SCO perfor-
mance. Jablonska et al. [4] systematically reviewed the role of surface acidity in transition
metal oxide catalysts for NHs-SCO and concluded that both Brensted (B) and Lewis (L)
acid sites are essential for efficient ammonia activation. Specifically, Lewis acid sites are
responsible for the adsorption of NHs to form coordinated NHs species, while Bronsted
acid sites facilitate the formation of NHa* intermediates [5,7]. Phosphorus-containing zeo-
litic catalysts also provide important guidance for understanding the role of phosphorus-
related structures in NHs adsorption and activation. SAPO-34, a representative CHA-type
silicoaluminophosphate molecular sieve, contains phosphorus as an intrinsic framework
element and possesses abundant acid sites that are beneficial for NHs storage and low-
temperature NHs-related reactions. Previous studies on Cu/SAPO-34 have shown that the
acid content of SAPO-34 can significantly influence low-temperature NH3-SCR activity,
while excessive acidity may also affect NHs oxidation behavior at higher temperatures [8].
Cu- and Fe-modified SAPO-34 catalysts have also been widely investigated for NH3-SCR,
where isolated Cu?* species, Fe-related species, and framework-derived acid sites jointly
contribute to NHs/NOx adsorption, redox cycling, and broad-temperature catalytic activ-
ity [9,10]. In addition, Cu-containing silicoaluminophosphate CHA catalysts have been
examined in both NH3-SCR and NHs-SCO reactions, further demonstrating that phospho-
rus-containing zeolitic frameworks can regulate Cu dispersion, surface acidity, NHs ad-
sorption, and oxidation selectivity [11-14]. These studies indicate that phosphorus-con-
taining structures are effective for constructing NHs-affinitive acidic environments and
provide a useful conceptual basis for introducing phosphate species onto Cu/CeO: to reg-
ulate surface acidity and NHs activation behavior [10].

Although these systems are mainly used in NH3-SCR rather than NH3-SCO, they
demonstrate that phosphorus-containing structures can effectively regulate acid-site dis-
tribution and NHs activation behavior. Therefore, introducing phosphate species onto
Cu/CeO: is a rational strategy to tune surface acidity while simultaneously modifying the
oxygen-related redox properties of CeOz. Sun et al. [15] reported that the construction of
abundant surface acid sites on CuO/CeO: catalysts significantly enhanced NHs adsorption
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capacity and improved low-temperature catalytic activity. Similarly, Liu et al. [16] demon-
strated that phosphorus modification of CuCeZr mixed metal catalysts increased both the
number and strength of surface acid sites, leading to superior NHs-SCO performance. In
addition, Sun et al. [17] demonstrated that the catalytic conversion of NHs to N2 can be
promoted by optimizing the balance between Bronsted and Lewis acid sites on Pt/SiO»2-
AlO:s catalysts. Specifically, Brensted acid sites can stabilize NHs in the form of NHs* spe-
cies, whereas Lewis acid sites facilitate coordinated NHs adsorption and N-H bond acti-
vation to generate reactive NHx intermediates. Therefore, an appropriate Brensted/Lewis
acid-site distribution is essential for coupling NHs adsorption—activation with subsequent
nitrogen-forming reaction steps. The second key factor governing NH3-SCO performance
is the presence and reactivity of surface active oxygen species, which are responsible for
the oxidation of activated NHs intermediates. Surface active oxygen species, including su-
peroxide (Ox), peroxide (O2*), and lattice oxygen (O%), participate in the dehydrogena-
tion of adsorbed NHs and the formation of key reaction intermediates such as nitrosyl
(NO) and nitrate (NOs") species. Guan et al. [18] designed reactive bridging O species
within atomic Cu-O-Fe sites, which enabled fast Cu redox for NHs conversion and direct
NO adsorption to promote N-N coupling toward N2, achieving 99% Nz selectivity at 100%
conversion. Karatok et al. [19] demonstrated that surface atomic oxygen species on Ag
(111) selectively catalyzed N-H bond cleavage, yielding mostly N2 along with minor
amounts of NO and N20. For Cu-based catalysts, Sun et al. [15] found that the concentra-
tion of Cu*-Ov-Ce* interfacial sites, which are rich in active lattice oxygen, was positively
correlated with NHs oxidation activity. Similarly, Ran et al. [20] reported that support-
dependent Nz selectivity of CuO-based NHs-SCO catalysts was closely related to the mo-
bility and reactivity of surface lattice oxygen species. Recent studies by Guan et al. [21]
also revealed that the catalytic activity of NHs-SCO at low temperatures scaled propor-
tionally with the concentration of Cu(Il) superoxo species. Furthermore, Jablonska et al.
[4] reported that surface-active oxygen species can react with adsorbed NHs to form ni-
trate/nitrite-related intermediates, which may further participate in nitrogen-forming re-
action steps with adsorbed NHs or NHx species. Cu/CeO: composites have attracted ex-
tensive research attention due to the fact that the high dispersion of active Cu species fa-
cilitated the formation of oxygen vacancies and enhanced the redox properties of the cat-
alyst through the Ce®/Ce* redox cycle [22]. Phosphate species can form P-O-Ce structures,
regulate acid-site distribution, and modify redox/oxygen behavior of CeO2-based catalysts.
Surface phosphate species can interact with CeO: through P-O-Ce bonding and electron-
withdrawing effects, thereby modifying the Ce®*/Ce** distribution, surface oxygen species
behavior, and acid-site properties of ceria-based catalysts. In this context, phosphate mod-
ification provides a feasible strategy to regulate both acidity and redox-related oxygen
behavior in Cu/CeO: catalysts for low-temperature NHs-SCO [23]. Although previous
studies have shown that both sulfate and phosphate modification can improve the perfor-
mance of CeOz-based catalysts in NHs-SCR, the selection of phosphate modification in this
work is based on the specific requirements of Cu/CeO»-catalyzed low-temperature NHs-
SCO. Phosphate species can form stable P-O-Ce surface structures on CeO, thereby mod-
ifying the surface electronic environment and oxygen species behavior. Meanwhile, phos-
phorus-containing surface species can regulate the distribution of acid sites, which is ben-
eficial for NHs adsorption and activation. Compared with sulfate modification, phosphate
modification avoids the pre-introduction of sulfur-containing species, which could inter-
fere with the evaluation of SO: poisoning and sulfur resistance. In addition, compared
with SiO:2 or HsBOs modification, HsPOu provides a more direct route to construct phos-
phate-related surface structures on Cu/CeOz. Therefore, phosphoric acid was selected as
the surface modifier in this work to regulate both surface acidity and oxygen species be-
havior of Cu/CeO: catalysts for low-temperature NH3-SCO. However, despite the prom-
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ising NH3-SCO performance of Cu/CeOz-based catalysts arising from the synergistic in-
teraction between Cu species and CeQ, their practical application still requires further
improvement in low-temperature activity and durability under complex reaction atmos-
pheres, particularly in the presence of SO:2 and H:O [24,25]. Herein, phosphate-modified
Cu/CeO: catalysts were prepared through a facile phosphoric acid treatment strategy for
low-temperature NHs-SCO. The aim of this work is to investigate how surface phosphate
modification regulates the physicochemical properties, surface acidity, oxygen species,
and catalytic behavior of Cu/CeO: catalysts. The relationship between phosphate modifi-
cation and NHs-SCO performance was systematically examined by catalytic activity tests,
kinetic analysis, XRD, XPS, O>-TPD, Py-IR, and operando DRIFTS measurements. This
study is expected to provide useful insights into the role of phosphate modification in
Cu/CeO2-based NH3-SCO catalysts and provide a rational strategy for designing ad-
vanced low-temperature NH3-SCO catalysts.

2. Results and Discussion
2.1. Structural Characterization

To investigate the crystalline structure of the CeO2 support and the dispersion state
of Cu species, CeOz, Cu/CeOz, and Acid-Cu/CeO2 were characterized by XRD, TEM, and
HRTEM. As shown in Figure 1a, all samples exhibited a series of characteristic diffraction
peaks at 20 = 28.5°, 33.1°, 47.4°, 56.3°, 59.1°, 69.4°, 76.7°, and 79.1°, which can be assigned
to the (111), (200), (220), (311), (222), (400), (331), and (420) planes of cubic fluorite CeO,
respectively [26,27]. No additional diffraction peaks corresponding to crystalline CuQO,
Cw20, or metallic Cu species were observed in Cu/CeO:2 or Acid-Cu/CeO, indicating that
no large crystalline Cu-containing phase was formed after Cu introduction or phosphoric
acid treatment.
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Figure 1. (a) XRD patterns of CeOz, Cu/CeOz, and Acid-Cu/CeO: catalysts; HRTEM images of (b)

Acid-Cu/CeO: and (c) Cu/CeO:z catalysts.

Compared with pristine CeOz, Cu/CeO: showed slight changes in peak intensity and
peak width, suggesting that the introduction of Cu species influenced the crystallization
behavior and local structural environment of CeO2 [28]. After phosphoric acid treatment,
Acid-Cu/CeO:z retained the main diffraction peaks of cubic fluorite CeO;, indicating that
the bulk CeO: crystalline framework was preserved.

Meanwhile, no phosphate-related crystalline phases were detected for Acid-Cu/CeO..
This result suggests that the introduced phosphate species may be highly dispersed on
the catalyst surface or present in an amorphous state below the XRD detection limit. Sim-
ilar structural features have been reported for phosphate-modified ceria systems, where
surface phosphate species were introduced while the fluorite CeO: framework was largely
retained [29,30]. The slight variation in diffraction intensity after phosphoric acid treat-
ment is mainly associated with surface etching and surface reconstruction rather than the
formation of a new crystalline phase.

https://doi.org/10.3390/catal16070628



Catalysts 2026, 16, 628

5 of 22

The TEM/HRTEM results further support this interpretation. Compared with
Cu/Ce02, Acid-Cu/CeO: exhibits a more irregular morphology with locally roughened
and reconstructed edges, indicating that phosphoric acid treatment induces surface etch-
ing of CeO: (Figure 1b,c). Nevertheless, clear lattice fringes with an interplanar spacing of
0.31 nm are observed for both Cu/CeO: and Acid-Cu/CeOz, corresponding to the CeO:
(111) plane [31]. This confirms that the fluorite CeO: framework is retained after phos-
phoric acid treatment. In addition, no distinguishable Cu-containing nanoparticles or
crystalline CuOx domains are observed in the selected TEM/HRTEM regions. Corroborat-
ing the XRD results, these observations suggest that the Cu species are highly dispersed
on the CeO: support without forming detectable crystalline Cu-containing phases
[15,32,33]. The ICP-OES results further confirm the successful introduction of Cu species
(Table S1). The Cu contents of Cu/CeO2 and Acid-Cu/CeO: are 1.37 and 1.11 wt%, respec-
tively, which are close to the nominal Cu loading of 1.5 wt%. The slight decrease in Cu
content after phosphoric acid treatment may be related to the partial removal of weakly
attached Cu species during acid etching and washing. Meanwhile, the Ce contents of
Cu/CeO:2 and Acid-Cu/CeO: remain comparable, indicating that the bulk Ce-containing
framework is largely retained after phosphoric acid treatment.

2.2. Surface Electronic Structure Analysis

To further analyze the effects of phosphate modification on the surface elemental
composition, electronic structure and oxygen species distribution of the Cu/CeOz samples,
XPS characterization was performed on both catalysts. The high-resolution Ce 3d XPS
spectra of the Cu/CeO: and Acid-Cu/CeO:z samples are presented in Figure 2a. Both sam-
ples exhibit typical Ce 3d spin-orbit splitting features, in which the Ce 3ds;2 and Ce 3ds.
components are denoted as the v and u series, respectively. According to previous reports,
the v’ and u’ peaks can be assigned to Ce®*" species, whereas the remaining peaks are
mainly associated with Ce*" species [34,35]. This indicates the coexistence of Ce* and Ce**
on the surfaces of both Cu/CeO: and Acid-Cu/CeQO, reflecting the non-stoichiometric na-
ture of the CeO: surface. As summarized in Table S2, the relative Ce3* content decreases
from 20.52% for Cu/CeO: to 18.44% for Acid-Cu/CeO: after phosphoric acid treatment,
accompanied by an increase in the Ce** proportion. This result indicates that phosphate
modification does not promote Ce® formation. Instead, the electron-withdrawing phos-
phate species decrease the relative concentration of surface Ce3 and shift the surface ce-
rium species toward a higher oxidation state [15,29,30]. Therefore, phosphate modification
mainly alters the surface electronic environment and Ce%/Ce** distribution of Cu/CeO,
rather than increasing the amount of Ce¥-related oxygen vacancies [29,36]. As shown in
Figure 2b, analysis of the Cu 2p XPS spectra indicates that the copper species on the sur-
faces of both Cu/CeO: and Acid-Cu/CeO: catalysts exist in mixed valence states. Both sam-
ples exhibit characteristic spin—orbit splitting peaks corresponding to Cu 2ps2 and Cu 2piz,
as well as characteristic satellite peaks of Cu?* species in the range of 940.0-948.0 eV [37,38].
After deconvolution, the relative contents of Cu* and Cu?* were calculated and summa-
rized in Table S3. For Cu/CeO, the surface Cu species are mainly composed of Cu?, with
Cu*and Cu? contents of 33.73% and 66.27%, respectively. After phosphoric acid treatment,
the Cu* content increases to 49.82%, whereas the Cu?* content decreases to 50.18% in Acid-
Cu/CeO:s. This result indicates that phosphoric acid modification increases the relative
proportion of reduced Cu* species and promotes a more balanced Cu*/Cu?* distribution
on the catalyst surface [39]. The increased Cu* fraction suggests that phosphate modifica-
tion modifies the local electronic environment of Cu species and may facilitate the
Cu*/Cu? redox cycle, which is beneficial for NHs activation and subsequent oxidation
steps in NHs-SCO [15,31,36].
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Figure 2. XPS spectra of Cu/CeO: and Acid-Cu/CeO:z: (a) Ce 3d; (b) Cu 2p; (c) O 1s; (d) P 2p.

Combined with the absence of copper-related crystalline diffraction peaks in the XRD
patterns and the lack of observable CuOxnanoparticles in TEM/HRTEM images, these XPS
results are consistent with the highly dispersed state of Cu species on the CeO: support
before and after phosphoric acid treatment. The O 1s spectra were further analyzed to
clarify the evolution of surface oxygen species. As shown in Figure 2c, the O 1s spectra
can be divided into three components, denoted as Oa, Og, and Oy [40]. Among them, O is
mainly assigned to lattice oxygen species, Og is generally associated with surface adsorbed
oxygen or defect-related oxygen species, and Oy is primarily related to surface hydroxyl
groups, adsorbed water, or weakly adsorbed oxygen species [41].

As shown in Table S4, the Og content of Cu/CeQO:2 is 55.56%, and its Orela ((Op + Oy)/(O«
+Og + Oy)) value reaches 66.11%, indicating a relatively high proportion of surface-related
oxygen species. After phosphoric acid treatment, the Oa content of Acid-Cu/CeO: signifi-
cantly increases from 33.89% to 55.25%, whereas the Og content decreases from 55.56% to
24.86%, and the Orea value also decreases to 44.75%. These results demonstrate that phos-
phoric acid modification markedly alters the distribution of surface oxygen species over
Cu/CeO:z and increases the relative proportion of lattice oxygen species [15,31,40].

Combined with the catalytic activity results, Acid-Cu/CeO:2 exhibits higher NH3-SCO
activity despite its lower proportion of Og species. This indicates that the enhanced cata-
lytic activity is not governed solely by the static surface adsorbed oxygen/defect-related
oxygen fraction obtained from XPS. Instead, the availability and mobility of lattice or sub-
surface oxygen species may be more closely related to the superior NH3-SCO performance
of Acid-Cu/CeOz, which is further supported by the O:-TPD results discussed below.
Therefore, compared with the total amount of surface adsorbed oxygen species, the lat-
tice/subsurface oxygen behavior regulated by phosphate modification is more relevant to
the improved catalytic performance [15,20,41]. Figure 2d presents the P 2p XPS spectra of
Cu/CeO2 and Acid-Cu/CeOs. The untreated Cu/CeO:2 sample shows no discernible P 2p
signal, whereas Acid-Cu/CeO: exhibits a clear P 2p signal in the 132-134 eV range, con-
firming that phosphorus species were successfully introduced onto the catalyst surface by
phosphoric acid treatment [29,30,42]. In addition, the surface elemental composition was
semi-quantitatively analyzed from the XPS survey spectrum (Table S5). For Acid-Cu/CeO,
the surface P concentration is estimated to be 3.75 at. %, and the corresponding surface P:
Cu atomic ratio is approximately 0.76. This result further supports the successful intro-
duction of phosphorus-containing species on the catalyst surface [29,30,43]. The P 2p spec-
trum of Acid-Cu/CeO: can be deconvoluted into two components centered at 132.46 and
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133.49 eV, which can be assigned to phosphate species with different coordination envi-
ronments, generally associated with monodentate and bidentate phosphate species [43,44].
This interpretation is consistent with previous studies on phosphate-modified ceria and
P/CeO:2 catalysts, where surface phosphate species were shown to interact with CeO:
through phosphate-ceria interfacial structures and to modify the local electronic environ-
ment, acid-site distribution, and redox behavior of ceria [6,29].

Monodentate phosphate species containing terminal P-OH groups may contribute to
the formation of Brensted acid sites and surface electron-withdrawing effects, while bi-
dentate phosphate species can interact with adjacent Ce sites through Ce-O-P linkages,
thereby modifying the local coordination environment and oxygen species mobility
[30,43,44]. Because phosphate species possess electron-withdrawing characteristics, their
introduction can decrease the surface electron density around Ce species and modify the
surface Ce¥/Ce*" equilibrium [29,30,43]. This interpretation is consistent with the Ce 3d
XPS results, where the relative Ce® content decreases and the Ce*" proportion increases
after phosphate modification. Therefore, the introduced phosphate species are considered
an important factor responsible for the changes in surface acidity, surface electronic struc-
ture, and oxygen species distribution of Acid-Cu/CeO2. However, the individual catalytic
contributions of monodentate and bidentate phosphate species cannot be quantitatively
separated based solely on P 2p XPS.

2.3. NH3-5CO Catalytic Performance Evaluation

To evaluate the effect of phosphoric acid surface modification on the NHs-SCO per-
formance of Cu/CeO:2 catalysts, NHs conversion activity, stability, and kinetic tests were
conducted over Cu/CeO: and Acid-Cu/CeO2. Overall, Acid-Cu/CeO: exhibited markedly
higher NHs conversion than pristine Cu/CeO:z in the low- and medium-temperature range,
together with improved reaction stability and a lower apparent activation energy, indi-
cating that phosphoric acid surface modification effectively enhanced the NH3-SCO per-
formance of Cu/CeO: [15,16,24]. As shown in Figure 3a, the NHs conversion over both
Cu/CeO2 and Acid-Cu/CeO: gradually increased with increasing reaction temperature,
but their temperature-dependent catalytic behaviors were markedly different. Below
200 °C, both catalysts exhibited very limited NHs conversion, indicating that NHs adsorp-
tion, activation, and oxidative conversion were insufficient in this temperature range
[20,24]. When the temperature increased above 200 °C, the NHs conversion over Acid-
Cu/CeO: increased sharply and reached approximately 90% at 260 °C. In contrast,
Cu/CeO2 showed a much slower increase in NHs conversion and required a significantly
higher temperature to reach the same conversion level. The To values of Acid-Cu/CeO2
and Cu/CeO: were 260 °C and 452 °C, respectively, demonstrating that phosphoric acid
modification substantially improved the low-temperature NH3-SCO activity of Cu/CeOs..

Figure 3b further compares the NHs conversion of the two catalysts at 240, 270, and
300 °C based on the same catalytic activity data shown in Figure 3a. Acid-Cu/CeO:
showed much higher NHs conversion than Cu/CeO: at all three temperatures. Specifically,
Acid-Cu/CeO2 achieved approximately 84.4%, 92.7%, and 95.4% NHs conversion at 240,
270, and 300 °C, respectively, whereas Cu/CeO: showed only about 18.25%, 36.58%, and
57.9% conversion at the same temperatures. These results further confirm that phosphoric
acid modification effectively enhances the low-temperature NHs-SCO activity of Cu/CeO:s.
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Figure 3. Catalytic NHs oxidation performance of Cu/CeO2 and Acid-Cu/CeO:z: (a) NHs conversion
as a function of reaction temperature; (b) NHs conversion at three selected temperatures (240, 270,
and 300 °C). Reaction conditions: 500 ppm NHs3, 2 vol% O, total flow rate = 50 mL/min, and WHSV
= 30,000 mL gcat'h; (c) Long-term stability test for NHs conversion at Too over 600 min; (d) Arrhe-

nius plots and apparent activation energies.

The catalytic stability results are shown in Figure 3c. Under To conditions, the NHs
conversion over Acid-Cu/CeO: remained above 90% during 600 min of continuous reac-
tion, with no obvious deactivation observed, indicating its good reaction stability. By com-
parison, the NHs conversion over Cu/CeO: was generally lower than that over Acid-
Cu/CeOs. This result suggests that phosphoric acid surface modification not only im-
proves the low- and medium-temperature activity of Cu/CeO: but also helps maintain a
high NHs conversion level during long-term reaction. To further compare the kinetic be-
havior of the two catalysts, the apparent activation energies of Cu/CeO: and Acid-
Cu/CeO:z in the NH3-SCO reaction were calculated based on the Arrhenius equation. As
shown in Figure 3d, the Ea values of Cu/CeO:z and Acid-Cu/CeO: were 125.78 k]/mol and
84.70 kJ/mol, respectively. Compared with Cu/CeO:, Acid-Cu/CeO:2 exhibited a lower ap-
parent activation energy, indicating that phosphoric acid modification reduced the energy
barrier of the NH3-SCO reaction and enabled NHs adsorption, activation, and subsequent
oxidative conversion to proceed more readily at lower temperatures [3,15,24]. This result
is consistent with the lower To value of Acid-Cu/CeO, further confirming the positive
role of phosphoric acid surface modification in enhancing the low- and medium-temper-
ature reaction activity of Cu/CeOs.

In summary, phosphoric acid surface modification significantly improved the NHs-
SCO performance of Cu/CeOs, resulting in higher NHs conversion in the low- and me-
dium-temperature range, a lower To value, good reaction stability, and a lower apparent
activation energy. These results indicate that the introduction of surface phosphate spe-
cies effectively optimizes the surface reaction environment of Cu/CeO2 and promotes low-
temperature NHs conversion, providing an experimental basis for further elucidating the
performance enhancement mechanism from the perspectives of surface acidity, oxygen
species distribution, and electronic structure [15,29,31].

The product selectivity was further analyzed to evaluate the N2 formation ability and
NOx by-product formation over the two catalysts [24,27]. As shown in Figure 4a, Acid-
Cu/CeO2 maintains relatively high N2 selectivity over the tested temperature range, with
the Nz selectivity remaining mostly above 70%. In contrast, the N2 selectivity of Cu/CeO:
gradually decreases as the reaction temperature increases, especially above 200 °C. This
indicates that phosphoric acid modification is beneficial for maintaining N2 selectivity
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during NHs-SCO. The NOx selectivity results further support this conclusion. As shown
in Figure 4b, the NOx selectivity of Cu/CeO: increases continuously with increasing tem-
perature, reaching a much higher value at elevated temperatures. This suggests that NHs
is more readily over-oxidized to NOx species on unmodified Cu/CeO2 [21,24]. In compar-
ison, Acid-Cu/CeO: shows lower and more stable NOx selectivity over the same tempera-
ture range, indicating that phosphoric acid modification suppresses the deep oxidation of
NHs to NOx. Combined with the higher NHs conversion and improved N: selectivity,
these results demonstrate that Acid-Cu/CeO2 not only promotes NHs activation but also
favors the selective conversion of NHs toward N2 rather than NOx by-products.

100 20

(@ —e—Acid-cuceo, | P T——Acid-cuiceo,
—=—CulCeO, —=—Cu/CeO,

80 16
3 s
2 60 2.
3 g
<« [
3 3
& 407 8-
Fa g

20 .

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)

Figure 4. Temperature-dependent product selectivity over Acid-Cu/CeOz and Cu/CeO2 catalysts
during NH3-SCO: (a) N2 selectivity and (b) NOx selectivity. Reaction conditions: 500 ppm NHs, 2

vol% Oz, N2 balance, total flow rate = 50 mL min~!, catalyst mass =0.10 g.

To further contextualize the catalytic performance of Acid-Cu/CeO, representative
NH3s-SCO catalysts reported in the literature were compared [24,27]. As summarized in
Table S6, CuO/TiO2 catalysts with gradient oxidative dual sites achieved a T of approxi-
mately 270 °C under 500 ppm NHs and 5 vol% Oz, while Cu-attapulgite catalysts generally
required around 300 °C to reach 90% NHs conversion under similar NHs/O2 feeds [3,45,46].
CuO/CeO:z nanorod catalysts also showed excellent NH3-SCO activity, with a Too value of
approximately 250 °C under the reported reaction conditions [15]. Cu-Ce-Zr mixed oxides
exhibited a comparable Too value of around 260 °C, where coordinated Cu species and
reactive oxygen species were identified as key factors governing NHs activation and N:
selectivity [40]. In addition, phosphate-containing hydroxyapatite-supported Cu catalysts
required a higher temperature of approximately 350 °C to reach 90% NHs conversion,
with an N2 selectivity of about 84% [47]. In comparison, Acid-Cu/CeO: reaches a Too of
260 °C under 500 ppm NHs, 2 vol% Oz, and a WHSV of 30,000 mL gcat™ h-1, while main-
taining relatively high N2 selectivity and lower NOx selectivity. These comparisons indi-
cate that phosphate modification enables Cu/CeO: to achieve competitive low-tempera-
ture NH3-SCO performance under relatively mild oxygen concentration [15,24,27,40].

As a typical poison for NH3-SCO, SO: causes catalyst deactivation via competing for
active sites and forming inert sulfate species; thus, sulfur resistance is an important eval-
uation criterion for their practical application [6,24,26,48]. To evaluate the effect of phos-
phoric acid modification on sulfur resistance, 10 ppm SOz was introduced into the reaction
atmosphere, and the SO: resistance of Cu/CeO: and Acid-Cu/CeO: was investigated, as
shown in Figure 5a. Under SOx-free conditions, Acid-Cu/CeO: showed higher NHs con-
version than Cu/CeOz, confirming its superior low- and medium-temperature activity.
After SOz introduction, both catalysts were affected, and Acid-Cu/CeO: did not exhibit a
clear sulfur-resistance advantage.
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Figure 5. Sulfur resistance performance of Cu/CeO: and Acid-Cu/CeQOz: (a) Temperature-pro-
grammed NHs conversion curves of the samples in the presence and absence of SOz; (b) 12 h long-
term stability curves of the catalysts at Too; (c) 48 h long-term stability curves of the catalysts at To;

(d) Catalytic activity test of the catalysts after SO2 poisoning test.

The 12 h SO»-resistance tests were conducted at the corresponding To temperatures
determined under SO:-free conditions, namely 452 °C for Cu/CeO: and 260 °C for Acid-
Cu/CeO: (Figure 5b). After SO2 introduction, the NHs conversion over both catalysts de-
creased to different extents, indicating the inhibitory effect of SO2 on NHs-SCO. After SO
removal, the NHs conversion recovered rapidly. For Cu/CeO, the conversion even be-
came slightly higher than its initial SO:-free level, which is regarded as a transient over-
shoot during the SO2 on-off process rather than a stable promotional effect of SO [49,50].
Therefore, this result mainly indicates that the SO2-induced inhibition is reversible under
the present test conditions.

When the SO: exposure time was extended to 48 h, the NHs conversion of both cata-
lysts continuously decreased to below 20%, demonstrating severe deactivation under pro-
longed SO2 treatment (Figure 5c). After SOz was removed from the feed gas, the NHs con-
version over both catalysts recovered rapidly, indicating that the SOz-induced inhibition
was largely reversible under the present reaction conditions. This recovery behavior sug-
gests that the deactivation during short-term SO: exposure was mainly associated with
reversible adsorption or labile sulfur-containing surface species, rather than irreversible
destruction of the active sites [51,52]. However, prolonged SO: exposure still caused a
significant decrease in NHs conversion, demonstrating that SOz remains a critical poison-
ing component for both catalysts. After SOz removal, the activity partially recovered for
both catalysts, but the post-treatment light-off behavior differed significantly between the
two samples [49,52]. The T of Cu/CeO: decreased by 102 °C, whereas that of Acid-
Cu/CeO:z increased by 56 °C, indicating different surface evolution behaviors during SO:
treatment. Overall, SO: significantly inhibited the NH3-SCO activity of both catalysts, es-
pecially under long-term exposure. Nevertheless, their rapid recovery after SO removal
suggests that the poisoning process was mainly reversible. Although phosphoric acid
modification improved the intrinsic NHs-SCO activity of Cu/CeQ, it did not provide a
consistently positive effect on SOz resistance [53].
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2.4. Analysis of Surface Oxygen Species and Acidic Sites

As shown in Figure 6, the O2-TPD profile of unmodified Cu/CeO: exhibits three main
desorption features. The weak low-temperature peak at 175 °C can be assigned to weakly
chemisorbed oxygen species [40,54,55]. The desorption peak centered at 397 °C is related
to surface/subsurface labile oxygen species, while the high-temperature peak at 726 °C is
generally associated with bulk lattice oxygen [56]. The relatively weak low-temperature
desorption signal suggests that unmodified Cu/CeO: contains a limited amount of readily
desorbed surface oxygen species. After phosphoric acid modification, the Oz desorption
behavior of Acid-Cu/CeO: changes markedly. Several desorption peaks appear at 289, 388,
490, 559, 666, and 784 °C, indicating a more complex distribution of oxygen species. The
peak at 289 °C can be attributed to chemisorbed oxygen species with relatively weak bind-
ing [14,57]. More importantly, the medium-temperature desorption peaks at 388, 490, and
559 °C are more reasonably assigned to surface/subsurface labile oxygen species and
weakly bound lattice oxygen species, rather than being solely attributed to surface ad-
sorbed oxygen. These oxygen species can participate in the oxidative dehydrogenation of
adsorbed NHx species and reaction intermediates during the NH3-SCO reaction [15,24,40].
The high-temperature peaks at 666 and 784 °C are attributed to lattice oxygen species with
stronger binding [56,58]. It should be noted that the enhanced medium-temperature O
desorption behavior of Acid-Cu/CeO: does not directly contradict the decreased Og frac-
tion observed in the O 1s XPS results. XPS reflects the quasi-static surface oxygen compo-
sition, whereas O2>-TPD reflects the temperature-dependent release and mobility of oxy-
gen species during heating. Therefore, the decreased Og fraction in XPS indicates a lower
relative amount of static surface adsorbed/defect-related oxygen species, while the en-
hanced medium-temperature Oz desorption peaks indicate improved accessibility and
mobility of labile surface/subsurface or weakly bound lattice oxygen species [15,40]. This
suggests that phosphoric acid modification redistributes oxygen species and improves the
mobility of oxygen species involved in NHs-SCO [29,30]. This interpretation is consistent
with previous studies on Cu—Ce-based NH3-SCO catalysts, in which the mobility and re-
activity of surface/subsurface oxygen species, rather than only the static amount of ad-
sorbed oxygen detected by XPS, were considered crucial for NHs activation and selective
oxidation [15,28,40].

397 0,-TPD
i bulk lattice
oxygen

chemisorbed
oxygen species

726

surface lattice oxygen 784

388
490
; . 559 666

0, Signal (a.u.)

289
Acid-Cu/CeO

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6. O>-TPD profiles of Cu/CeO:2 and Acid-Cu/CeO: catalysts.

To further distinguish the surface acid properties associated with NHs adsorption
and activation, Py-IR was performed over CeOz, Cu/CeO2, and Acid-Cu/CeO: [48,59,60].
As shown in Figure 7, the bands around 1540 cm™ are assigned to pyridine adsorbed on
Brensted acid sites, while the bands around 1440 and 1600 cm™ are attributed to pyridine
coordinated to Lewis acid sites [61,62]. The band near 1490 cm™ is generally associated
with pyridine adsorbed on both Brensted and Lewis acid sites [48,59]. In NH3-SCQO,
Brensted acid sites can stabilize NHs in the form of NHa* species, whereas Lewis acid sites
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can adsorb NHs as coordinated NHs species and participate in N-H bond activation [60].
It should be noted that, for Cu/CeO2-based redox catalysts, Lewis acid sites detected by
Py-IR mainly correspond to pyridine-coordinated surface cationic sites, including Cu and
Ce species. These sites may also participate in redox-related reaction steps. Therefore, the
Py-IR results are mainly used here to compare the relative Bronsted/Lewis acid-site dis-
tribution among different samples under identical conditions, rather than to completely
separate acidity from redox properties [61,62].
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Figure 7. Py-IR spectra of (a) CeO2, (b) Cu/CeO:z and (c) Acid-Cu/CeO; (d—f) corresponding con-

centration of Brensted acid sites and Lewis acid sites calculated from the above spectra.

For CeOy, the intensities of both Brensted and Lewis acid bands gradually decrease
as the desorption temperature increases from 50 to 150 °C, indicating the progressive de-
sorption of weakly adsorbed pyridine species (Figure 7a). As summarized in Table S7, the
Brensted acid-site concentrations of CeO:z are 0.45, 0.21, and 0.09 pmol g at 50, 100, and
150 °C, respectively, while the Lewis acid-site concentrations are 7.30, 3.39, and 1.30 umol
g The total acid-site concentration decreases from 7.75 to 1.39 umol g as the desorption
temperature increases, indicating that most acid sites on CeO: are weak or medium-
strength acid sites. After Cu introduction, Cu/CeO: exhibits a much higher acid-site con-
centration than CeO, especially in the Lewis acid region (Figure 7c,d). The total acid-site
concentrations of Cu/CeO:z are 31.19, 17.87, and 4.88 umol g at 50, 100, and 150 °C, re-
spectively. Specifically, the Lewis acid-site concentrations increase to 29.22, 16.70, and 4.43
umol g1, while the Brensted acid-site concentrations increase to 1.97, 1.17, and 0.45 pumol
g These results indicate that Cu introduction significantly increases the number of pyr-
idine-accessible acid sites, with Lewis acid sites remaining the dominant acid species. The
enhanced Lewis acidity is closely related to the formation of surface Cu species and Ce-
related cationic sites, which can provide more coordination sites for NHs adsorption and
activation [31,36,42]. After phosphoric acid treatment, Acid-Cu/CeO2 shows further in-
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creased acid-site concentration compared with Cu/CeO: (Figure 7e,f). The total acid-site
concentrations of Acid-Cu/CeOzreach 37.92,22.99, and 9.61 umol g at 50, 100, and 150 °C,
respectively, which are higher than those of Cu/CeO: at all corresponding desorption tem-
peratures. Both Brensted and Lewis acid sites are enhanced after phosphoric acid treat-
ment. The Bronsted acid-site concentrations increase to 2.97, 1.87, and 1.00 umol g, while
the Lewis acid-site concentrations increase to 34.95, 21.13, and 8.61 umol g at 50, 100, and
150 °C, respectively. Moreover, Acid-Cu/CeO: retains higher total acid-site concentrations
at 150 °C than Cu/CeO, suggesting that phosphoric acid modification not only increases
the acid-site concentration but also improves the retention of medium-strength acid sites
[6,29,63]. The acidity-regulation effect is also consistent with previous reports on HsPOs-
modified CeO: and phosphate-functionalized ceria, where phosphate species were
demonstrated to introduce or strengthen acid sites and simultaneously modify the redox
behavior of ceria [6,29,48,63].

These Py-IR results demonstrate that phosphoric acid modification effectively regu-
lates and strengthens the surface acidity of Cu/CeOz. The increased Brensted acid sites can
promote NHs adsorption and stabilization as NH4* species, while the abundant Lewis acid
sites can provide coordination sites for NHs activation [48]. Therefore, the superior NHs-
SCO performance of Acid-Cu/CeO: is closely related to the enhanced and redistributed
Brensted/Lewis acid sites, together with the modified Cu*/Cu?* redox state and improved
oxygen species mobility discussed above [15,24,63].

2.5. Mechanistic Insights into NHs-SCO

To clarify the NHs adsorption behavior and surface intermediate evolution over the
two catalysts, DRIFTS experiments were first performed under NHs adsorption condi-
tions, followed by operando DRIFTS measurements under NHs + Oz reaction conditions.
As shown in Figure 8a, Acid-Cu/CeO: exhibits several distinct bands at 3641, 3400, 1682,
1625, 1502, 1457, and 1268 cm™ under the NHs atmosphere. The negative band at 3641
cm is assigned to the consumption or perturbation of surface -OH groups, indicating that
surface hydroxyl species participate in NHs adsorption and activation [64,65]. The band
at 3400 cm™ corresponds to the N-H stretching vibration [66,67]. The band at 1682 cm™ is
attributed to NHs adsorbed on Brensted acid sites, while the band at 1268 cm™ is assigned
to NHs coordinated on Lewis acid sites [68,69]. The band at 1502 cm™ can be assigned to -
NH: species generated by the initial dehydrogenation of adsorbed NHs, whereas the band
at 1457 cm™ is associated with -NH species [70,71]. In addition, the band at 1625 cm™ can
be attributed to -NHO-related intermediates [72,73]. With increasing temperature, the
Lewis-acid-related NHs adsorption band gradually weakens, while the -NHz, -NH, and -
NHO-related bands first become evident and then decrease at higher temperatures. This
evolution indicates that NHs adsorbed on Acid-Cu/CeO: is progressively activated
through N-H bond cleavage. Specifically, Lewis-bound NHs is first dehydrogenated to
form -NH: species, which are further converted into -NH species and subsequently into -
NHO-related intermediates. At elevated temperatures, these reactive intermediates are
further transformed or consumed during the NH3-SCO reaction. In contrast, as shown in
Figure 8b, Cu/CeO2 shows much weaker NHs adsorption features, with bands observed
at 3647, 1583, 1414, and 1159 cm™. The band at 3647 cm™ corresponds to the N-H stretching
vibration. The bands at 1583 and 1159 cm™ are assigned to NHs coordinated on Lewis acid
sites, while the band at 1414 cm is attributed to NHs adsorbed on Brensted acid sites
[74,75]. Compared with Acid-Cu/CeOs, the weaker band intensities over Cu/CeO: indicate
its limited NHs adsorption capacity. In addition, no obvious -NH:, -NH, or -NHO-related
bands are observed over Cu/CeO: under the NHs atmosphere, suggesting that the activa-
tion and stepwise dehydrogenation of adsorbed NHs are much less efficient on the un-
modified catalyst. After introducing O, operando DRIFTS measurements were further
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performed to investigate the oxidative transformation of NHs-derived intermediates dur-
ing NHs-SCO. As shown in Figure 8¢, Acid-Cu/CeO:2 exhibits characteristic bands at 3644,
3401, 1679, 1628, 1501, 1457, and 1270 cm™" under the NHs + Oz atmosphere. The negative
band at 3644 cm™! is assigned to the consumption or perturbation of surface -OH groups,
indicating that surface hydroxyl species are involved in the NH3-SCO reaction. The band
at 3401 cm™ corresponds to the N-H stretching vibration [76-78]. The band at 1679 cm™ is
attributed to NHs adsorbed on Brensted acid sites, while the band at 1270 cm™ is assigned
to NHs coordinated on Lewis acid sites. The band at 1501 cm™ is assigned to -NH: species,
and the band at 1457 cm™ is associated with -NH species [64,79]. The band at 1628 cm™ is
attributed to -NHO-related intermediates formed through the interaction between dehy-
drogenated NHx species and surface hydroxyl or oxygen species [80,81]. Compared with
the NHsz-only atmosphere, the presence of O promotes the oxidative transformation of
adsorbed NHs species. With increasing temperature, the bands associated with -NH>, -
NH, and -NHO-related intermediates gradually decrease after their formation, indicating
that these intermediates are continuously consumed through further oxidation or cou-
pling reactions. As shown in Figure 8d, Cu/CeO: exhibits bands at 3612, 1576, 1524, 1414,
1308, 1256, 1156, and 1020 cm™! under NHs + Oz reaction conditions. The band at 3612 cm™!
corresponds to the N-H stretching vibration [82,83]. The bands at 1576 and 1156 cm™ are
assigned to NHs coordinated on Lewis acid sites, while the band at 1414 cm™ is attributed
to NHs adsorbed on Brensted acid sites [3,84]. The band at 1524 cm™ can be assigned to -
NH: species, indicating that part of the adsorbed NHs can undergo initial dehydrogena-
tion on Cu/CeO: [85-87]. The bands at 1308, 1256, and 1020 cm™ are mainly assigned to
nitrate/nitrite-related species generated from the oxidation of adsorbed NHs [15,68,75,88].
With increasing temperature, these NOx-related bands become more pronounced, indicat-
ing that NHs-derived intermediates are readily oxidized to nitrate/nitrite species and tend
to accumulate on the Cu/CeO:2 surface. These DRIFTS observations are consistent with
previous NH3-SCO mechanistic studies, in which adsorbed NHs, NHx intermediates, and
nitrate/nitrite-related species were identified as key surface species during NHs activation
and oxidative transformation [24,81,89,90].
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Figure 8. DRIFTS spectra of (a) Acid-Cu/CeO:z and (b) Cu/CeO: under NHs adsorption conditions,
and operando DRIFTS spectra of (c¢) Acid-Cu/CeO2 and (d) Cu/CeO2 under NHs + O2 reaction con-
ditions at different temperatures.

Overall, the DRIFTS results reveal distinct NHs activation and intermediate transfor-
mation behaviors over the two catalysts. Acid-Cu/CeO: shows stronger NHs adsorption
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on Brensted and Lewis acid sites, more evident formation of -NH2, -NH, and -NHO-re-
lated intermediates, and continuous consumption of these intermediates at elevated tem-
peratures [42,48,63]. This indicates that phosphoric acid modification promotes NHs ad-
sorption, N-H bond activation, and subsequent transformation of NHx-derived species
[68,71,72]. In contrast, Cu/CeO: exhibits weaker NHs adsorption and less efficient NHx
intermediate formation, while nitrate/nitrite-related species accumulate more obviously
under NHs + O2 conditions (Figure 9) [24,27,68].
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Figure 9. Schematic illustration of phosphate-modified Cu/CeO: for low-temperature NHs-SCO.

3. Experimental Section

3.1. Preparation of Catalysts

Cu/CeOz2: 1.96 g Ce(NOs)s:6H20 (>99.5%, Shanghai Aladdin Co., Ltd., China) and
16.88 g NaOH (95%, Shanghai E & Chemical Technology Co., Ltd., China) were dissolved
in 10 mL and 30 mL of deionized water, respectively. After mixing and stirring for 30 min,
a calculated amount of Cu(NOs)2:3H20 (99%, Shanghai Aladdin Co., Ltd., China) corre-
sponding to a nominal Cu loading of 1.5 wt% was added dropwise and stirred for another
30 min. Hydrothermal treatment was carried out at 180 °C for 24 h, followed by centrifu-
gation, washing, and calcination at 500 °C for 4 h with a heating rate of 10 °C min from
room temperature.

Acid-Cu/CeOz2: 600 mg of Cu/CeO2 was dispersed in 20 mL of anhydrous ethanol
(analytical grade, Shanghai Sinopharm Chemical Reagent Co., Ltd., China) and ultrasoni-
cated for 15 min. 18 mL of 0.1 mol/L HsPOs (analytical reagent, Shanghai Sinopharm
Chemical Reagent Co., Ltd., China) was added, corresponding to a nominal P amount of
1.80 mmol and a nominal P:Cu atomic ratio of 12.7:1 based on the 1.5 wt% Cu loading.
The volume was adjusted to 20 mL with ethanol. Ultrasonic etching was performed for 20
min using a commercial ultrasonic cleaner (KT-5200DT, Nanjing Kulike Technology Co.,
Ltd., China) at a fixed power of 250 W and a frequency of 40 kHz under continuous-wave
mode at room temperature. The product was centrifuged at 5000 rpm for 5 min, washed
three times with deionized water, and dried at 80 °C in an oven overnight.

3.2. Catalytic Activity Evaluation

The NHs-SCO performance of all catalysts was evaluated in a fixed-bed quartz reac-
tor. Typically, 0.10 g of catalyst powder with a particle size of 60-80 mesh was loaded into
the reactor and fixed between two layers of quartz wool. The total gas flow rate was 50
mL min™, and the feed gas consisted of 500 ppm NHs (NHs purity > 99.999%), 2 vol% O2
(Oz2 purity 2 99.999%), and N2 as the balance gas. All gases used in the catalytic activity
and SOq-resistance tests were supplied by Nanjing Special Gas Co., Ltd., China. The
weight hourly space velocity (WHSV) was 30,000 mL gcat™ h™'. The temperature was in-
creased from room temperature to 500 °C at a ramp rate of 6 °C min'. At each target
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temperature, the catalyst was held for 25 min to reach steady state before the outlet gas
was analyzed. The outlet NHs concentration was quantitatively measured using an am-
monia gas analyzer (Thermo Scientific Model 17i, USA). NHs conversion was calculated
according to the following equation:

[NH3inlet] -[NH

3O\l 8]
Xy = et x100%

inlet]

— {[NH3inlet] - [NH30utlet] - [Noouﬂet]

Sy =
Nz '[NOZ ]'ZX[Nzooutlet]

/[NH3inlet] -[NH3outlet] }x 100%

outlet

For the kinetic analysis, the apparent reaction rates were calculated from the steady-
state NHs conversion data obtained in the low-conversion region during the catalytic ac-
tivity tests. The NHs conversion values used for the Arrhenius plots were selected from
the light-off measurements under identical reaction conditions, rather than from the se-
lected-temperature bar chart or the long-term stability tests. The apparent NHs conversion
rate was calculated according to the inlet NHs molar flow rate, NHs conversion, and cata-
lyst mass. The apparent activation energy was then obtained from the slope of the linear
relationship between In r and 1/T based on the Arrhenius equation.

To evaluate SOz resistance, 10 ppm SOz (99.99%) was introduced into the reaction
atmosphere while maintaining the same NHs, Oz, and N2 balance gas composition, cata-
lyst mass, and total flow rate. For the SO2z-containing activity tests, the catalytic perfor-
mance was measured under the same temperature-programmed protocol in the presence
of 10 ppm SOsz. For the SOz on-off stability tests, the catalysts were first stabilized under
SOq-free reaction conditions at their corresponding To temperatures, followed by the in-
troduction of 10 ppm SOz into the feed gas. After SO2 exposure, SO2 was removed from
the gas stream, and the recovery behavior of NHs conversion was continuously monitored
under the original SO»-free reaction atmosphere. In addition, post-SO: activity tests were
conducted after the SOz-resistance experiments to evaluate the changes in catalytic light-
off behavior.

3.3. Characterization of Catalysts

Comprehensive physicochemical characterization was conducted to establish the re-
lationship between the structural properties, surface acidity, oxygen species characteris-
tics, and NHs-SCO catalytic performance of the catalysts. X-ray diffraction (XRD) was em-
ployed to characterize the crystal structure and phase composition of the samples. X-ray
photoelectron spectroscopy (XPS) was used to analyze the surface elemental composition,
chemical states, and electronic structure of the catalysts. Oxygen temperature-pro-
grammed desorption (O:-TPD) was performed to investigate the distribution, activity,
and mobility of surface oxygen species. Pyridine adsorption infrared spectroscopy (Py-IR)
was used to distinguish and quantify Brensted and Lewis acid sites. Furthermore, oper-
ando diffuse reflectance infrared Fourier transform spectroscopy (operando DRIFTS) was
applied to monitor the dynamic evolution of surface adsorbed species and key intermedi-
ates during the NHs-SCO reaction, thereby elucidating the reaction pathway and struc-
ture—activity relationship of the catalysts. The instrument models and detailed testing pa-
rameters are provided in the Supporting Information.

4. Conclusions

In this work, phosphate-modified Cu/CeO: catalysts were prepared by a facile phos-
phoric acid surface treatment and applied to low-temperature NHs-SCO. Acid-Cu/CeO:
retained the cubic fluorite structure of CeO2, while Cu species remained highly dispersed
after modification. Compared with pristine Cu/CeO2, Acid-Cu/CeO: showed markedly
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enhanced NH3-SCO activity, with the To decreasing from 452 to 260 °C and the apparent
activation energy decreasing from 125.78 to 84.70 k] mol-'. In addition, Acid-Cu/CeO: ex-
hibited relatively higher N2 selectivity and lower NOx selectivity, indicating that phos-
phate modification promotes selective NHs conversion toward N2 while suppressing ex-
cessive NOx formation. Characterization results revealed that surface phosphate species
regulate the surface electronic structure and reaction environment of Cu/CeO2. XPS results
showed that phosphate modification decreased the relative Ce® concentration, increased
the Ce* proportion, and regulated the Cu*/Cu? distribution on the catalyst surface. Mean-
while, O 1s XPS and O2-TPD results indicated that the improved activity is more closely
related to oxygen species redistribution and mobility rather than simply to the amount of
static surface adsorbed/defect-related oxygen species. Py-IR and DRIFTS results further
confirmed that phosphate modification increased Brensted/Lewis acidity, enhanced NHs
adsorption and N-H activation, and promoted the formation and consumption of NHx/-
NHO-related intermediates. Overall, phosphate surface modification improves the low-
temperature NH3-SCO performance of Cu/CeO: by jointly regulating surface acidity,
Cu/Ce electronic states, and oxygen species mobility.
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