' Aalto University

Kang, Running; An, Sufeng; Wang, Xuehai; Wang, Gang; Chen, Hong; Zhang, Cuijuan; Bin,
Feng; Li, Yongdan

Support effect and reaction pathway for NO direct decomposition over CuMn/A (A=ZSM-5,
Beta, SSZ-13) catalysts

Published in:
Catalysis Today

DOI:
10.1016/j.cattod.2024.114545

Published: 15/03/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Kang, R., An, S., Wang, X., Wang, G., Chen, H., Zhang, C., Bin, F., & Li, Y. (2024). Support effect and reaction
pathway for NO direct decomposition over CuMn/A (A=ZSM-5, Beta, SSZ-13) catalysts. Catalysis Today, 430,
Article 114545, https://doi.org/10.1016/j.cattod.2024.114545

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.cattod.2024.114545
https://doi.org/10.1016/j.cattod.2024.114545

Catalysis Today 430 (2024) 114545

Contents lists available at ScienceDirect

Catalysis Today

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/cattod

Check for

Support effect and reaction pathway for NO direct decomposition over ol
CuMn/A (A=ZSM-5, Beta, SSZ-13) catalysts

Running Kang *"°¢, Sufeng An 4, Xuehai Wang ¢, Gang Wang ¢, Hong Chen ¢, Cuijuan Zhang,
Feng Bin "¢, Yongdan Li®"

& Department of Chemical and Metallurgical Engineering, School of Chemical Engineering, Aalto University, Kemistintie 1, P.O. Box 16100, Espoo FI-00076, Finland
b State Key Laboratory of High-Temperature Gas Dynamics, Institute of Mechanics, Chinese Acadeny of Sciences, Beijing 100190, China

€ School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China

4 Dalian Research Institute of Petroleum and Petrochemicals, SINOPEC, Dalian 116045, China

€ School of Environmental Science & Engineering, Tianjin University, Tianjin 300072, China

f Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin Key Laboratory of Applied Catalysis Science and Technology, State Key
Laboratory of Chemical Engineering (Tianjin University), School of Chemical Engineering and Technology, Tianjin University, Tianjin 300072, China

ARTICLE INFO ABSTRACT

Keywords:

NO direct decomposition
CuMnOy

Zeolites

Support effect

Reaction pathway

The CuMn/ZSM-5 (CM/Z), CuMn/Beta (CM/B), and CuMn/SSZ-13 (CM/S) catalyst samples were prepared via an
excess impregnation method to investigate the metal-support effect. The results show that the activity at 550 °C
for NO direct decomposition follows the order of CM/Z (53.4%) > CM/B (49.2%) > CM/S (7.9%). The good
activity and stability of CM/Z are attributed to a strong support effect including forming more active copper sites
of the (Cu?™-0%*-Cu?")?* and (Cut-[]-Cu™)?*" dimers, which have higher redox activity, capacity of oxygen
mobility, and NO sorption capability. The competitive adsorption between NO and O on the oxygen vacancy of

dimers over CM/Z results in the activity decrease from 53.4% to 40.3% at 550 °C after adding 1 vol% Os. The
reaction mechanism over CM/Z was discussed based on the in situ DRIFT and isotopic (1802) experiments. Two
NO adsorbs firstly on (Cu™-[]-Cu™)?* to form NoO’ and N5O is activated to produce Ny, followed by the NO
adsorption on (Cu?>*-0%-Cu?*)?* to form nitrite and nitrate species and decomposition to NO and O,.

1. Introduction

The abatement of nitrogen oxides (NOy) from the industrial exhaust
gases remains a significant research task. The current technology,
particularly selective catalytic reduction of NOx with ammonia (NH3-
SCR), has been successful as a commercial method to remove NOy in the
flue gases [1-5]. However, the use of ammonia not only increases the
operation cost for ammonia purchase and storage, but also causes sec-
ond pollution of ammonia escape and catalyst deactivation via the
ammonium sulfate formation [6,7]. Therefore, a great attention has
been arisen in the scientific community to develop a direct NOy
removing technique without any reductant with a suitable catalyst. The
NO direct decomposition (NDD) into N3 and O has been regarded as the
most effective solution to realize NO abatement [8-11]. However, as
well known, the gaseous NO is so stable in gas phase that require a high
temperature (>1000 °C) to break N-O bonding with an energy barrier of
364 kJ/mol. Overall, Compared with NH3-SCR, the NDD is a simple
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de-NOy process with no secondary pollution but with a harsh condition
of reaction and a high requirement of catalysts. Hence it is crucial to
design an appropriate catalyst for NDD at suitable temperature.

The molecular sieve supported catalyst has been explored for NDD in
recent years [12]. Particularly, ZSM-5 zeolite is regarded as a repre-
sentative zeolite material to provide more active centers via ion ex-
change due to its high specific surface area and stable pore structure
[13]. Meanwhile, the transition metal oxides (e.g. Cu, Ni and Fe oxides)
acting as active sites are loaded on the zeolites because of their good
adsorption and reduction ability [12]. Iwamoto and coworkers firstly
found that copper ion-exchanged zeolites have activity for NDD, and
further discovered that Cu-ZSM-5 exhibits better catalytic performance
with NO conversion > 80% at 550 °C (W/F = 4.0 g-s-cm™, 1 vol%
NO/He) [14,15]. Thereafter, many significant works were done to gain a
deep understanding on the NDD mechanism, i.e. active sites and reac-
tion pathways for the zeolite supported metal oxide catalysts. Recently,
Wang et al. suggested that the transition of Cu(OH)™ to [Cu-O-Cu]**
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dimer is accelerated with the increase of temperature, which promotes
NO conversion over a Cu-ZSM-5 catalyst [16]. To explore the effect of
promoters on the Cu-ZSM-5, Parvulescu et al. prepared Cu-M-ZSM-5
catalysts (M=Ce, Sn, Tl) with a co-exchange method, and found that
the introduction of the second metal leads to a better positioning of Cu
and promotes the catalytic activity [17]. Liu et al. observed that the
co-doping with Ni and La into Cu-ZSM-5 improved the activity for NDD
and attributed to that the La doping effectively promotes the Cu species
dispersion with formation of more Cu®" ions, while Ni facilitates Cu?*
implantation to produce (Cu*"-0%-Cu?")?* dimers, verified by O-TPD
and NO-TPD results [18]. In contrast, other researchers proposed via
DFT results that a reduced Cu™...Cu™ pair ([Cuy01%" active site) on
Cu-ZSM-5 promotes NO adsorption and form N3O intermediates to
decompose into [Cu—O—Cu]2+ and N, [19,20]. In addition, there have
been many investigations on the effect of zeolite (ZSM-5, SSZ-13,
SAPO-34, etc.) in the NH3-SCR reaction [21-24]. Lei et al. demon-
strates direct experimental evidence for the dynamic redox cycling (i.e.,
cu" & cu) of Cu sites under zeolite confinement and provides new in-
sights into the monomeric-to-dimeric Cu transformation for completing
the Cu redox cycle over Cu-SSZ-13 in NH3-SCR reaction [24]. However,
the intrinsic active sites of the catalysts are under debate, and the re-
action pathways including NO decomposition and competitive adsorp-
tion of NO/Q,, are still unclear for NDD reaction because of the absence
of in situ experiments analysis.

In this work, the CuMn/A (A=ZSM-5, Beta, SSZ-13) catalyst samples
are examined and the synergistic effect is explored. The good perfor-
mance and detailed reaction mechanism of CuMn/ZSM-5 are deeply
discussed based on the in-situ DRIFT and isotopic (*80,) transient ex-
change experiments together. The results elucidate the effect of different
supports on the catalytic activity and the reaction pathways of NDD.

2. Experimental
2.1. Sample preparation

The samples were prepared with a conventional excess impregnation
method. Prescribed amounts of Cu(NO3),-3 HoO and Mn(NO3)5-4 H50 to
keep the mole ratio of Cu and Mn as 1:1 were dissolved in distilled water.
The solution was stirred continuously at 80 °C and immersed into the
commercial zeolite as support (ZSM-5, Beta and SSZ-13) to achieve
cation exchange with a loading of 6 wt% Cu and 5 wt% Mn. Afterwords,
the material was dried at 120 °C overnight and calcined at 600 °C for 4 h.
The obtained samples were named as CM/Z (CuMnOy/ZSM-5), CM/B
(CuMnOy/Beta) and CM/S (CuMnOy/SSZ-13), respectively. The actual
loadings of copper and manganese in each catalyst were measured with
X-ray fluorescence (XRF) analysis (Epsilon 1 Research and a Power 4200
scanning XRF spectrometer), as shown in Table 1, they are in good
agreement with the prescription.

2.2. Characterization

The X-ray diffraction (XRD) patterns were acquired with a X PERT
PRO MPD Alphal diffractometer (40 mA, 45 kV) using Cu Ka radiation
source. The specific surface area (SSA) was measured with BEL sorp Mini
II instrument, and the N5 adsorption isotherms were obtained at — 196
°C after outgassing pretreatment at 250 °C for 4 h. Scanning electron
microscope (SEM, Hitachi S-4800) instrument equipped with an energy
dispersive X -ray detector (EDX) mapping was used to measure the

Table 1

The elemental contents of the samples.
Sample Mole ratio of Cu:Mn Cu/wt% Mn/wt% Si/wt% Al/wt%
CM/Z 11 5.67 4.48 37.75 2.82
CM/B 1:1 5.88 4.90 36.19 2.69
CM/S 1:1 5.45 4.88 36.64 3.92
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microstructures. The oxidation states of Cu, Mn and O species were
recorded with an X-ray photoelectron spectroscopy (XPS, Kratos Axis
Ultra DLD spectrometer). The XPS analysis was carried out under vac-
uum pressure (~5 x1078 Pa) at ambient temperature. The binding en-
ergy was calibrated with the Cl1s peak as internal standard (284.8 eV).

Hy temperature-programmed reduction (Ho-TPR) and temperature-
programmed desorption of Oz (O2-TPD) were done on ichem700 appa-
ratus equipped with a thermal conductivity detector (TCD). Each sample
was firstly pretreated at 500 °C for 1 h under Ar flow (30 mL/min) and
cooled down to room temperature (RT). For Ho-TPR, 50 mg sample was
heated at 10 °C/min from RT to 600 °C under 5 vol%H,/Ar (30 mL/min)
flow. In Oy-TPD experiment, 100 mg of sample was pre-adsorbed with
05 (30 mL/min) for 1 h at RT, and then heated from RT to 950 °C at
10 °C/min with pure Ar (30 mL/min) flow after purging with pure Ar for
0.5 h. Temperature-programmed desorption of NO (NO-TPD) was
measured with Mass spectrometer (MS, Pfeiffer Omnistar™) as the de-
tector. The sample (200 mg) was adsorbed to saturation in 2 vol% NO/
Ar for 1 h at 50 °C after pretreatment at 500 °C under Ar (30 mL/min) for
1 h. The desorbed gas signal was recorded with the MS from 50 °C to
600 °C at 10 °C/min in pure Ar flow.

In situ Diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy (Thermo Fisher Scientific Nicolet iS50) experiments were
performed to record the adsorbed species and intermediates during NDD
reaction. The sample was pretreated with He (30 mL/min) at 500 °C,
and the sample background spectra were collected at each temperature
point in the cooling process. Afterwards, the feed was switched to mixed
gas with 1 vol% NO/He, and/or 1 vol% NO+ 2 vol% O,/He (30 mL/min)
to adsorb and realize surface reaction at 30, 200, 300, 400, 500, 550 and
600 °C. Here, in order to explore the obvious effect of Oy during NDD
reaction, the mixed gas of 1 vol% NO + 2 vol% O, was applied to obtain
detailed adsorbed species clearly. The steady spectra were collected at
each temperature with 32 scans.

The steady isotopic labeling (*0,, from WUHAN NEWRADAR
SPECIAL GAS Co., LTD.) experiments were done with switching
instantaneously in an in situ fixed-bed reactor (i.d. = 3 mm), to trap
transient response signals of reactants and products rapidly via online
MS (Pfeiffer Omnistar™). To ensure steady operation and obtain tran-
sient response signal of reactants and products, four-way switch valve
was successfully applied to switch the gas paths quickly and maintain
continuous flow of reactant gases in our previous study [25]. The re-
actants include N'°0 (m/z = 30), 80, (m/z = 36) and Ar (m/z = 40).
The products contain Ny (m/z = 28), 1602/N180(m/z = 32), 160180
(m/z = 34), N3O(m/z = 44), N3®0/N'0, (m/z = 46), N'°0'®0 (m/z =
48), and NlSOZ(m/z = 50). The sample (60 mg) was treated at 550 °C for
0.5 h in pure Ar. Then the 1 vol% NO/Ar (20 mL/min) was constantly
fed into reactor at 550 °C for 15 min. Then the reactor was purged using
pure Ar (30 mL/min) for 10 min. Premixed gas with 1 vol% NO + 1 vol%
18Oz/Ar (20 mL/min) was introduced at 550 °C for about 15 min to
monitor the isotopic products adequately.

2.3. Catalytic activity

0.5 g catalyst sample (35-45 mesh) was put into a fix-bed quartz tube
reactor (i.d. = 6 mm). All samples were pretreated to remove the
gaseous impurities on the sample surface at 500 °C for 0.5 h in the Ar
atmosphere (30 mL/min) and then cooled down to room temperature.
The inlet gas with 8000 ppm NO/Ar was introduced into the reactor with
a total flow rate of 30 mL/min (W/F=1 g~s/cm3). Each desired reaction
temperature point was maintained for about 20 min to reach the steady
state. A K-type thermocouple was located before the catalyst bed to
measure the reaction temperature along the gases flow. The N3 con-
centration was detected and quantified online using a MS (Pfeiffer
Omnistar™) after calibration with internal standard method. The oxy-
gen resistance of catalyst was measured with adding 1 vol% O3 at 8000
ppm NO/Ar with a total flow rate of 30 mL/min. The TOF (s 1) were
calculated at a specified temperature of 450 °C in the kinetic regime.
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The activity is evaluated with NO conversion to Ny (NTN2) with
equation (1),

2[N;
NO Conversion to N, = % x 100% 1

0.,

where [NOJ;, and [No]oys are the inlet and outlet concentrations of NO
and Ng, respectively.

X
ToF = XX G
n

(2

Where X is NTN2 (%) at 450 °C, Cj is the initial NO concentration with
mol/s, and n (mol) is the molar mass of Cu and Mn in the catalysts,
detected by XRF results.

3. Results
3.1. Catalytic performance

The catalytic activity of the catalyst samples in NDD were tested at
different temperatures (Fig. 1). In Fig. 1(a), CM/Z and CM/B exhibit
much higher activity than CM/S after 400 °C. Specifically, the NTN2 of
CM/Z, CM/B and CM/S at 550 °C are 53.4%, 49.2% and 7.9%, respec-
tively. The values of TOF decreased in the order of CM/Z (4.73 x10~>
s™) > CM/B (1.85 x10° s7%) > CM/S (1.16 x107° s71), in consistent
with the sequence of activity results. With 1 vol% O, the activity de-
creases from 53.4% to 40.3% at 550 °C over CM/Z, indicating Oq
addition has an inhibition effect. The CM/Z maintains a good stability
with 40% NTN2 over 8 h under the existence of 1 vol% O, see Fig. 1(b).

3.2. Structure and texture

As shown in Fig. 2, CM/Z, CM/B and CM/S display typical diffraction
patterns of ZSM-5, Beta and SSZ-13 zeolite structures with high crys-
tallinity, respectively [21,26,27]. In the 26 range of 32-40, there are two
weak peaks of CuO (JCPDS 80-1268) at 35.5° and 38.7°, and no visible
MnO,, diffraction peak for all the three samples, indicating that the CuO
and MnO;, are well dispersed on the surface of zeolite supports. The XRF
results in Table 1 confirm that all catalysts exhibit almost identical
contents of Cu and Mn. The calculated Si/Al ratios of CM/Z, CM/B and
CM/S are 13.4, 13.5, and 9.3, respectively.

The N5 adsorption-desorption curves and pore size distributions of
the three samples are plotted in Fig. 3. All samples exhibit a strong
interaction at low value of relative pressure (P/Py), attributed to the
strong adsorption potential occurred in micropores. The specific surface
area (SSA) calculated by BET method of CM/Z, CM/B and CM/S are
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330.6, 414.9 and 560.7 m%/g, respectively. Moreover, the pore size
distribution calculated by Barrett-Joyner-Halenda (BJH) method of CM/
Z, CM/B and CM/S focus on < 1 nm, indicating that the catalysts are
dominated with micropores (Fig. 3b).

The micrographs and element mapping of the samples are illustrated
in Fig. 4. CM/Z exhibits regular and bright crystalline aggregates with
distinct edges of typical ZSM-5 zeolite [28]. The homogeneous small
spots on the CM/Z surface are attributed to the CuO and MnO, species.
The CM/B presents aggregation of smaller particles (Fig. 4c), while
CM/S shows bigger particles with layered surface of irregular cubes
(Fig. 4e). Cu, Mn, and O elements all distribute uniformly on the catalyst
surface, confirmed by the EDX mapping results in Fig. 4(b), (d) and (f).

3.3. Surface states and chemisorption

The Cu 2p spectra show two peaks at binding energies (BE) of ~955
and ~934.5 eV on the XPS curve of all the three samples (Fig. 5a),
attributed to Cu 2p;,2 and 2ps/s, respectively [29]. The observed two
satellite peaks at 941.5-944.5 eV suggest the existence of Cu?*, and the
satellite peak at 951.3 eV indicates the formation of Cu™. Then Cu 2ps3»
peak is deconvoluted into two peaks at 934.5 and 931.7 eV, corre-
sponding to Cu*" and Cu™, respectively. The Mn 2p spectrum in Fig. 5(b)
shows Mn 2p; /5 peak at 954.0 eV and Mn 2p3,5 peak at 642.0 eV. The
Mn 2p3,» can be deconvoluted into two peaks at 641.9 eV for Mn®* and
643.5 eV for Mn** [30]. The lower BE peak in O 1 s spectra is assigned
to the metal oxide species (Ojar1) and the higher BE is labeled as the
lattice oxygen species (Ojar2) of the zeolite layers [31]. The element
ratios of the samples are calculated by peak areas for semi-quantitative
analysis, as listed in Table 2. The ratios of Cut/Cu®" (0.46) and Oy,
t1/(O1at1+O1at2) (0.16) are the highest on the CM/Z.

Hy-TPR was used to probe the reducibility of catalysts, as presented
in Fig. 6(a). The two reduction peaks of all the samples center at around
251 and 345 °C, which are mainly attributed to the reduction of CuO
clusters [32], and the reduction of isolated cu®t [33], respectively.
Obviously, CM/Z shows a high and sharp peak at low temperature
(251 °C) for CuO clusters reduction, suggesting the surface CuO clusters
are easily reduced via the (Cu>™-0%-Cu®")?* to (Cu™-[]-Cu™)?* route,
verified by the previous work [18]. In addition, the weak peak at 443 °C
is assigned to the reduction of MnyO3 to Mn?* [34]. The amount of H
consumption calculated in Fig. 6(d) follows the order of CM/Z
(0.90 mmol/g) > CM/B (0.74 mmol/g) > CM/S (0.65 mmol/g).

0,-TPD was applied to investigate the mobility of oxygen species in
the samples. The observed Oz desorption peaks in Fig. 6(b) can be
classified into three parts. The desorption peak at about 66 °C in all
catalysts is assigned to physically adsorbed oxygen. The chemically
adsorbed oxygen species are usually formed on amorphous metal oxides

(a)e0 (b) % 550 °C
—o— CM/Z L CM/Z
<50 —A—CmB = 50 8000 ppm NO+1 vol.% O JAr
= —=— CM/S = |
Z 40} cmiz z
S 40 o 40 W
g 30 d(}\ 1vol.%O0 |
B aadin vol.
E g 0, z) 30 |
8 8 20+
10
S 2 10}
0 -
350 400 450 500 550 600 0 2 6 8

Temperature (°C)

4
Time (h)

Fig. 1. (a) NO direct decomposition activity of CM/Z, CM/B and CM/S catalysts under 8000 ppm NO/Ar. (b) Long-term stability of CM/Z at 8000 ppm NO/Ar

+ 1 vol% O..
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Fig. 3. (a) N5 adsorption -desorption isotherms, and (b) pore size distribution curves of the CM/Z, CM/B and CM/S catalyst samples.

and/or surface oxygen vacancies on bulk metal oxides, corresponding to
the desorption temperature at 279 °C for CM/B, 445 °C for CM/Z, and
477 °C for CM/S. The desorption peak at > 690 °C is related to the bulk
lattice oxygen bonded to matrix metal ions [35]. CM/Z exhibits the
largest desorption peak area of the chemisorbed oxygen and CM/S has a
very small peak area. Hence, the capacity of oxygen mobility follows the
sequence of CM/Z > CM/B > CM/S.

NO-TPD curves of the samples are illustrated in Fig. 6(c). The peak at
around 125 °C s referred to the NO desorption from the Cu®" ions on the
zeolite supports. The peaks centered at 304 °C and 463-480 °C are
mainly attributed to the NO desorption on the (Cu?*-0%-Cu®*)?* and
(Cut-[1-Cu™?* sites [36]. The CM/Z shows a bigger peak for NO
desorption on the (Cu*-[J-Cu™)?* meanwhile CM/S nearly does not
have that peak due to the nonexistence of Cu*, in good consistency with

the XPS results. The CM/Z shows the highest NO adsorption capacity
with the largest amount of NO adsorption (27.62 umol/g), benefitting to
its catalytic activity. In summary, the Hy consumption and NO adsorp-
tion of catalysts follows the CM/Z > CM/B > CM/S.

3.4. In situ DRIFT and isotopic ( 80, tracing experiments

In situ DRIFT spectra was measured to probe the reaction pathways of
NDD with/without Oy over CM/Z, as shown in Fig. 7. The bands at
2218 cm ™! belong to the adsorbed N,O species [37]. The sharp peaks at
1900 and 1875 cm ™! are assigned to the adsorbed NO on the Cu?* [37].
The 2133 and 1632 cm ™! bands correspond to the ionic state of NO3 and
adsorption state of NOo, respectively [38]. The different nitrate species
of bridge coordination and unidentate species are formed at 1600 and
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Fig. 4. SEM images and EDX mapping of (a) (b) CM/Z; (c) (d) CM/B; and (e) (f) CM/S.

1573 ecm™}, respectively [39]. Free dinitrogen trioxide produces prod-
ucts in two forms, as-NoO3 at 1300 cm ™' and s-N,O3 at 1192, 1176 and
1030 cm™! [40]. Other form of oxides may also form in the gas phase, in
particular N,O4 with vibrational bands at 1750 em~! [41]. Each of the
above species can be found in one or several surface coordination forms,
bond to the zeolite lattice or to copper ions. The weak peak of adsorbed
N,O disappears with the temperature increasing in Fig. 7(a). In general,
N2O acts as an intermediate decomposes quickly at high temperatures
and few parts of N2O still adsorb on the catalyst surface [42]. The in-
tensity of peaks for adsorbed NO are strong at 30 °C and gradually
disappear with the increase of temperature. At the same time, NO3 and
adsorbed NO, species are produced at 200 °C and then gradually
decomposed at higher temperatures. Therefore, a catalytic effect of Cu
species over CM/Z mainly promotes NO disproportionation to inter-
mediate species of N»O and NO». After adding 2 vol% O, in Fig. 7(b),
The intensity of adsorbed NyO (2207 cm’l) and NO; species
(2133 cm™ ) become stronger than that in 1 vol% NO/He, and quickly
decomposes at higher temperatures, which indicates that the suitable

amount of Oy may promote the NO conversion. However, excess Oy
leads to formation of more nitrate species (1600 and 1573 cm’l), free
dinitrogen trioxide (1300 cm™ ) and N2O4 (1745 cm™ ) with higher
intensity bands. In particular, the nitrate species become more stable
and even retain at 500 °C although the similar variation occurs for other
peaks. It can be informed that the O facilitates the formation of stable
nitrate species on the surface, restricting the activity of catalyst in some
degree [43]. It should be noted that the intensity of adsorbed NO on Cu
species is similar in Figs. 7(a) and 7(b), which demonstrates that the Cu
species acts as the main active center, and the active intermediate spe-
cies are probably N2O and NO;, species instead of nitrate.

The labeled experiment (*0,) in the steady-state via transit
switching was carried out to further understand the intrinsic effect of O
during NDD reaction, as shown in Fig. 8. The CM/Z was firstly pre-
treated in pure Ar at 550 °C. After switching the 1 vol% NO/Ar, the
stable signals of Ny and 1602 can be detected because of the effective
NDD at 550 °C on the catalyst. The mixed gas of 1 vol% NO + 1 vol%
180,/Ar was then introduced into the reactor after purging with Ar
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Table 2
The element ratios of the samples from XPS results.

Sample Cu'/cu®* Mn**/Mn** Olat1/ (Olat1 +Olar2)
CM/Z 0.46 0.91 0.16
CM/B 0.18 1.04 0.01
CM/S 0.00 0.90 0.06

(30 mL/min). The stable signal of N, was observed, and the intensity of
Ngat 1 vol% NO + 1 vol% 80,/Ar is slightly weaker than that of 1 vol%
NO/Ar, indicating that the addition of O exhibits a moderate inhibition
effect, in agreement with the results of activity. Here, three different O,
isotopomer products (1602, 160180 and 1802) were found in turn. Firstly,
large amounts of %0, produced quickly, and then increased gradually
with increasing the reaction time, attributed to NDD product, releasing
from the catalyst itself. N'80 should be considered to produce at the
same time due to the same m/z (32) to 1602. The gradual increase of
signal can be assigned to the N'®0, which is in consistency with the
decreased signal of NO. It reflects that the oxygen of NO can be
exchanged with the adsorbed 20 from the catalyst surface to form
N'80, which is also reported by Damma et al. [44]. Afterwards, the
cross-labeled '°0'0 molecule generated quickly, implying that the
suitable 80 species adsorbed on the surface oxygen vacancies promotes
the formation of 160'80. Finally, the signal of 180, increased gradually
and reached a steady state with the increase of reaction time, assigned to
the excess gaseous 180, fills into more oxygen vacancies firstly but
cannot be exchange completely in NDD reaction, resulting in a
competitive adsorption with NO on the oxygen vacancies and thus the
catalytic activity decreases slightly. In addition, very small amounts of
imtermediate apecies (N%6O, N'60'80 and N1602/N%80) were detected,
which may not decopose.

4. Discussion
4.1. Support effect of catalyst

The intrinsic catalytic activity (NTN2) in Fig. 1 decreased in an order
of CM/Z (53.4%) > CM/B (49.2%) > CM/S (7.9%) at 550 °C. The ac-
tivity decreases from 53.4% to 40.3% at 550 °C after adding 1 vol% O,
and maintains a good stability with 40% over 8 h on CM/Z catalyst
sample, indicating the existence of Oy produces a moderate inhibition
effect. It remarks the significant effect of the support on the activity for
NDD. The strong metal-support effect is evident on the CM/Z and CM/B

whilst the weak interaction exists on CM/S. The CM/Z exhibits a better
performance than the reported Cu-ZSM-5 samples in the references [38,
45]. The XRF results (Table 1) show the Si/Al ratios of CM/Z, CM/B and
CM/S are 13.4, 13.5, and 9.3, respectively. It is reported that the higher
silica-alumina ratio is beneficial to promote the activity in NDD, and the
NTN2 at 500 °C is about 50% and 5% with Si/Al at 20 and 10, respec-
tively [46]. The XRD (Fig. 2) and SEM+EDX (Fig. 4) results display that
the Cu and Mn are well dispersed on the zeolite surface of all the sam-
ples, although the CM/S owns a larger specific BET surface area (Fig. 3).
Furthermore, the XPS results in Fig. 5 reveal the higher ratio of
cut/Cu®* and Oja11/(Olan1 +O1arz) Over the CM/Z, as compared to that in
the CM/B and CM/S sample. Combined with Hy-TPR results (Fig. 6a),
the higher amounts of active copper sites of (Cu?t-0*-Cu?")?* and
(Cu*—D—Cu*)2+ dimers exist in CM/Z. The coexistence of copper and
manganese improve the oxygen mobility at temperature region of ac-
tivity, particularly for CM/Z, verified by O-TPD results (Fig. 6b). The
addition of manganese is beneficial to improve the resistance of Oy. The
reducibility and capacity of oxygen mobility follows the sequence of
CM/Z > CM/B > CM/S, in consistency with the activity results. On the
basis of NO-TPD results (Fig. 6¢), The CM/Z shows the highest NO
adsorption capacity with the largest amount of NO desorption (27.62
umol/g), which is in accordance to the large amount of
(Cu?-0%-cu®H?t and (Cu*-[J-Cu™)?" sites. This suggests that the
adsorbed NO can be generated and activated easily on the Cu-dimers
dispersed on ZSM-5 [16]. Liu et al. found that the (Cu?"-0%-Cu?")%*
dimers of La-Ni-Cu-ZSM-5 acted as the main active sites for NDD [18].
Hwak et al. revealed that the NO™ species can also occupy cationic po-
sitions in close proximity of Cu™ ions by forming Cu™-NO™ complexes to
compensate negative zeolite framework charge, benefitting to
strengthen the metal-support interaction [47].

4.2. Reaction mechanism

Supported by in situ DRIFT and the oxygen label experiment (1805)
results, the reaction mechanism of NDD over CM/Z is proposed as Eqs.
(3)-(6) and shown in Fig. 9. In Eq. (3), two gaseous NO molecules are
firstly adsorbed on the oxygen vacancy (O, []) and Cu site of (Cu'-
O-Cu™)?* dimer to form (Cu®**-0%-Cu®")?* and N,0. Eq. (4) shows that
the N,O can be easily adsorbed on the oxygen vacancy of (Cu'-
O-Cut)?" and activated to decompose into N5 with oxygen transfer from
N30 to (Cu®™-0%-Cu®")?*. In situ DRIFT results evidenced that the in-
termediate N3O (Fig. 7a) is formed and decomposed quickly with the
increase of temperature. Morpurgo [19] carried out a DFT examination
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and verified that the best way for N2O intermediate to decompose is the
direct, spin-forbidden reaction pathway on a reduced Cu™...Cu" pair on
the Cu-ZSM-5, with the formation of [Cu-O-Cu]?®* and No. The geometric
and electronic structural criteria for binuclear Cul sites in Cu-ZSM-5 to
activate N2O have been also found [20]. The transition pathway of the
(Cu?*-0%-cu®H)?* to produce (Cu™-[1-Cu*)?>* dimer and release O, as a
cycle for NDD can be approximately described via Egs. (5) and (6). In Eq.
(5), the gaseous NO is adsorbed on the Cu?* sites of (Cu?*-0%-Cu?)?*
to form nitrite species (Cut-NOy-Cu™)?*. As revealed in the literature,
NO can be adsorbed on Cu?* to form Cu*-NO™ via the reduction of Cu?*
[47,48]. Subsequently, this unstable transition species decomposes to
form (Cu™[J]-Cu™)?" with oxygen vacancy and NO,. The dimer

(Cu?*-0%-cu®")?*" adsorbs NO, to form nitrate species, and further
decomposes into (Cu™[J-Cu™)?*, NO and O, in Eq. (6), in agreement
with the in situ DRIFT results of the decomposition of nitrite and nitrate
species at high temperature. Thus, the dimers including (Cu*-[J-Cu™)?*
and (Cu?"-0%-Cu®")?" act as main active sites with a redox cycle over
CM/Z to form primary intermediate species of NoO and NO, respec-
tively, for NDD. The added O, is probably adsorbed on oxygen vacancy
of dimers and exchanged with the oxygen from the CM/Z catalyst
and/or NO to desorb O,, verified by the oxygen label experiment (*205)
results (Fig. 8). This competitive adsorption between NO and O3 over
CM/Z is the main reason for O, inhibition.

(Cut-[0-Cu™)?* + 2NO - (Cu**-07-Cu®H)** + N,0 3
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(Cut-O-Cu)?t 4+ N0 = (Cu*t-0%-Cu®H)?F + N, 4)
(Cu*T-0%-Cu*Hy?*" + NO — (Cut-[J-Cu™)*" + NO, )
(Cu*T-0%-Cu*H* + NO, - (Cut-[O-Cut)** + NO + 0, 6)

5. Conclusion

The catalytic activity for NO direct decomposition decreases in the
order of CM/Z (53.4%) > CM/B (49.2%) > CM/S (7.9%) at 550 °C. On
CM/Z with adding 1 vol% O, the conversion decreases from 53.4% to
40.3% at 550 °C and keeps a good stability with 40% for 8 h. The
competitive adsorption between NO and O; on the oxygen vacancy of
dimers over CM/Z results in the activity decrease after adding O,. The
excellent activity obtained with CM/Z is attributed to the strong metal-
support interaction including suitable ratio of Si/Al, forming more
active copper sites of the (Cu>*-0%-Cu?")?* and (Cu™-[1-Cu™)?* dimers,
which have high redox activity, capacity of oxygen mobility, and NO
sorption capability. The copper species acts as the main active site and
the addition of manganese is beneficial to improve the resistance of Oy
on CM/Z. The reaction pathway involves two NO adsorbs on (Cu'-
[J-Cu™)?" to form N,O, then N,O is activated to produce Ny and (Cu®*-
0%-cu?")?*, followed by the NO adsorption on (Cu*™-0%-Cu®")?* to

Catalysis Today 430 (2024) 114545

form nitrite and nitrate species and decompose into NO, O, and (Cu™-
D-Cu+)2+.
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