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Abstract: 5Cu-USY and Ce-doped 5Cu8Ce-USY zeolite catalysts were prepared by the conventional
impregnation method. The obtained catalysts were subjected to the hydrothermal ageing process. The
catalytic performance of the selective catalytic reduction of NO, with NH3 (NH3-SCR) was evaluated
on both fresh and aged catalysts. Physical/chemical characterizations such as X-ray diffraction (XRD),
H; temperature-programmed reduction (H,-TPR), and X-ray photoelectron spectroscopy (XPS) were
performed, along with detailed in situ diffuse reflectance infrared Fourier-transform spectroscopy
(DRIFTS) experiments including CO adsorption, NH3 adsorption, and NO + O, reactions. Results
showed that, for the 5Cu-USY catalyst, hydrothermal ageing treatment could somehow improve the
low-temperature SCR activity, but it also led to significant formation of unfavorable byproducts NO,
and N;O. Such an activity change can be attributed to hydrothermal ageing inducing the migration
of isolated Cu* species in the sodalite cavities towards the super cages of the USY zeolites. The
increased content of Cu™ species in the super cages was beneficial for the low-temperature activity
improvement, but, at the same time, it also facilitated ammonia oxidation at high temperatures. Ce
doping after hydrothermal ageing has a “double-edged sword” effect on the catalytic performance.
First of all, Ce doping can inhibit Cu species migration by self-occupying the internal cage sites; thus,
the catalytic performance of 5Cu8Ce-USY-700H remains stable after ageing. Secondly, Ce doping
introduces a CuOx—CeO; strong interaction, which facilitates lattice oxygen mobility by forming more
oxygen vacancies so as to increase the concentration of surface active oxygen. These changes, on the
one hand, could help to promote further oxidative decomposition of nitrate /nitrite intermediates and
improve the catalytic performance. But, on the other hand, it also causes the byproduct generation to
become more severe.

Keywords: NH3-SCR; Cu-USY; Ceria doping; hydrothermal stability; DRIFTS

1. Introduction

The booming development of modern transportation has brought great convenience
to both daily life and industrial production, but the environmental pollution and human
health hazards caused by vehicle exhaust have posed serious challenges to building a
sustainable society. Diesel-engine-powered vehicles have attracted vast attention owing to
their higher power and thermal efficiency [1]. However, nitrogen oxides (NOy) emitted
from diesel engines are recognized as major culprits for photochemical smog, acid rain,
and ozone layer depletion, as well as various diseases of the human respiratory, nervous,
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and cardiovascular systems [2]. Among various denitrification (deNOy) techniques, selec-
tive catalytic reduction of NOy with ammonia as reductant (NH3-SCR) has been widely
accepted and applied as the most practical approach for NOy elimination regarding diesel
engine exhaust [3]. Developing highly efficient novel catalysts is the key to pushing for-
ward NH3-SCR technology. V,05-WO3-TiO; (VWTi) mixed oxides, known as the early
generation of commercialized SCR catalysts, have been successfully employed in diesel
engine vehicle deNOy systems since the 1970s [4]. Unfortunately, with more stringent
emission regulations, several challenges are raised against VWTi catalysts, such as inferior
performance under lean combustion conditions, limited operation temperature windows,
insufficient low-temperature activity, and poor thermal stability, as well as the biological
toxicity of Vanadium species [5,6]; therefore, the urgent demand for developing novel SCR
catalysts has drawn continuous interest in academia and industry.

Transitional-metal-doped zeolite catalysts have been extensively studied for the NHj-
SCR reaction during the past few decades [7,8]. Fe-based zeolite catalysts such as Fe-ZSM-5
were first proposed as promising for NH3-SCR due to their wide operation temperature
windows, especially at high temperature ranges [9]. However, such Fe-ZSM-5 catalysts
generally present unsatisfactory low-temperature SCR activity below 250 °C, and the exces-
sive oxidizing ability of Fe ions also causes the unfavorable NHj3 oxidation problem [10].
Sequentially, Cu-based zeolites have been investigated as advantageous candidates for
NHj3-SCR, i.e., Cu-ZSM-5, Cu-Beta, Cu-SAPO-34, Cu-USY, and Cu-S57-13. Cu-ZSM-5
zeolite catalysts are reported to exhibit high NO conversion rates, but their applications
are prohibited by the poor hydrothermal stability of ZSM-5 due to gradual dealumina-
tion [11-13]. Cu-based small-pore zeolites with unique chabazite structures (especially
Cu-557-13) have demonstrated their excellent SCR activity and good hydrothermal stabil-
ity and are currently the hot-topic catalysts attracting lots of attention [14]. However, the
synthesizing process of the SSZ-13 zeolite requires using an expensive organic template
(N,N,N-trimethyl-1-adamantammonium hydroxide, TMAdaOH), and its initial patents
lie in the hands of certain industrial giants [15,16]. Hence, the high raw material cost and
intellectual property issues of Cu-S5Z-13 zeolites remain inevitable challenges.

USY zeolites possess the advantages of excellent hydrothermal stability, a super large
specific surface area, and a unique super cage structure. Ochoriska et al. [17] reported that
NO conversion over Cu-USY can exceed 50% at temperatures as low as 100 °C, attributable
to the high concentration of Cu* species with lower binding energy on the Cu-USY surface.
Our previous studies regarding NH3-SCR performance over various Cu-zeolites also
revealed that Cu-USY shows a wider NO conversion temperature window (from 150 °C
to 400 °C) along with good N, selectivity. It was also reported that introducing Ce into
Cu-USY with proper doping content could enhance oxygen mobility as well as increase the
active Cu™ sites concentration, thus benefiting low-temperature SCR performance [18,19].
Additionally, the stability of the designed catalysts is quite important for assessing their
practical application potential. For the SCR reaction, the exhaust gas of diesel engine
vehicles can have temperatures as high as 700 °C and contains a large propotion of water
vapor. Zeolite catalysts could easily deactivate due to serious dealumination, zeolite
framework collapse, or sintering of active metal under high-temperature, humid working
conditions [20]. Improving hydrothermal stability by Ce doping has been well examined in
Ce-based mixed oxides such as MnOx—CeO,, but it is still not well interpreted and needs
further exploration regarding Ce-doped USY zeolite catalysts.

In the current work, Cu-USY and Ce-doped Cu-USY zeolite catalysts were synthe-
sized via simple impregnation method. The obtained catalysts were subjected to high-
temperature hydrothermal ageing and evaluated for NH3-SCR catalytic performances.
Detailed characterizations including XRD, H,-TPR, CO DRIFTS, XPS, and in situ reac-
tion DRIFTS were conducted. The scope of this work is to gain new insight into how
Ce doping affects the hydrothermal stability of Cu-USY catalysts from the perspective of
structure-activity evolution as well as the reaction process.
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2. Results and Discussion
2.1. NH3-SCR Catalytic Activity

Figure 1 presents the overall NH3-SCR performance of the obtained 5Cu-USY and
5Cu8Ce-USY catalysts before/after hydrothermal ageing. Figure 1a shows the NO conver-
sion curves. For the fresh catalysts, Ce doping could clearly promote the NH3-SCR catalytic
activity of Cu-USY zeolite catalyst. The temperature at which NO conversion achieved
90% SCR activity was dramatically reduced to about 130 °C over the 5Cu8Ce-USY sample,
and the operation temperature window width (the temperature ranges within which the
NO conversion stays above 90%) was also significantly broadened compared to that of the
5Cu-USY sample. Table S1 shows the comparison of the NH3-SCR activity of fresh catalysts
in this work with those from other similar previous reports. Such an improving effect of Ce
doping on the SCR catalytic performance of the fresh Cu-USY catalyst was reported in our
previous study [18], and it was proposed that Ce doping could introduce strong interaction
between CuOy and CeO,, which facilitates lattice oxygen mobility and enhances the redox
ability. For the hydrothermal aged catalyst, it is quite interesting that the low-temperature
SCR activity, as well as the operation temperature window, of the aged 5Cu-USY-700H sam-
ple was obviously improved compared to that of the fresh 5Cu-USY, while no significant
improvement nor deterioration was observed over the 5Cu8Ce-USY-700H catalyst, demon-
strating its good stability against hydrothermal ageing. The NH3 conversion curves shown
in Figure 1b present similar trends consistent with the NO conversion curves, suggesting
that NH3 consumption is mainly caused by NO reduction. Figure 1c,d show the monitored
concentration of unfavorable byproducts NO, and N;O, respectively. A small amount of
NO; can be detected due to the partial oxidation of NH3; when the reaction temperature
exceeds 350 °C. For N,O formation, a typical “saddle-shaped” curve can be seen. Accord-
ing to previous reports [14], NoO formation at low and high temperatures usually occurs
via different mechanisms. At high temperatures, the reaction goes via the standard SCR
routes [14], and N, O is mainly formed because of unfavorable NH3 oxidation, while, at low
temperatures, the reaction goes via the fast SCR route, while N, O formation is contributed
by the generation and decomposition of NH4;NO3. NH;NO3 was formed on the Cu sites
via the Langmuir—Hinshelwood mechanism under the “NH3 + NO + O,” condition, and
its subsequent decomposition led to N,O formation. Ce doping slightly increased NO, and
N,O formation over fresh catalysts, possibly due to its well-known oxidizing ability. After
hydrothermal ageing, a sharp increase in NO; /N,O generation could be seen over both
5Cu-USY and 5Cu8Ce-USY, suggesting that the catalysts’ selectivity towards harmless Np
was relatively deteriorated by hydrothermal ageing.
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Figure 1. NH3-SCR catalytic performances of 5Cu-USY and 5Cu8Ce-USY catalysts before/after
hydrothermal ageing: NO conversion (a), NH; conversion rate (b), NO, concentration (c), and N,O
concentration (d), reaction conditions: GHSV = 48,000 h—!, 500 ppm NO + 500 ppm NH3+5 vol.% O,
and Ar as balancing gas.

2.2. Crystalline Structure by XRD Analyses

The effect of hydrothermal ageing on the catalysts’ crystalline structure was character-
ized by XRD analysis, and the obtained XRD patterns are shown in Figure 2. Distinctive
diffraction peaks could be observed for all the samples around 6.3°, 10.3°,12.0°, 15.8°, 18.9°,
20.6°,23.9°, and 27.3°, which can be assigned to the (111), (220), (311), (331), (511), (440),
(533), and (642) crystal planes of Y zeolites with a cubic structure (JCPDS 77-1549) [21]. The
distinct peak shape with relatively strong intensity in the fresh 5Cu-USY and 5Cu8Ce-USY
suggests that the zeolite structures with good crystallinity were not damaged by Cu/Ce
impregnation. After hydrothermal ageing, these characteristic diffraction peaks could still
be clearly observed in 5Cu-USY-700H and 5Cu8Ce-USY-700H samples, demonstrating that
high-temperature hydrothermal ageing did not cause the zeolite framework to collapse.
However, the peak’s intensity was relatively decreased, which could be related to the
weakened crystallinity caused by dealumination. The crystal sizes were also calculated
using JADE software, and it can be seen that they only increased slightly after hydrothermal
ageing. No characteristic diffraction peaks assigned to CuO, Cu,0O, or CeO; species were
observed in any of these XRD profiles, indicating that the CuOy and CeO, species were
highly dispersed in the zeolite or formed agglomerated species with quite a small particle
size that was beyond the XRD detection range.
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Figure 2. XRD patterns of 5Cu-USY and 5Cu8Ce-USY catalysts before/after hydrothermal ageing.
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2.3. Redox Properties by Hy-TPR Tests

The effect of hydrothermal ageing on the catalysts’ redox properties was character-
ized by Hy-TPR tests, and the obtained H,-TPR profiles are shown in Figure 3. Three
major reduction peaks («, 3, and y) around 210 °C, 270 °C, and 340 °C could be veri-
fied over the 5Cu-USY catalyst, which can be assigned to the reduction of high valent
cupric species [19,22,23]. According to previous studies, peak o (210-215 °C) is generally
attributed to the reduction of Cu?* species located in the super cages of the USY framework;
peak 3 (270-285 °C) can be assigned to the reduction in surface highly dispersed CuOy
species [22]; and peak y (350-355 °C) represents the reduction in Cu?" species located
in the sodalite cavities of USY zeolites. For the Ce-doped 5Cu8Ce-USY catalyst, a new
reduction peak (8) appeared around 420 °C, which was related to the reduction in surface
active oxygen of CeO; [18]. The integrated peak areas and relative proportions of each
peak were calculated and are shown in Table S2. After hydrothermal ageing, the intensity
of peak & was increased, while peak y’s intensity weakened in the 5Cu-USY-700H sample.
Such peak evolutions suggest that the Cu?* species located in the sodalite cavities gradu-
ally migrate into the zeolite super cages during hydrothermal ageing. For the Ce-doped
5Cu8Ce-USY-700H sample, there was no significant change in the intensity of peaks «,
B, and vy, indicating that Ce doping could well maintain the stability of Cu?* species in
the USY zeolites. Additionally, peak & in 5Cu8Ce-USY-700H drastically shifted to a lower
temperature, which suggests that the reducibility of surface oxygen is improved due to
ehanced interaction between CeO; and CuOy species during thermal ageing. This might
be the main reason for the more severe NHj oxidation, along with the deteriorated N,
selectivity, of 5Cu8Ce-USY-700H.
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Figure 3. Hy-TPR profiles of 5Cu-USY and 5Cu8Ce-USY catalysts before/after hydrothermal ageing.

2.4. CO DRIFTS Analyses

The structural properties of Cu species were further investigated by CO DRIFTS
analyses, and the obtained DRIFTS spectra are shown in Figure 4a. Two characteristic IR
bands can be seen at 2180 cm~! and 2153 cm ™. According to Dang et al.’s reports [24], CO
does not adsorb on Cu?* sites at room temperature; thus, these IR bands are reasonably
attributed to CO adsorption on Cu* sites located within different environments in the USY
zeolites. Based on previous reports [25,26], the IR band at 2180 cm~ ! can be attributed to Cu*
species located in the super cages of USY zeolites, which react with CO to form dicarbonyl
species Cu*-(CO),, while the IR band at 2153 cm~! corresponds to Cu* species located
in the sodalite cavities of USY zeolites, which form monocarbonyl species Cu*-CO upon
CO adsorption. The proportion of these two different Cu® sites was semi-quantitatively
determined by Gaussian fitting and peak area integration (shown in Figure 4b). Compared
to the fresh 5Cu-USY catalyst, the Cu™ species located in the super cages increased quite
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Kubelka-Munk (a.u.)

significantly after hydrothermal ageing, which once again proved that cupric species
located in the sodalite cavities can gradually migrate into the zeolite super cages during
hydrothermal ageing. However, for the 5Cu8Ce-USY-700H sample, the number of Cu*
species distributed and located in the sodalite cavities remained almost unchanged. This
suggests that Ce doping could inhibit the migration of Cu* species located in the sodalite
cavities during hydrothermal ageing.
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Figure 4. CO DRIFTS spectra (a) and peak area integration (b) of 5Cu-USY and 5Cu8Ce-USY catalysts
before/after hydrothermal ageing.

2.5. Surface Chemistry by XPS

The surface chemical state changes before/after hydrothermal ageing were analyzed
by XPS. The recorded spectra are shown in Figure 5. Figure 5a shows the Cu 2p spectra;
all the catalysts exhibited typical Cu 2p3,, (binding energy around 933~935 eV) and Cu
2p1 /2 (binding energy around 953 eV) characteristic peaks. The Cu 2p3/, peaks can be
further deconvoluted into two peaks, whereas the peak around 933.1 eV represents the Cu*
species, while the peak around 935.4 eV (with the shakeup satellite peak at 943.6 eV) is
attributed to Cu?* species (either in the form of isolated Cu?t or CuO) [16,27,28]. Based
on the quantitative results calculated in Table 1, we can see that, for the fresh 5Cu-USY
catalyst, the surface Cu content was significantly lower than the theoretical value, indicating
that a large proportion of Cu species entered the internal cage of the USY zeolite during
preparation. On the other hand, the surface Cu content of 5Cu8Ce-USY was obviously
higher than that of 5Cu-USY, while the surface Ce content was much lower than the
theoretical values. This indicates that Ce doping could competitively occupy the site inside
zeolite cages to partially prevent Cu species from entering zeolite cages. After hydrothermal
ageing, the surface Cu content of 5Cu-USY-700H increased drastically. This phenomenon
may be attributed to the unavoidable detachment of Cu species from the zeolite cages to
form surface-dispersed CuOx species due to the thermal-induced driving force, causing
an increase in the surface Cu content. Meanwhile, the Cu* content on both 5Cu-USY and
5Cu8Ce-USY catalysts increased slightly, while the Cu?* content decreased slightly.

Figure 5b shows the Ce 3d spectra. Eight characteristic peaks can be observed and
divided as u series and v series, which originate from the split-orbit multiplex lines of
3d3/2 and 34s,2, respectively. Among these characteristic peaks, u (900.6~901.0 eV), u”
(907.5~907.7 eV), and u"” (916.6~916.9 eV) can be assigned to Ce** 3d3,, lines, while
v (882.2~882.6 eV), v” (889.1~889.3 eV), and v (898.2~898.5 eV) can be assigned to
Ce** 3ds,, lines. Ce®*-related lines are identified as u’ (903.5~904.2 eV, Ce%* 3d3,,)
and v’ (885.1~885.8 eV, Ce3* 3ds,,) [29,30]. The ratio of Ce3*" in Ce was calculated via
multi-peak fitting and peak area integration, as shown in Table 1. We can see that the
Ce3*/(Ce®* + Ce**) ratio increased after high-temperature hydrothermal ageing. Various
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Intensity(a.u.)

studies [31,32] have pointed out that the generation of Ce3t requires the existence of oxy-
gen vacancies. Therefore, such results provide further evidence that high-temperature
hydrothermal ageing can facilitate oxygen vacancies formation, which can improve oxygen
mobility by promoting the migration of lattice oxygen from the bulk phase to the catalyst’s
surface, thus being conducive to low-temperature SCR activity as well as the oxidation of
NO to NO,.
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Figure 5. XPS spectra of 5Cu-USY and 5Cu8Ce-USY catalysts before/after hydrothermal ageing. Cu
2p (a) and Ce 3d (b).

Table 1. Surface element contents derived from XPS analyses.

Cu Ce Cu (%) " o
Samples (WE%) (WE%) p P Ce®* in Ce (%)
5Cu-USY 2.88 - 52.21 47.79 -
5Cu-USY-700H 4.17 - 55.39 44.61 -
5Cu8Ce-USY 4.20 2.62 46.14 53.86 22.07
5Cu8Ce-USY-700H 4.68 2.74 48.79 51.21 23.62

2.6. In Situ DRIFTS Characterizations

To acquire more insights into the effect of hydrothermal ageing on the reaction in-
termediates and structure—activity relationship for 5Cu-USY and 5Cu8Ce-USY catalysts,
in situ DRIFTS characterizations were conducted under the “NHj adsorption followed
by NO + O, reaction” process at 200 °C. The peak assignments based on the previous
literature are summarized in Table 2 for reference.

Table 2. IR band positions and corresponding species based on previous reports.

Positions (cm—1) Species References
1617 045 (NH3) on Lewis acid centers [18,19,33]
1465, 1496 045 (NH4 ") on Brensted acid centers [33,34]
3182 NH;3-Cu species [18,35]
3221, 3347 NH,* species [19,36]
3736, 3630, 3540 Bridged hydroxyl Al-OH-Si [37,38]

Figure 6 shows the NH3 adsorption DRIFTS spectra on 5Cu-USY and 5Cu8Ce-USY
catalysts before/after hydrothermal ageing. Once NHj3 was introduced into the reaction
chamber, two distinct IR bands could be seen at 1617 cm~! and 1465 cm™!; the former
was ascribed to the asymmetric vibration of molecularly adsorbed ammonia on Lewis
acid centers (0,5(NH;)), while the latter was assigned to the asymmetric vibration of NH,*
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adsorbed on the Braonsted acid centers (0,5(NHy*)). Also, three major IR bands could be
observed at 3182 cm™!, 3221 em™!, and 3347 cm~1; whereas the 3182 cm~! band was
related to N-H stretching vibrations of NH3 adsorbed on cationic Cu sites, the 3221 cm !
and 3347 cm~! bands were attributed to NH;* groups. Moreover, three negative bands
appeared at 3736 ecm™1, 3630 em™!, and 3547 cm~1, which were generated due to the
consumption of surface hydroxyl sites by NHj, reducing the corresponding OH stretching
vibrations. Brensted acid centers and Lewis acid centers were saturated with NHj after
20 min adsorption. Upon Ar purging for 30 min after NHj3 saturated adsorption, the
intensity of each IR band was weakened slightly, indicating relatively stable adsorption of
NHj; on surface acid centers. After hydrothermal ageing, the intensity of NH3 adsorbed on
Lewis acid centers (1617 cm ! band) gradually increased, which could be related to partial
dealumination of the zeolite frameworks during hydrothermal ageing. On the other hand,
the intensity of NH,* adsorbed on the Brensted acid centers (1465 cm~! band) dropped
significantly, suggesting severe loss of Brensted acid centers due to loss of surface hydroxy
groups. By comparing 5Cu-USY-700H and 5Cu8Ce-USY-700H, we can see that Ce doping
could not attenuate the loss of either Bronsted acid centers or Lewis acid centers on the
catalyst’s surface during hydrothermal ageing.
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Figure 6. DRIFTS spectra of NH3 adsorption on 5Cu-USY and 5Cu8Ce-USY catalysts before/after
hydrothermal ageing: 5Cu-USY (a), 5Cu-USY-700H (b), 5CuCe-USY (c), and 5Cu8Ce-USY-700H (d).

Figure 7 shows DRIFTS spectra of the “NO + O,” reaction after NH3 saturated adsorp-
tion on 5Cu-USY and 5Cu8Ce-USY catalysts before/after hydrothermal ageing. When the
“NO + O,” reaction atomsphere was introduced into the reaction chamber, the 1617 cm !
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band representing NHj3 adsorbed on Lewis acid centers exhibited an obvious decrease,
along with similar decreasing negative OH bands (3736 cm~!, 3630 cm !, and 3540 cm ™).
This demonstrates clear consumption of surface-adsorbed NHs. Compared to the fresh
5Cu-USY catalyst, the above IR bands disappeared more rapidly on the 5Cu-USY-700H
sample after hydrothermal ageing, which reflects its better low-temperature SCR activity.
Moreover, the IR bands around 1465 cm ! first increased and then started to descend with
a broadened range, around 1440 to 1500 cm~!. Considering no more NH3 was fed into the
reaction atmosphere, the intensity elevation of 1465 cm~1 bands could be explained due to
formation of surface nitrates (NH4NO3) or nitrites (NH4NO;) species on the Brensted acid
centers, which present various IR bands within 1440-1630 cm ! ranges. As the reaction
continued to proceed, these nitrates /nitrite species further participated in the SCR reaction
and eventually decomposed; thus, the corresponding IR bands first increased and then
decreased. For the Ce-doped catalyst, similar IR band evolution trends could be observed
on the fresh 5Cu8Ce-USY catalyst. However, for 5Cu8Ce-USY-700H after hydrothermal
ageing, the 1465 cm~! bands disappeared remarkably fast with time evolving, which could
be caused by the accelerated nitrates/nitrite oxidation due to the enhanced redox ability of
CuOx—CeO, interaction.
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Figure 7. DRIFTS spectra of NO + O, reaction after NH3 adsorption on 5Cu-USY and 5Cu8Ce-USY
catalysts before/after hydrothermal ageing: 5Cu-USY (a), 5Cu-USY-700H (b), 5CuCe-USY (c), and
5Cu8Ce-USY-700H (d).
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2.7. Brief Discussions about the Structure—Activity Correlations

Different Cu species have been previously demonstrated to exist in the Cu-USY
catalysts, for example, highly dispersed CuOy species, Cu?* /Cu* species located in the
sodalite cavities, and Cu®*/Cu* species entering the super cages of USY zeolites. The
CuOy species are generally considered as oxidation centers during the SCR reaction, and
they could also accelerate NHj3 oxidation at high temperatures [34]. For the isolated
Cu?*/Cu* species, both Cu* and Cu* cations play important roles in the low-temperature
SCR reaction process via the reversible redox cycle “Cu?* <+ Cu*”. Hence, the different
coordination environment of Cu species should be more worthy of attention than the
chemical valent states [19,39]. The three most populated Cu cationic sites could be identified
based on previous reports (site I, site II, and site II in Figure 8) [19,40,41]. Site I was located
in the hexagonal prism deviating from the face of the dé6r subunits, and site II was set in the
sodalite cavities near the six-membered ring, while site III was present near four-membered
rings facing the super cages of the zeolite structures. The Cu cations at site I could not be
reached by reactant molecules such as NO/NHj3 due to the limited dimensions of the small
windows connecting the sodalite cavities and hexagonal prism. For the Cu cations at site II,
although they were accessible by reactant molecules, these Cu cations have been reported
to be highly mobile and tend to migrate into the super cages, losing coordination with the
lattice oxygen. Therefore, these Cu species at site II contribute in quite a limited manner to
the SCR reactivity. As for the Cu species at site III in the super cages, they can be highly
interactive with the reactant molecules due to the large diameter of the super cage windows
(about 7.4 A), while simultaneously maintaining coordination with the lattice oxygen to
proceed with the “Cu?* <+ Cu*” redox cycle during the reaction. Thus, Cu speices at site III
in the super cages are widely recognized as essential active sites for the low-temperature
NH3-SCR reaction, but they could also cause an NH3 oxidation problem with excessive
content [19,22,23,42]. For 5Cu-USY, the isolated Cu* species in the sodalite cavities migrated
towards the super cages of the USY zeolites during hydrothermal ageing, and the increased
content of Cu species at site IIIl was beneficial for the low-temperature activity improvement
while simutaneously facilitating NO, /N,O at high temperatures. For 5Cu8Ce-USY, Ce
doping of Cu-USY could cause the internal cages to be pre-occupied by the Ce cations
and thereby inhibit Cu species migration. Additionally, the content of highly dispersed
CuOx species was also increased due to the CuOx—CeO; strong interaction. These CuOy
species could promote further oxidative decomposition of nitrate/nitrite intermediates and
improve the catalytic performance [43—45]. But, at the same time, they also caused more
serious byproduct formation.

Hexagonal ,} |l
prism §

Super cage \,}—, =4 \

Sodalite cavity

Cu at site I in the h 1 pri
@ Cuatsite I in the hexagonal prism o Surface dispersed CuO,

@ Cu at site II in the in the sodalite cavities

. . 1 Zeolite framework
W Cu at site III in the super cages

Figure 8. Possible Cu species and their sites in the Cu-USY catalysts.

For the reaction mechanism, it is generally agreed that the SCR reaction over the
Cu-USY catalyst follows the Eley—Rideal mechanism; the gas phase NHj3 was first adsorbed
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on the catalyst’s surface to form ligand-state NH3, which was then oxidatively activated
to form the -NH; group and reacted with gaseous NO to generate NH,NO intermediate
species; and the NH;NO intermediate finally decomposed into N, and H;O. For the
Ce-doped CuCe-USY catalysts, considering the significantly enhanced redox ability of
CuCe-USY by Ce doping, NO could be more easily oxidized into NO,, and, hence, the
Langmuir-Hinshelwood mechanism could also occur over CuCe-USY; the gaseous NO
was first adsorbed on the catalyst’s surface and then oxidized to form either the adsorbed
NO; or the nitrates/nitrite species. These NO,/-NO, species rapidly reacted with the
NH4* species formed via NH3 adsorbed on the Brensted acid centers to ultimately generate
N, and H,O. Therefore, multiple reaction pathways may exist for the low-temperature
NH;3-SCR reaction over CuCe-USY catalysts.

3. Experimental Section
3.1. Catalysts Preparation

A Cu-USY catalyst was prepared via conventional co-impregnation method (Figure S1).
First, a quantitative amount of Cu(NO3); (Analytical Reagent, Sinopharm Chemical Reagent
Co., Ltd., Beijing, China) was dissolved in deionized water to obtain the metal precursor
solution. H-USY zeolites (510, / AlO3 molar ratio = 5.2, Analytical Reagent, NKF-8, Nankai
University Catalyst Co., Ltd., Tianjin, China) were added into the above solution under
vigorous stirring at 80 °C for 3 h. The impregnated sample was then dried at 100 °C
for 2 h and calcined at 500 °C in air for 5 h. The obtained Cu-USY catalyst was denoted
as “5Cu-USY”; namely, the Cu loading content was 5 wt.% (the actual Cu content was
determined by ICP-AES as 4.93 wt.%).

The Ce-doped CuCe-USY catalyst was prepared via similar co-impregnation method
using both Cu(NOs3); and Ce(NOs3), (Analytical Reagent, Sinopharm Chemical Reagent Co.,
Ltd., Beijing, China) as metal precursors. The obtained CuCe-USY catalyst was denoted
as “5Cu8Ce-USY”; namely, the Cu loading content was also 5 wt.%, while the Ce doping
content was 8 wt.% (the actual Cu and Ce contents were determined by ICP-AES as
4.96 wt.% and 7.92 wt.%). Such Cu and Ce contents were chosen based on the optimized
CuCe-USY catalyst compositions in our previous studies [18,19].

3.2. Hydrothermal Ageing

The obtained 5Cu-USY and 5Cu8Ce-USY catalysts were subjected to hydrothermal
ageing for 4 h under air/steam vapor flow containing 10 vol.% H;O. The ageing temper-
atures were set at 700 °C. The aged catalysts were labelled using “—700H" as a suffix (H
stands for hydrothermal ageing, and the number 700 stands for the ageing temperature).

3.3. Catalyst Characterization

X-ray diffraction (XRD) analysis was performed on a Shimadzu XRD7000 X-ray diffrac-
tometer (Shimadzu Corporation, Kyoto, Japan) equipped with monochromate Cu K« radi-
ation operating at 40 kV tube voltage and 30 mA tube current. The XRD diffractograms
were collected from 5 to 50° with a scanning rate of 5°/min, and the crystalline phases
were identified using standard JCPDS cards.

H; temperature-programmed reduction (H,-TPR) tests were conducted in the Chem-
BET PULSAR chemisorption apparatus (Quantachrome Instruments, Boynton Beach, FL,
USA). A 100 mg sample was purged by Ar flow at 400 °C for 30 min before tests and then
cooled down to 50 °C. Then, 5 vol.% H;/Ar flow (40 mL/min) was introduced into the
reactor until the baseline was stable. The H,-TPR profiles were recorded by monitoring
H; consumption using thermal conductivity detector (TCD) signals while simultaneously
raising the reactor temperature to 600 °C (heating rate of 10 °C/min).

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo ES-
CALAB 250 X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with mono-chromated Al Ko radiation. The binding energies were cali-
brated using the C 1 s peak at 284.8 eV.
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CO chemisorption diffuse reflectance infrared Fourier-transform spectroscopy (CO
DRIFTS) tests were conducted on the Nicolet 6700 Fourier transform infrared spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with low-temperature mercury
cadmium telluride (MCT) detector. The 100 mg catalyst was first pretreated in Ar at 400 °C
for 0.5 h. After cooling down to RT, 0.5 vol.% CO/Ar mixed gas was introduced into the
reaction chamber until CO adsorption was saturated. CO DRIFTS spectra were collecting
by accumulating 32 scans at 4 cm~! resolution.

The in situ diffuse reflectance infrared Fourier-transform spectroscopy (in situ DRIFTS)
experiments were performed on the same Nicolet 6700 Fourier transform infrared spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). The 100 mg catalyst was firstly
pretreated in 5 vol.% O,/ Ar at 400 °C for 30 min and then cooled down to 200 °C. During
the DRIFTS tests, 1000 ppm NH3/Ar was injected into the cell for 30 min adsorption first
and purged with Ar, then 1000 ppm NO, along with 5 vol.% O,, was introduced as reaction
gas. The background spectra were collected at different temperatures before injecting
the reaction gases. DRIFTS spectra were collected by accumulating 32 scans at 4 cm™!
resolutions with different time intervals.

3.4. Catalytic Activity Tests

The NH3-SCR activity tests were carried out in a fixed-bed reactor. The reaction
gas contained 500 ppm NO, 500 ppm NH3, 5 vol.% O,, and Ar as balancing gas. The
total gas hourly space velocity (GHSV) of inlet gas was set at 48,000 h~'. During the
activity test, the reactor temperature was raised to certain points and maintained until the
reaction was stable. The concentrations of NO, NHj3, NO,, and N,O in the outlet gases
were quantitatively analyzed using a Bruker EQUINOX 55 FTIR spectrometer (Bruker
Corporation, Billerica, MA, USA) equipped with a multiple-reflection gas cell (cell volume
1.33 L, path length 10.0 m) and a pre-installed quantitative gas analysis program. NO and
NHj3 conversions were calculated according to the following formulas:

Noinlet — Nooutlet

Cno = 100% 1
NO Noinlet 8 ° ( )
NH3—inlet — NHS—outlet
C = 100% 2
NHs NHBﬂ‘nlet 8 ° ( )

where Cyo (%) and Cnps (%) are the conversion of NO and NHj3, respectively; NO;y
(ppm) and NO,4¢ (ppm) are the NO concentration before and after the SCR activity test,
respectively; NHz j,1or (ppm) and NHs y1.; (ppm) are the NH3 concentration before and
after the SCR activity test, respectively.

4. Conclusions

In this study, Cu-USY and Ce-doped CuCe-USY zeolite catalysts were prepared us-
ing impregnation method and subjected to high-temperature hydrothermal ageing. The
catalytic performance for NH3-SCR was evaluated, and detailed characterizations were
conducted to explore the possible structure-activity correlations. Results showed that, for
the 5Cu-USY catalyst, hydrothermal ageing caused the isolated Cu* species in the sodalite
cavities to migrate towards the super cages of the USY zeolites. The increased content
of Cu” species in the super cages was conducive to improving the low-temperature SCR
activity, but it also promoted ammonia oxidation to generate unfavorable NO, and N,O
at high temperatures. Ce doping can restrain Cu species’ migration during hydrothermal
ageing by self-occupying the internal cage sites. It can also increase the surface active
oxygen concentration by establishing a CuOx—CeO, strong interaction, which helps to
promote lattice oxygen mobility by forming more oxygen vacancies. Therefore, the effect of
Ce doping is like two sides of the same coin. On the one hand, it can accelarate oxidative
decomposition of nitrate/nitrite intermediates and improve the catalytic performance; on
the other hand, it also causes the severe generation of byproducts NO, and N,O.
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