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Development of hydrothermally stable, low-temperature catalysts for controlling nitrogen oxides emis-
sions from mobile sources remains an urgent challenge. We have prepared a metal oxide-zeolite compos-
ite catalyst by depositing Mn active species on a mixture support of CeO,/Al,03 and ZSM-5. This compos-
ite catalyst is hydrothermally stable and shows improved low-temperature SCR activity and significantly
reduced N,O formation than the corresponding metal oxide catalyst. Comparing with a Cu-CHA catalyst,
the composite catalyst has a faster response to NH3 injection and less NH3 slip. Our characterization re-
sults reveal that such an oxide-zeolite composite catalyst contains more acidic sites and Mn3* species as
a result of oxide-zeolite interaction, and this interaction leads to the generation of more NH,* species
bound to the Brensted acid sites and more reactive NOy species absorbed on the Mn sites. Herein, we
report our mechanistic understanding of the oxide-zeolite composite catalyst and its molecular pathway
for improving the low-temperature activity and N, selectivity for NH3-SCR reaction. Practically, this work

may provide an alternative methodology for low-temperature NOy control from diesel vehicles.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen oxides (NOy) discharged from mobile and stationary
sources are the main culprit of atmospheric pollution such as pho-
tochemical smog and acid rain [1-3]. To comply with the increas-
ingly stringent regulations worldwide, selective catalytic reduction
of NOx (SCR) with NH3 or urea has been broadly used for NOx
emission controls from diesel vehicles [4,5]. The development of
advanced diesel engine technologies has increased fuel combus-
tion efficiency and at the same time resulted in reduced exhaust
gas temperatures [6]. Typically, a commercial SCR catalyst is quite
efficient to remove NOy at temperatures above 250 °C, but leav-
ing most of the NOy emissions unconverted below 200 °C such as
during engine cold-start [7].

Commercially, there are two major types of catalysts for diesel
NOx controls, Cu-CHA and V,05/WO5-TiO,, each with its own per-
formance and durability characteristics [8]. In general, Cu-CHA is
more active than V,05/WO5-TiO, at low temperatures. However,
even Cu-CHA does not have sufficient activity below 200 °C. In ad-
dition, due to its large NH3 adsorption capacity, Cu-CHA cannot be
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immediately active for SCR upon NHj (or urea) dosing; its activity
reaches its maximum only after the catalyst has been filled with
NH3. The slow response could result in low NOy efficiency dur-
ing engine cold-start or serious NH3 slip during abrupt vehicle ac-
celeration [9]. In this regard, metal oxides catalysts with relatively
small NH;3 adsorption capacities could be considered as potential
candidates to replace Cu-CHA in diesel vehicles for some applica-
tions or as add-on technologies to broaden the effective temper-
ature window. Although the V,05/WO5-TiO, based catalysts show
some advantages over Cu-CHA in sulfur tolerance and cost, they
have some serious drawbacks, including low low-temperature ac-
tivity, low hydrothermal stability, and potential escape of toxic ma-
terials (V,05) to the environment [10,11]. On the durability side, a
SCR catalyst used for heavy-duty diesel vehicles needs to be stable
not only in the harshest engine exhaust conditions (500-550 °C
with > 10% water vapor content) but also during the diesel partic-
ulate filter (DPF) regeneration, with the filter downstream temper-
ature exceeding 600 °C [12]. Due to the complicated running con-
ditions of diesel vehicles, there have been extensive efforts devoted
to exploiting environmentally friendly SCR catalysts with better
low-temperature catalytic activity, hydrothermal stability and fast
response to NH3 reactants.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Among various non-vanadium metal oxide catalysts, Mn-based
catalysts display superior low-temperature SCR performance due
to their variable valence states that are conducive to enhanced re-
dox properties [13,14]. However, Mn-based catalysts typically show
inferior N, selectivity, especially at high temperatures, due to the
non-selective NH3 oxidation. There have been significant efforts by
many researchers to improve the N, selectivity of Mn-based cata-
lysts, and these efforts may be grouped into two main strategies.
One strategy is the modification of Mn active species by transition
metal elements, such as Ce [15], Sm [16], Mo [17], Nb [18], to en-
hance the electron transport between the active sites and metal
additives and to increase the number of acidic sites. Another strat-
egy is the use of carriers with special features, such as microp-
orous TiO, [19], carbon nanotubes [20], various zeolites [21], to in-
directly enhance the catalytic performance by their special catalyst
structures. These metal additives and supports have been shown
to improve the N, selectivity to a certain extent. However, low N,
selectivity at high temperatures and poor thermal stability remain
to be great challenges for Mn-based catalysts, limiting their appli-
cation in mobile sources.

Al,03 support is widely used in three-way conversion (TWC)
catalysts due to its low cost, high specific surface area, moderate
acidity and high temperature resistance [22]. Therefore, Al,05 is
a promising candidate of support material for the development of
highly efficient SCR catalysts with excellent hydrothermal stability.
In addition, Jeong et al. reported a TWC catalyst with 100% dis-
persion of active metals (Pt, Pd and Rh) obtained by impregnating
the metal precursor on the pre-reduced activated y-alumina with
nanoceria particles anchored on the Al3'+pema sites, and this cata-
lyst showed excellent low-temperature activity and hydrothermal
stability for TWC reaction [23]. Inspired by this literature, a com-
mercially available CeO, modified Al,03 (CeO,/Al,03) material was
considered as a more appropriate support to disperse Mn oxides,
which was expected to improve the electron transfer on the sup-
ported Mn oxide catalysts and thus the SCR performance. However,
the acidic sites on the CeO,/Al,05 materials that affect the adsorp-
tion and activation of the reactants are still limited and needed to
be enhanced.

Moreover, zeolites are also widely used as supports for SCR cat-
alysts because of their special pore structures, large specific surface
area and abundance of acidic sites [24-26]. Chen et al. reported
that Mn-Ce/X catalysts synthesized by impregnating Mn and Ce
on zeolite X had more Brgnsted acid sites and higher fractions of
Mn*t and Ce3+ species. These catalysts were shown to have bet-
ter redox properties than those of Mn-Ce/ZSM-5, Mn-Ce/Beta and
Mn-Ce/Y catalysts [27]. Shao et al. investigated a set of MnOx/ZSM-
5 catalysts prepared by ethanol dispersion and found that these
catalysts, due to their high specific surface areas and abundant
acidic sites, to be highly selective for NH3-SCR (>90% N, selec-
tivity at 120-240 °C) [28]. However, the role of zeolite in pro-
moting SCR activity and improving N, selectivity remains little
understood.

In this work, we attempt to improve the SCR activity and N,
selectivity of a MnOx-based catalyst from two fronts. A commer-
cial CeO,/Al;03 (20 wt% CeO,) material (ALCE20) was selected as
the support for MnOx to better disperse the Mn species and gen-
erate a right mix of oxidation states through Mn-Ce interaction.
A zeolite component was incorporated into the Mn-based cata-
lyst to increase acidity. Herein, we report improved SCR activity
and greatly enhanced N, selectivity on the composite catalysts that
have gone through a hydrothermal aging process simulating heavy-
duty truck operations. Through extensive catalyst characterizations,
we present mechanistic understanding of catalysts and reveal the
molecular pathway for reduced N,O formation.

Deposited MnOy catalysts were prepared by impregnation using
the incipient wetness technique. The required amount of ALCE20
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and NH4"-ZSM-5 (provided by BASF Corporation) were weighed
and mixed by grinding to obtain a mixture support. A calcu-
lated quantity of Mn(NOs3),-4H,0 (provided by Sinopharm Chem-
ical Reagent Co., Ltd. (China)) was dissolved in absolute ethanol
under ultrasound, denoted as active component solution. The ac-
tive component solution was added to the mixture support in a
crucible under stirring to reach incipient wetness state, which was
then dried at 80 °C in an oven for 2 h. The resulting material was
finally calcined by ramping temperature to 500 °C at a rate of
2 °C/min and kept there for 3h. The obtained sample is consid-
ered as fresh sample and contains 7 wt% MnO,. The catalyst com-
positions are designated as Mn/(ALCE20+xZSM-5)-F (x = 20, 40, 60,
80), where x (in wt%) is the content of zeolite in the mixture sup-
port. Moreover, for comparison purpose, the Cu-CHA-F and V,0s5-
WO3/TiO,-F (denoted as VWTi-F) with 3 wt% V,05 and 8 wt% WO;
were prepared. More details about the catalyst synthesis are sup-
plied in Supporting information.

The hydrothermal aging treatment of Mn/(ALCE20+xZSM-
5)-F, Mn/(ALCE20+-20Beta)-F, Mn/(ALCE20+20Ferrierite)-F,
Mn/(ALCE20+20Mordenite)-F, Mn/ALCE20-F, Cu-CHA-F and VWTi-
F catalysts was carried out at 650 °C for 50h in a self-made unit
made up with a muffle furnace, a thermostat water bath and
an air generator with a feed gas containing 10 vol% H,0 in air
(0.2L/min). The aged samples are marked as Mn/(ALCE20+xZSM-
5)-HA, Mn/(ALCE20+20Beta)-HA, Mn/(ALCE20+20Ferrierite)-HA,
Mn/(ALCE20+20Mordenite)-HA, Mn/ALCE20-HA, Cu-CHA-HA and
VWTi-HA, respectively.

The NH3-SCR performance test was carried out in a quartz tube
fixed bed reactor with an inner diameter of 4 mm. Prior to activ-
ity test, the as-prepared catalysts were sieved into 40—60 mesh
fraction and weighed (0.15 g) for testing. The feed gas consisted of
500 ppm NO, 500 ppm NH3, 10 vol% 0,, 5 vol% H,0, 5 vol% CO,
and balanced N,. The total flow rate of the feed was 500 mL/min,
which corresponds to a mass-based space velocity of 200, 000 mL
g~1 h~1. The outlet concentrations of NH3, NO, NO, and N,0 were
measured using a FTIR spectrometer (Protea atmosFIR-AFS-B2T-C-
1911). The NOx conversion was calculated as follows (Eq. 1):

NOx conversion (%) = (1—[NOx]o,/[NOx];) x 100% (1)

where NOy is the sum of NO and NO,. [NOx];, and [NOx]out denote
the corresponding inlet and outlet gas concentrations, respectively.
More details on the characterization of these catalysts are supplied
in Supporting information.

To obtain an optimal catalyst composition, an initial cata-
lyst screening was conducted by adjusting the oxide to zeolite
ratio. The best catalyst is MnOx supported on a mixture con-
taining 20% ZSM-5 and 80% ALCE20, which shows the optimal
SCR performance after hydrothermal aging (Fig. S1 in Support-
ing information). Moreover, Mn/(ALCE20+20ZSM-5)-F shows ob-
viously higher SCR activity than the other reference catalysts in-
cluding Mn/ALCE20-F, VWTi-F, Cu-CHA-F and Mn/Al,03-F in the
whole temperature range, reaching more than 90% NOx conver-
sion at 150 °C (Fig. S2 in Supporting information). As shown in
Fig. 1a, comparing with Mn/ALCE20-HA, Mn/(ALCE20+20ZSM-5)-
HA shows an appreciable increase in low-temperature (<225 °C)
activity, reaching about 80% NOx conversion at 180 °C. Surpris-
ingly, as shown in Fig. 1b, N,O formation is significantly reduced
on the composite catalyst between 180 °C and 360 °C. At 240 °C,
the N,O concentration is 80 ppm on the zeolite-free reference but
<15ppm on the zeolite-containing catalyst, which is considerably
lower than most Mn-based catalysts used for SCR reaction. The
promoting effect is also found on catalysts containing other types
of zeolites (Fig. S3 in Supporting information). For comparison, the
VWTi-HA catalyst shows poor catalytic activity after hydrothermal
aging, not reaching 90% NOy conversion until 300 °C. Cu-CHA-HA,
on the other hand, is quite active above 180 °C but is inferior to
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Fig. 1. NOy conversion (a) and N, O formation (b) as a function of temperature over Mn/ALCE20-HA, Mn/(ALCE20+20ZSM-5)-HA, VWTi-HA and Cu-CHA-HA. Response profiles
(c) of NH; and NOy on Cu-CHA-HA and Mn/(ALCE20+20ZSM-5)-HA during a transient SCR reaction at 150 °C; Transient SCR performance (d) as a function of temperature
on Cu-CHA-HA and Mn/(ALCE20+20ZSM-5)-HA. Prior to test (c) and (d), each catalyst was pretreated in air at 300 °C for 1h. For test (a) and (b): [NO]=[NH3] =500 ppm,
[02]=10 vol%, [H,0] =5 vol%, [CO,]=5 vol%, N, as balance, and WHSV =200, 000 mL g~! h~!. For test (c), upon the catalyst was cooled to 150 °C after the air pretreatment,
a flow of 500 ppm NO +500ppm NH; + 10 vol% O, was introduced. For test (d), upon the catalyst was cooled to 50 °C after the air pretreatment, NH; (500 ppm NHjs,
10 vol% O,, N, as balance) was injected for 1h until saturation. The NHj-saturated catalyst was then heated to 350 °C at 5 °C/min in a flow of 200 ppm NO +200 ppm

NH; + 10 vol% O,.

Mn/(ALCE20+20ZSM-5)-HA below 150 °C. Thus, the composite cat-
alyst with a certain oxide to zeolite ratio is shown to be advanta-
geous to the commercial VWTi oxide and Cu-CHA zeolite catalysts
for low-temperature SCR activity.

Transient response to urea (NHs3) injection is a relevant per-
formance measurement related to the application of SCR cata-
lyst in vehicles, especially during engine cold-start. Fig. 1c shows
NH3; and NOy concentration profiles as a function of time upon
contacting catalysts (Cu-CHA-HA and Mn/(ALCE20+20ZSM-5)-HA)
with a SCR feed at 150 °C. On both catalysts, upon contacting
the catalyst with the SCR feed, the NH3 concentration quickly de-
creased to near zero and then gradually increased to a steady-state
level. These two catalysts differ in the time required to reach the
steady-state level and in the stabilized NH; concentration. It takes
about 28 min for Cu-CHA-HA to reach its stabilized NH3; concen-
tration (around 280 ppm) but only 13 min for Mn/ALCE20+20ZSM-
5-HA (around 200 ppm). The transient NH3 consumption is likely
the result of NHs adsorption, SCR reaction and parasitic NHs
oxidation. Simultaneously, the NOx concentration drops precipi-
tously upon contacting the SCR feed, quickly increases, then grad-
ually decreases again and eventually reaches a steady-state level.
Similar to the NHs3 profiles, it took twice the time for Cu-CHA-
HA to reach its stabilized NOx concentration (around 280 ppm)
compared to Mn/(ALCE20+20ZSM-5)-HA (around 180 ppm). Thus,
it takes much shorter time for the composite catalyst to reach
its maximum NOy than the Cu-CHA-HA reference. To simulate
the acceleration of diesel vehicle after a cold start, pre-saturated
Cu-CHA-HA and Mn/(ALCE20+20ZSM-5)-HA catalysts were eval-
uated using temperature programmed SCR reaction (from 50 °C
to 350 °C, 5 °C/min). As shown in Fig. 1d, at the start of the
temperature ramp, there is an initial increase in NH3 concentra-

tion, which is believed to be due to flushing out the residual
NH3 used to saturate the catalysts from the gas line. The subse-
quent increase is due to NH3 desorption from the catalysts. The
amount of NHj3 desorbed from Cu-CHA-HA (Sa) is around 2.2
times than that of Mn/(ALCE20+20ZSM-5)-HA (S.), further con-
firming that a high NH3 adsorption capacity on Cu-CHA could de-
lay its activation at low temperature. Meanwhile, on both catalysts,
the NOx concentration decreases rapidly at first, then increases
slowly, and finally reduces tardily to zero with increasing tem-
perature. Mn/(ALCE20+-20ZSM-5)-HA reaches the maximum con-
sumption rate at a lower temperature, indicating its higher NOy
reduction activity at low temperature. The transient experiments
shown in Figs. 1c and d imply that on Mn/(ALCE20+20ZSM-5)-HA
we could achieve a much quicker response on urea injection and
much less NH; slip upon a sudden vehicle acceleration.

N, adsorption-desorption measurements were performed on
Mn/AICE20 and Mn/(AICE20+-20ZSM-5) catalysts, and the results
were summarized in Table S1 (Supporting information). Relative
to the Mn/ALCE20-F reference, incorporating 20% zeolite sig-
nificantly increases the specific surface area and the total pore
volume of the Mn/(ALCE20+4-20ZSM-5)-F catalyst and at the same
time substantially decreases the average pore diameter. These
changes are the result of mathematical average between an oxide
component and the zeolite component (large micro-pore surface
area with high total pore volume). After hydrothermal aging,
compared to Mn/ALCE20-HA catalyst (108.0 m?/g), the surface
area of Mn/(ALCE20+20ZSM-5)-HA catalyst (142.7 m2/g) increases
significantly because the ALCE20+20ZSM-5 support is prepared by
partially replacing ALCE20 with ZSM-5 zeolite with high specific
surface area (341.0 m2/g). This high surface area due to the addi-
tion of zeolites can facilitate the dispersal of Mn species by pro-
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Fig. 2. HR-TEM images of Mn/(ALCE20+20ZSM-5)-HA (a) and Mn/ALCE20-HA (b). TEM images and the corresponding EDS element mappings of Al (c1, d1), O (c2,
d2), Ce (c3, d3) and Mn (c4, d4) for Mn/(ALCE20+20ZSM-5)-HA (c) and Mn/ALCE20-HA (d). XRD patterns (e) and Raman spectra (f) of Mn/ALCE20-HA, Mn/ALCE20-F,

Mn/(ALCE20+20ZSM-5)-HA and Mn/(ALCE20+20ZSM-5)-F.

viding more dispersion sites, which is consistent with the results
reported by Lu et al. [29]. The microstructures of the catalysts were
examined by high resolution transmission electron microscopy
(HR-TEM). As shown in Fig. 2, different lattice fringes are
clearly observable on Mn/(ALCE20+20ZSM-5)-HA (Fig. 2a) and
Mn/ALCE20-HA (Fig. 2b). On Mn/(ALCE20+20ZSM-5)-HA (Fig. 2a),
lattice spacing of 0.31 nm belongs to CeO, (111) crystalline planes,
and lattice spacing of 0.19nm corresponds to the Al,03 (400)
surface. No crystalline planes are associated with Mn species.
On the low-magnification image (Fig. 2c), ZSM-5 particles with
smooth surface are surrounded by ALCE20. EDS element mappings
show that Mn distribution is uniform throughout the sample.
The Si mapping (Fig. S4 in Supporting information) indicates that
ZSM-5 is uniformly distributed in the whole area. On Mn/ALCE20-
HA (Fig. 2b), the CeO, (111) crystal plane, the crystal plane
of Al,03 and the MnO, (301) plane (0.26nm) lattice spacing
are observed. The corresponding EDS mapping (Fig. 2d) further
indicates that some Mn species aggregate on Mn/ALCE20-HA.
These results show that Mn species have a better dispersion on
Mn/(ALCE20+20ZSM-5)-HA.

X-ray diffraction (XRD) was performed on Mn/ALCE20 and
Mn/(ALCE20+20ZSM-5) catalysts. As illustrated in Fig. 2e, Al,03
(PDF #04-0877) and CeO, (PDF #34-0394) are the main crystal
phases on all catalysts. The crystal pattern corresponding to ZSM-5
(PDF #47-0638) is also observed on the Mn/(ALCE20+20ZSM-5)
catalysts with main diffraction peaks at 23.2°, 24.0° and 24.5°,

indicating that the structure of ZSM-5 has been preserved on
Mn/(ALCE20+20ZSM-5) catalysts, even after hydrothermal aging.
Conversely, the presence of ZSM-5 does not seem to have any
influence on the crystal structure of Al,03 and CeO,. The similarity
between fresh and aged catalysts in XRD pattern indicates that the
CeO,/Al,03 support is very stable. Interestingly, no peaks related
to Mn oxides are observed on any samples, implying that Mn
species are fully dispersed.

The Raman spectra was used to further examine the local struc-
tures of these catalysts. As illustrated in Fig. 2f, the band within
447-457 cm~! corresponds to the structural vibration of CeO,
[30,31]. Comparing with Mn/ALCE20-F, the CeO, band has a red
shift (from 447 cm~! to 457 cm~') on Mn/ALCE20-HA, indicating
that the hydrothermal aging treatment increases the bond strength
of Ce-O, making it harder to activate the Ce-O bond and weak-
ing the interaction between Mn and Ce species [32]. For the com-
posite catalysts, the CeO, changes little after hydrothermal aging,
indicating that the CeO, is quite stable on the mixture support.
In addition, the band within 600-700 cm~! can be observed on
all catalysts, which may be ascribed to the Mn species [33]. This
band is more intense on the oxide reference (Mn/ALCE20) than the
composite catalyst, and the contrast is more obvious on aged cata-
lysts. This indicates a low lattice symmetry for Mn species on the
Mn/(ALCE20+20ZSM-5) catalyst and thus a higher Mn dispersion
[34].
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Fig. 3. UV-vis spectra (a) of Mn/ALCE20-HA, Mn/ALCE20-F, Mn/(ALCE20420ZSM-5)-HA, and Mn/(ALCE20+20ZSM-5)-F. Mn 2p XPS (b) of Mn/(ALCE20+20ZSM-5)-HA
and Mn/(ALCE20+20ZSM-5)-F. H,-TPR profiles (c¢) and FTIR spectra with pyridine adsorption (d) for Mn/ALCE20-HA, Mn/ALCE20-F, Mn/(ALCE20+20ZSM-5)-HA and
Mn/(ALCE20+20ZSM-5)-F. For the FTIR experiment, pyridine adsorption was carried out at 50 °C for 1h. (e) In situ DRIFTS of NH; desorption. NH; adsorption was car-
ried out at 50 °C with 1000 ppm NHjs for 1h. (f) In situ DRIFTS of NO + O, desorption. NO + O, adsorption was performed at 50 °C with 1000 ppm NO and 5 vol% O, for 1h.
The desorption spectra of (e) and (f) were collected at 100 °C over Mn/ALCE20-HA, Mn/ALCE20-F, Mn/(ALCE20+20ZSM-5)-HA and Mn/(ALCE20+20ZSM-5)-F.

Diffuse reflectance UV-vis spectroscopy was used to identify
the oxidation states and coordination state of metal complexes
on the composite and metal oxide reference catalysts, and the re-
sults are shown in Fig. 3a. The absorption bands around 242 and
350nm on all catalysts are related to the charge transfer process
between Mn2* and 0%-, and between Mn3+ and 02-, respectively
[35-37]. Based on the UV-vis spectra collected on the ALCE20 sup-
port (Fig. S5 in Supporting information), the absorption band at
295nm on Mn/(ALCE20+20ZSM-5)-F and Mn/(ALCE20+20ZSM-5)-
HA is assigned as the dispersed CeO, nanoparticles. However, the
CeO, band is down shifted to 288nm on Mn/(ALCE20+20ZSM-
5)-F and Mn/(ALCE20+20ZSM-5)-HA. This red shift is caused by
the chemical interaction between CeO, particles and the sur-
rounding manganese oxides, which reduces the electron density of
Ce0, particles [38]. The enhancement of absorption bands around
242 and 350nm on Mn/(ALCE20+20ZSM-5) catalyst also confirms
the existence of stronger chemical interaction between Mn and
Ce species. In addition, unlike Mn/ALCE20, the absorption band
around 500nm, attributed to the charge transfer transition of
Mn#* [39], is not evident on Mn/(ALCE204-20ZSM-5), possibly also
due to the influence by CeO, nanoparticles. Note, the intensity of
the UV-vis spectra of Mn/(ALCE20+20ZSM-5) catalysts are notice-
ably weaker than those of Mn/ALCE20 catalysts. This could be a
result of a dilution effect in the composite catalyst due to incorpo-
rating ZSM-5. These results indicate the existence of some kind of
interaction between cerium oxide and Mn species on the surface of
Mn/(ALCE20+20ZSM-5) catalysts, which results in more stable sur-
face Mn species with lower valence states even after hydrothermal
aging.

The surface elemental composition and chemical states of these
catalysts were further determined by X-ray photoelectron spec-
troscopy (XPS) and deconvoluted using Gaussian functions. As
shown in Fig. 3b and Fig. S6 (Supporting information), the Mn
2p XPS of both Mn/(ALCE20+20ZSM-5) and Mn/ALCE20 shows
two main peaks around 642eV and 654eV, attributed to Mn
2p3;; and Mn 2p,,, respectively. The Mn 2p;;, peak could be

divided into three sub-peaks at 641.4-641.6eV, 642.4-642.9eV
and 645.6-647.0eV, corresponding to the Mn3*, Mn** and satel-
lite peaks, respectively [13,40-42]. The relative atomic contents of
Mn species are determined by computing the areas of the corre-
sponding peaks. The Mn3+/Mn ratio, where Mn is the total Mn
species, is higher on Mn/(ALCE20+20ZSM-5)-F (48%) than that on
Mn/ALCE20-F (38%). After hydrothermal aging, the proportion of
Mn3+ on Mn/(ALCE20+20ZSM-5)-HA (47%) decreases slightly but
is still higher than that on Mn/ALCE20-HA (46%). It has been re-
ported that low valence Mn species exhibits higher activity [42,43],
which is why composite catalyst is more active at low tempera-
ture. Ce 3d XPS of Mn/(ALCE20+20ZSM-5) and Mn/ALCE20 were
obtained (Figs. S7 and S8 in Supporting information) and deconvo-
luted into 8 peaks by Gaussian-Lorentz fitting. The peaks marked
as v, v, v, ', u”, and u” are related to Ce*", and the peaks
marked as v and u are attributed to Ce3*+ [29,44]. The relative
atomic content of Ce3+ in Mn/(ALCE20+4-20ZSM-5)-F (13%) is lower
than that in Mn/ALCE20-F (16%), and the trend is same on the aged
catalysts. These findings further indicate that there should exist
an electron transfer process between the surface Ce species and
the Mn species on the catalysts, i.e.,, Mn*t 4 Ce3t — Mn3+ + Ce?t,
which can be regarded as electronic evidence for the interaction
between Mn species and the Ce-containing support. This electron
transfer process remains viable even after hydrothermal aging. The
stable existence of this electron transfer can facilitate the chem-
ical redox cycles and is beneficial to the improvement of low-
temperature catalytic activity [45]. In addition, the change in Mn3*
and Ce®* contents due to aging is smaller on Mn/(ALCE20+20ZSM-
5) than that on Mn/ALCE20, indicating that the electron transfer
between Mn and Ce species on Mn/(ALCE20+-20ZSM-5) catalyst is
stable. Mn species with low oxidation states are expected to be less
active for the unselective NH3 oxidation reaction, which mainly
produces N,O [46,47].

Redox property is an important performance indicator for Mn-
based catalysts. H,-TPR was performed to investigate the reducibil-
ity of fresh and aged Mn/ALCE20 and Mn/(ALCE20+20ZSM-5) cat-

”
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alysts. On a Mn-based catalyst, normally multiple reduction peaks
can be observed between 200 °C and 600 °C, due to the consec-
utive reduction process: MnO, — Mn,03 — Mn304 — MnO [27,48].
As shown in Fig. 3c, four reduction peaks (around 260, 330, 360
and 630 °C) can be deconvoluted from each TPR profile, which
could be attributed to the following four stepwise reduction steps:
Mn02 — Ml’l203, Mn203 — MH304, Mn304 — MHO/CQOZ — Cer,
and CeO, — CeOy [49,50], with the corresponding H, consumption
amount (in mmol/g) labeled in each deconvoluted peak. As shown
in Fig. S9 (Supporting information), the reduction peaks around 411
and 622 °C appear on the AICE20-F support, both of which be-
long to the reduction of CeO, species, and the proportion of Ce
species reduced at high temperature (67%) is larger. After load-
ing Mn oxides, the proportion of Ce species reduced at around
600 °C decreases significantly in Fig. 3¢, and the proportion of Ce
species reduced at around 400 °C increases significantly, accompa-
nied by the emergence of Mn species reduction peaks. This indi-
cates that the electron transfer between Mn and Ce species oc-
curs on Mn/ALCE20 catalyst, which increases the Ce species re-
duced at low temperature and improves the redox ability of Ce
species. After incorporating ZSM-5, compared with Mn/ALCE20 cat-
alyst, although the reduction peak of Ce species at about 600 °C
on Mn/(ALCE20+20ZSM-5) catalyst does not change significantly,
the reduction peaks of Mn species not only shift to lower tem-
perature, which indicates that Mn/(ALCE20+-20ZSM-5) catalyst has
the enhanced redox ability, but also dominate by the reduction
of low-valent Mn species (Mn,03 — Mn304 and Mn304 — MnO),
further revealing that compounding ZSM-5 zeolite enhances the
electron transfer for Mn and Ce species and promotes the for-
mation of low-valent Mn species. Although the H, consumption
of Mn/(ALCE20+20ZSM-5) catalyst decreases significantly (from
0.97 mmol/g to 0.62 mmol/g) after hydrothermal aging, it is still
comparable to that of Mn/ALCE20 catalyst. Moreover, different
from the obvious change of Mn species distribution of Mn/ALCE20
catalyst before and after hydrothermal aging, Mn/(ALCE20+20ZSM-
5) catalyst maintains a similar Mn species distribution, and the
proportion of lower valence Mn species maintains at a high level,
which further indicates that the Mn** species prone to deeply re-
duce are greatly decreased, thereby relieving the excessive oxida-
tion of NH3 and improving N, selectivity. In addition, consistent
with the results of Mn 2p XPS, these low valence Mn species are
expected to be less active for the unselective NH3 oxidation reac-
tion, which is an important factor for N, selectivity improvement.

Surface acidity is another important factor for deNOx perfor-
mance. To identify the types of acidity on these catalysts, FTIR
spectra with pyridine adsorption were collected (Fig. 3d) and peaks
quantified by integrating the areas (Fig. S10 in Supporting informa-
tion). The bands at 1602 cm~1, 1575 cm~! and 1444 cm~! are the
contributions from Lewis acid sites. The bands at 1540 cm~! can be
ascribed to Brensted acid sites, while the bands at 1489 cm~! cor-
respond to both Lewis and Brgnsted acid sites [51,52]. Compared
to Mn/ALCE20-F, the overall intensity of the bands ascribed to the
Lewis acid sites on Mn/(ALCE20+20ZSM-5)-F is much higher, and
this trend remains even after hydrothermal aging, albeit at a re-
duced level. As shown in Fig. S10, the number of Lewis acid sites
has significantly increased by combining ALCE20 and 20ZSM-5 as
fresh catalyst and after aging, and this would result in more lower
valence Mn sites and better NH3 adsorption. This finding confirms
the H,-TPR results that Mn/(ALCE20+-20ZSM-5) catalysts contain
more lower valence Mn species.

NH3-TPD-MS experiment (using mass spectrometer to mea-
sure NH3 desorption) was conducted to further determine the
acidic properties of catalysts. As shown in Fig. S11 (Supporting
information), all catalysts show three distinct desorption peaks
at 215-250 °C, 293-399 °C and 416-572 °C, designated as weak,
medium and strong acid sites, respectively [30]. The corresponding
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NH;3 desorption is quantified (in pmol/g) and labeled in each
deconvoluted peak. As illustrated in Fig. S11a, Mn/ALCE20-F and
Mn/ALCE20-HA show similar desorption peaks, NH3 desorption
quantity and proportion of each desorption peak, indicating similar
NH;3 adsorption behavior and capacity over these two catalysts,
which is also similar to the ALCE20-F support. On fresh and aged
Mn/(ALCE20+-20ZSM-5) catalysts, a new medium-temperature NH3
desorption peak appears around 300 °C (306 °C and 293 °C for
fresh and aged, respectively) (Fig. S11b in Supporting information).
This peak is related to the increased fraction of lower valence Mn
species facilitated by the presence of ZSM-5 or due to the unsat-
urated Al sites in the zeolite itself. Further, the low-temperature
peak on the composite catalyst is somewhat lower than that of the
oxide reference (by 35 °C and 7 °C for fresh and aged catalysts, re-
spectively). This downshift in peak temperature is evidently caused
by the interaction between the oxide component and ZSM-5. In
addition, Mn/(ALCE20+20ZSM-5)-F (1.23 pmol/g) has 40% more
total NH3 desorption than Mn/ALCE20-F (0.87 pmol/g) due to the
contribution from ZSM-5, but the total NH3 desorption quantities
are comparable for Mn/ALCE20-HA and Mn/(ALCE20+20ZSM-5)-
HA (0.82 pmol/g and 0.88 umol/g, respectively). These results
suggest that the most consequential acid site for the improved
SCR activity and N, selectivity on the composite catalyst is the
medium-strength acid site created by the oxide-zeolite interaction
(NH3 desorption peak around 300 °C). This acid site is believed to
facilitate NH;3 activation for SCR catalysis at lower temperatures
with minimized NH3 oxidation.

In order to understand how NHs; and NO interact with the cata-
lysts in depth, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was used at elevated temperatures with ei-
ther pre-adsorbed NHs or NO + O,. Fig. S12a (Supporting informa-
tion) shows the desorption spectra of all catalysts collected at six
temperatures between 50 °C and 300 °C after a pre-adsorption
of NH3 at 50 °C, and Fig. 3e compares the spectra collected at
100 °C as a function of catalyst composition/condition. As shown
in Fig. 3e, several bands remain on all four catalysts at 100 °C,
which belong to the coordinated ammonia (-NH,) bound to Lewis
acid sites (at around 1596, 1267, 1236, 1050 and 1190 cm~!) and
ionic NH4* bound to Brensted acid sites (at around 1691 and
1465 cm™1), respectively [53,54]. Comparing to Mn/ALCE20-F, sig-
nificantly higher amounts of reactive -NH, and NH4* are found on
Mn/(ALCE20+20ZSM-5)-F. The increased NH4* bound to Brgnsted
acid sites due to the ZSM-5 component in the support, while the
increase in -NH, bound to the Lewis acid sites may be due to im-
proved dispersion of the Mn species and/or increased portion of
lower valence Mn species facilitated by the presence of ZSM-5 or
due to the unsaturated Al sites in the zeolite itself. Interestingly, af-
ter hydrothermal aging the intensities of the -NH, groups bound to
Lewis acid sites and the ionic NH4* groups bound to Brensted acid
sites remain the same on the zeolite-containing catalyst, demon-
strating its high hydrothermal stability for NH3 adsorption and ac-
tivation.

Fig. 3f shows the desorption spectra collected on these cata-
lysts at 100 °C after pre-adsorption of NO+ 0O, at 50 °C. Several
obvious adsorption bands can be observed, corresponding to the
gaseous NO, (at around 1616 cm~1), bidentate nitrate (at around
1555 cm~!), monodentate nitrate (at around 1510 cm~!), mon-
odentate nitrite (at around 1406 and 1310 cm~!), bidentate ni-
trite (1303 cm~') and bridging nitrate (1255 cm~') [55,56]. It
is generally reported and believed that the adsorption and ac-
tivation of NOy species always happen at the surface-labile O
species bound to metal active sites among SCR catalysts [57].
On Mn/(ALCE20+20ZSM-5)-F higher intensity of monodentate ni-
trite (1310 cm~!), nitrates (1555 and 1510 cm~') and gaseous
NO, (1616 cm™!) is observed relative to Mn/ALCE20-F. Moreover,
though more bidentate nitrites (1303 cm~!) adsorption is detected
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on Mn/ALCE20-F, these bidentate nitrite species decrease signifi-
cantly on Mn/ALCE20-HA. More nitrates, gaseous NO, and more
stable monodentate nitrites on Mn/(ALCE20+20ZSM-5) catalysts
are likely responsible for its high NOy reduction activity and ex-
cellent hydrothermal stability. As shown in Fig. S12b (Support-
ing information), with raising temperature, the adsorption inten-
sity of monodentate nitrate and monodentate nitrite groups de-
creases rapidly on Mn/(ALCE20+20ZSM-5) catalysts, while the ad-
sorption intensity of NOx species on the Mn/(ALCE20+20ZSM-5)-
HA is also stronger than that of Mn/ALCE20-HA. Therefore, these
results show that more active Mn species are generated on the
Mn/(ALCE20+20ZSM-5) catalyst, which results in more active ad-
sorbed NOyx species. After hydrothermal aging, these adsorbed
species remain well on the Mn/(ALCE20+20ZSM-5)-HA catalyst,
which demonstrates that active Mn species can be maintained af-
ter the hydrothermal aging process, thus promoting the continuous
adsorption and activation of NOy.

In order to study the structural changes of these catalysts dur-
ing SCR reaction, we collected in situ UV-vis spectra after expos-
ing the catalysts with various reacting gasses at 200 °C. Differ-
ent active Mn sites in the absence of any reactive gas were first
measured by UV-vis spectra, the changes in peak position and
intensity of spectra after the addition of the reactants would be
the result of adsorption and activation of NH; or NO+ 0, at ac-
tive Mn sites. As illustrated in Fig. 4a, after Mn/ALCE20-HA and
Mn/(ALCE20+20ZSM-5)-HA are pre-adsorbed with 1000 ppm NHj3
for 20 min at 200 °C, no peak shift is detected in the spectra, sug-
gesting that NH3 is primarily adsorbed on Brensted acid sites not
on active Mn sites. After injection of NO+ 0,, a band shift is ob-
served on Mn/(ALCE20+20ZSM-5)-HA. This shift could be caused
by two possible reactions with the Mn sites: One is related to
NO + O, titrating the adsorbed NHs3 species thus restoring the ini-
tial Mn sites, and the other may be due to newly adsorbed NOy
species on the active Mn sites. In contrast, the band shift is not ob-
vious on Mn/ALCE20-HA, indicating its relatively low reaction rate.
In addition, as shown in Fig. 4b that a band offset is observed on
Mn/(ALCE20+20ZSM-5)-HA after pre-adsorption of NO+0,, sug-

Chinese Chemical Letters 35 (2024) 109132

gesting that NO is adsorbed and activated on the catalyst. After in-
troducing NHs, a slight band shift is observed, which indicates that
NH3 quickly adsorbs on the acid sites and reacts directly with both
the adsorbed NOx species and gaseous NO. For Mn/ALCE20-HA, the
band shift caused by pre-adsorption of NO+ 0O, and subsequent
NH3 injection is not obvious, illustrating the limited ability of
Mn/ALCE20-HA in adsorption and activation of reactants. Combin-
ing Figs. 4a and b, it may be concluded that Mn/(ALCE20+20ZSM-
5)-HA is benefited from the composite support that provides more
acid sites and results in highly dispersed Mn species.

The types of adsorbed species, active intermediate species and
reaction mechanism in SCR reaction were further probed by in
situ DRIFTS. As illustrated in Figs. 4c-f, after NH; adsorption (with
1000 ppm NH3 for 30 min) at 180 °C, the vibration peaks of NH4™
(1457 and 1433 cm~!) and -NH, (1578 cm~!) are observed on
Mn/ALCE20-F and Mn/ALCE20-HA [58]. On Mn/(ALCE20+20ZSM-
5)-F and Mn/(ALCE20+-20ZSM-5)-HA, the NH4* bands at 1457
and 1433 cm~! are quickly enhanced right after the NH; ad-
sorption, indicating that more Brensted acid sites are introduced
to the composite catalyst by incorporating ZSM-5. With the in-
troduction of NO+ O,, the peaks assigned to the adsorbed NH;
species is impaired on both catalysts with variable degrees. At
the same time, nitrites (1588 cm~! and 1301 cm~!), bidentate ni-
trates (1550 cm~!), bridge nitrates (1253 cm~!) and gaseous NO,
(1617 cm~') appeared [59]. The rate of accumulation of the ad-
sorbed NO species is obviously faster on Mn/(ALCE20+20ZSM-5)-F
than on Mn/ALCE20-F. In contrast to Mn/(ALCE20+20ZSM-5)-F, the
adsorbed NHs3 species on Mn/ALCE20-F begin to consume only af-
ter about 30 min, with a large part of NH,* species (1457 cm™1)
adsorbed on Brensted acid sites still visible. Interestingly, gaseous
NO, band is observed on Mn/(ALCE20+20ZSM-5)-F in the later
part of the experiment, which could be a product of NH4NO3
decomposition or NO oxidation. The adsorbed nitrates can com-
bine with the NH4* bound acid sites to form NH4NO5 intermedi-
ates, which can then react with gaseous NO to produce NO, and
NH4NO,; the latter product is unstable and can readily decompose
to N, and H,0. On the other side, NO oxidation to NO, is a known
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Fig. 5. Schematic representation of molecular pathways for enhanced N, selectivity over Mn/(ALCE20+20ZSM-5).

pathway, especially when the adsorbed NHj species is depleting
from the surface. In any case, the presence of gaseous NO, most
definitely would accelerate the NOx reduction rate due to the fast
SCR reaction and had been demonstrated (Fig. 1). The “Fast SCR”
reaction, NH4NO3; + NO — NH4NO, + NO,, was also reported to oc-
cur on other catalysts with zeolites. For example, Chen et al. found
that zeolite X supported Mn-Ce catalyst could provide active sites
for the reaction between NH4NO3 species and NO species to gen-
erate N, and H,O following the L-H mechanism [45]; Zhu et al.
observed that the NOy conversion of Cu-SSZ-39 was promoted un-
der the fast SCR conditions, via the “NH4NO, path” (NO forms ni-
trite species and then reacts with NH4™ species bound to Bronsted
acid sites to form N, and H,0) and “NH4NO3 path” (NO reacts
with NH4NO3 to form NO, and NH4NO,) [60]. In addition, more
adsorbed NH3 species on the composite catalyst is able to quickly
react with the nitrites species produced by the highly dispersed
MnOy, resulting in increased N, selectivity. This conclusion is in
agreement with the results of in situ UV-vis spectra. The in situ
DRIFTS tests of Mn/(ALCE20+-20ZSM-5)-HA show the similar reac-
tion phenomenon as Mn/(ALCE20+20ZSM-5)-F, indicating that the
reaction mechanism remain the same after hydrothermal aging.

The transient reaction between pre-adsorbed NO+ O, and the
gaseous NH3 stream was investigated by using the in situ DRIFTS
on these catalysts as well. As shown in Fig. S13 (Supporting in-
formation), after pre-adsorption of NO+ 0, at 180 °C for 30 min,
gaseous NO, (1617 cm~!), bidentate nitrates (1550 cm~!) and ni-
trites (1301 cm~!) are detected on Mn/(ALCE20+20ZSM-5)-F, and
bidentate nitrates (1550 cm~!), nitrites (1590 cm~!) and bridge ni-
trates (1253 cm~!) are observed on Mn/ALCE20-F. After the injec-
tion of NH3, the -NH, species (1542, 1510, 1280 and 1302 cm™!)
and NH4* species (1457 cm~!) are found to progressively increase
with time on Mn/(ALCE20+20ZSM-5)-F and Mn/(ALCE20+20ZSM-
5)-HA with a simultaneous decrease for nitrate species [61].
The consumption rate of nitrate species is noticeably faster on
Mn/(ALCE20+20ZSM-5) than on Mn/ALCE20 regardless of aging
condition. On the Mn/(ALCE20+20ZSM-5) catalysts, the NH4* and
-NH, species grow to be the dominate species by 30 min compared
to those on the Mn/ALCE20 catalysts. These results indicate that on
the composite catalyst the pre-adsorbed nitrate species are more
reactive (higher rate of disappearance) upon titration by gaseous
NH3 at 180 °C. After the nitrate species is completely consumed,
the surface of the catalyst was dominated by adsorbed ammonia
species (NH4* and -NH,). The same process also takes place on the
Mn/ALCE20 catalyst but at a slower rate. Evidently, the difference
between these two catalyst compositions in the rate of titration
(in situ SCR) is the result of different states of Mn species on these
catalysts. An additional advantage of the composite catalyst seems
to be its ability to store more NH3, resulting in a kinetic advantage
for the SCR reaction.

Our mechanistic understanding of the composite catalyst is
schematically illustrated by Fig. 5. Due to the incorporation of

zeolite, the composite catalyst contains more acidic sites, which
offers a kinetic advantage to the oxide-alone catalyst. Benefiting
from the oxide-zeolite interaction, the composite catalyst contains
more lower valence Mn species, which leads to the formation of
more active nitrates and nitrites. These absorbed nitrogen oxides
species can quickly react with the adsorbed surface NH; to form
NH4NO3; and NH4NO, intermediates. On the composite catalyst,
the NH4NOs3 intermediates are thought to preferentially react with
gaseous NO to form NO, and NH4NO,; the former enables the
alleged “Fast SCR” reaction (NO + NO, +2NH3; — 2N, +3H,0) and
the latter can readily decompose to N, and H,O. This pathway re-
duces the probability for the decomposition of NH4NO3 to N,O and
therefore improves the N, selectivity. Although both NH4NO3 and
NH4NO, intermediates were found on Mn/ALCE20 catalysts (in situ
DRIFTS results), no obvious reaction path leading its conversion to
N, could be found at 180 °C. Its decomposition to mostly N,O ei-
ther thermally or catalytically at higher temperatures is expected
and has been confirmed (Fig. 1b). The oxide-zeolite composite cat-
alyst appears to inhibit the excessive dehydrogenation of adsorbed
NH;3 species and thereby improves N, selectivity. It is precisely be-
cause of these favorable factors that the composite catalyst exhibits
good low-temperature activity and hydrothermal stability as well
as higher N, selectivity.

In this work, we report a novel SCR catalyst that has a good
low-temperature activity and N, selectivity, excellent hydrothermal
stability as well as faster response to NH3 injection and less NH;
slip. This catalyst was prepared by depositing MnOy on the mixture
of Ce0O,/Al;,03 and ZSM-5. The oxide-zeolite composite along with
the oxide reference were extensively characterized with various
techniques both as fresh and aged catalysts. The NH3-TPD-MS and
in situ DRIFTS results show that the composite catalyst contains
more acidic sites. Due to the oxide-zeolite interaction, the MnOy
species is found to be better dispersed on the composite catalyst
and lower valence. In situ DRIFTS experiments indicate that more
active nitrates and nitrites species are formed on the composite
catalyst. These adsorbed nitrogen oxides could combine with NH4*
species bound to Brgnsted acid sites to form NH4NO3 and the key
NH4NO, intermediates that lead to N, and H,O formation. Impor-
tantly, the formation and intensity of these reactive intermediates
on the composite catalyst do not show appreciable change after
hydrothermal aging, which is key to its good hydrothermal sta-
bility. Therefore, this study provides a new method for applying
manganese oxide based catalysts to low-temperature deNOy from
diesel vehicle exhaust.
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