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HIGHLIGHTS GRAPHICAL ABSTRACT

e The POM-structure increases the content
of lattice oxygen, oxygen vacancies, and
acid sites.

e The POM-SiW structure weakens the
Mn-O bond and activates lattice oxygen
through orbital polarization.

e The POM-SiW structure inhibits surface
competitive adsorption and promotes
the formation of NO2 and NH.

OW@O@Mn(CCe € Si ©Cl
0,00 ©N @C CH

R R

ARTICLE INFO ABSTRACT

Keywords: The release rate of lattice oxygen and surface acidic sites are key factors for the multi-pollutant synergistic
Polyoxometalates catalysis such as nitrogen oxides (NOx) and chlorine-containing volatile organic compounds (Cl-VOCs). In this
NOx

study, a polyoxometalate (POM)-assisted strategy was employed to optimize the synergistic catalytic perfor-
mance of MnCeOx for NO and chlorobenzene. The strong proton conductivity of the surface POM structure
effectively suppresses the deposition of chlorinated species, preventing the poisoning of active sites. Specifically,
POM-SiW structure can act as a dechlorination site in place of Mn304 and exhibits the highest density of acidic
sites and oxygen vacancies, leading to a reduction of the Tqq for chlorobenzene to 167 °C and an expansion. The
assistance of POM-SiW structure facilitates the electron transfer from POM-SiW to lattice oxygen (Oja), resulting
in reduced orbital overlap between Mn and O atoms, thereby weakening the Mn-O bond and activating Ojat.
Furthermore, in-situ DRIFTs, TOF-SIMS and DFT results confirmed that POM-SiW structure can inhibit the
competitive adsorption of NO, NH3 and chlorobenzene, NO, and NHi act as additional oxidants and
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dechlorinating agents, effectively promoting the catalytic decomposition of chlorobenzene and its intermediate
products. This work provides a novel strategy for catalyst design in low-temperature multi-pollutant synergistic

catalysis.

1. Introduction

The increasing reliance on municipal solid waste incineration tech-
nology has significantly contributed to large-scale emissions of pollut-
ants such as nitrogen oxides (NOx) and chlorine-containing volatile
organic compounds (Cl-VOCs), which are associated with environ-
mental challenges including acid rain and the greenhouse effect [1-3].
Ammonia selective catalytic reduction (NH3-SCR) is the most widely
used and mature de-NOx technology [4]. Within the NH3-SCR process,
NOx is selectively reduced to Ny, with NO5 serving as a reactive inter-
mediate. Due to its strong oxidative properties, NO5 can also facilitate
the catalytic oxidation of Cl-VOCs [5]. Manganese-based catalysts have
garnered significant attention for de-NOx applications due to their high
nitrogen selectivity and effective catalytic performance at low temper-
atures (<200 °C) [6]. However, these catalysts exhibit a catalytic tem-
perature window of 200 °C to 400°C for Cl-VOCs oxidation, with a
marked decline in Ny selectivity above 300 °C. Furthermore, their sus-
ceptibility to chlorine poisoning poses a substantial challenge to
achieving efficient synergistic removal of NOx and Cl-VOCs [7]. As a
result, lowering the catalytic temperature for Cl-VOCs oxidation, miti-
gating chlorine poisoning, and preserving high Nj selectivity have
emerged as critical priorities in advancing multi-pollutant collaborative
catalysis research.

The catalytic performance for Cl-VOCs can be enhanced through
element doping and surface property optimization. However, such im-
provements often hinder the NH3-SCR reaction. The rate-determining
steps for both NH3-SCR and Cl-VOCs oxidation are closely linked to
the lattice oxygen release rate and the presence of surface acidic sites
[8-10]. Consequently, targeted optimization of lattice oxygen mobility,
oxygen vacancy content, and surface acidity is crucial for promoting the
simultaneous catalytic reactions of NH3-SCR and CI-VOCs [11,12]. Li
et al. improved the performance of MnO,-CeO, catalysts by utilizing
orbital polarization effects to limit electron transfer on the catalyst
surface [13]. This approach balanced acidic and active sites, reducing
the energy barrier for Cl-ion dissociation and HCl formation, while
inhibiting the deposition of chlorine-containing species and N3O for-
mation. Additionally, Li et al. demonstrated that grafting poly-
oxometalates (POMs) onto catalysts could form a chain-like structure on
the surface, protecting the active sites while inducing Brgnsted acidity
[14,15]. This technique effectively suppressed the formation of
poly-chlorinated byproducts. The POM structure, with its highly tunable
functional cluster frameworks and strong proton conductivity, provided
the catalyst surface with additional acidic sites and active centers
[16-19]. Moreover, the construction of heterogeneous interfaces often
activates lattice oxygen [20], yet the relationship between the POM
grafting technique and lattice oxygen remains unclear.

In this work, it was demonstrated that the strong proton conductivity
of POM accelerates the release of oxygen from the lattice, and effectively
enhance the low-temperature synergistic catalytic performance of NO
and chlorobenzene (CB). The POM grafting technique significantly
increased both the number of acidic sites and oxygen vacancies. The
interaction between the surface POM-SiW structure and MnCeOx facil-
itated electron transfer from POM-SiW structure to MnCeOx, reducing
the orbital overlap between Mn and O atoms in the active sites, and
activating lattice oxygen. Intermediate products such as NHf and NO,
further facilitated the dechlorination and conversion of CB at low tem-
peratures. This study provides new insights for expanding the low-
temperature synergistic catalytic temperature window for NOx and Cl-
VOCs and for the design of efficient low-temperature catalysts.

2. Experiment
2.1. Catalyst preparation

The KMnOy4 solution (50 mL, 0.02 mol/L) was added dropwise into a
mixture solution (50 mL) containing Mn(NO3)2-4H20 (0.02 mol/L) and
Ce(NO3)3-6H20 (0.02 mol/L) while stirring for 2 h. The resulting
mixture was then washed until neutral, followed by drying at 80 °C for
24 h. The dried product was subsequently calcined at 300°C (2 °C/min)
for 4 h and labeled as MnCeOy.

The hydrogen peroxide solution (10 mL, 0.25 mol/L) were added
dropwise to the mixture solution containing 2 g MnCeOy and 0.06 g
silicotungstic acid under stirring for 2 h at ambient temperature. After
that, it was washed and dried at 80 °C for 24 h. The black powder was
followed by calcining for 2 h at 300 °C to get MnCeOx-SiW. For com-
parison, the silicomolybdic acid and phosphotungstic acid were replace
the silicotungstic acid to prepare the MnCeOx-SiMo and MnCeOy-PW,
respectively.

2.2. Catalyst characterization

The specific surface area, pore size, microscopic morphology, crystal
structure, oxygen vacancy were explored by BET, SEM, TEM, XRD, EPR
technologies. The electronic structure was examined using X-ray ab-
sorption fine structure (XAFS). Mn K-edge XAFS analyses were per-
formed with Si (111) crystal monochromators at the BL14W1 beamline
of the Shanghai Synchrotron Radiation Facility (SSRF), and the analysis
and fitting were conducted using Artemis and IFEFFIT software.

The redox properties and acid content were evaluated by O,-tem-
perature-programmed desorption (O2-TPD), NHgs-temperature-pro-
grammed desorption (NH3-TPD), and Hj-temperature-programmed
reduction (Hy-TPR) with chemisorption apparatus (VDSorb-91i). The
changes in acid sites at different temperature were indentified by the
pyridine infrared (Py-IR, Bruker Tensor27). The metal valence states
were analyzed by X-ray photoelectron spectroscopy (XPS, Shimadzu/
Kratos Axis Supra). The C1s peak (284.8 eV) was used to correct for the
transfer of binding energy due to surface charge. Detail description of
characterizations involving BET, EPR, O5-TPD, NH3-TPD, etc., are also
listed in the supporting information.

The material composition on the sample surface was analyzed using
time-of-flight secondary ion mass spectrometry (TOF-SIMS, ION-TOF
GmbH Germany) and in-situ diffuse fourier transform infrared spec-
troscopy (In-situ DRIFTs, Thermo Scientific Nicolet iS50/ Harrick HVC-
DRM). The In-situ DRIFTs spectra (800-3900 cm’l) were recorded with
a resolution of 4 cm™.

All DFT calculations were performed by using the Vienna Ab initio
Simulation package (VASP) and the detail information is described in
the supporting information.

2.3. Catalytic activity evaluation

The performance of sample was evaluated in a continuous flow fixed-
bed reactor under atmospheric pressure. A 200 mg sample (40-60 mesh
particle size) was placed inside a quartz reactor (inner diameter = 8 mm)
and secured with quartz wool at both ends. The flow rates were accu-
rately controlled using mass flow controllers (MFCs), maintaining a gas
mixture containing 100 ppm CB, 500 ppm NO, 500 ppm NHg, and 11 %
O, by volume, with Ny as the equilibrium gas. The gaseous hourly space
velocity (GHSV) was set at 30,000 h’l, with a stream time of 30 min for
each temperature. The calculation equations of NO conversion, CB



S. Lu et al.

conversion, and the selectively of Ny, HCl, Cl,, CO, and CO, are supplied
in the supporting information.

3. Results and discussion
3.1. Catalytic performance

The synergistic catalytic efficiency of CB and NO over different cat-
alysts in the temperature range of 120-300 °C is shown in Fig. 1.
MnCeOx-SiW exhibited the highest synergistic catalytic activity, fol-
lowed by MnCeOx, then MnCeOx-PW, and MnCeOx-SiMo. It suggests
that the appropriate surface POM structure further optimizes the low-
temperature catalytic performance of MnCeOx. Specifically, the POM-
SiW structure modification reduces the Tgy (The required reaction
temperature when the conversion rate reaches 90 %) of CB to 167 °C and
extends the catalytic temperature window for NO conversion (120-210
°C) in the synergistic catalytic system. Moreover, the CB conversion rate
increased with temperature for all catalysts. However, higher tempera-
tures appeared to suppress the NH3-SCR reaction over MnCeOx-SiW and
MnCeOx-PW, resulting in decreased NO conversion rates at elevated
temperature. The NO conversion rate of MnCeOx-SiMo initially
increased with temperature and then stabilized, though its low-
temperature performance was suboptimal. At 180 °C, the NO and CB
conversion rates for MnCeOx-SiMo were 85.4 % of 13.7 %, respectively.
In contrast, MnCeOx-SiW achieved nearly complete conversion of both
CB and NO at 180 °C. MnCeOx-PW demonstrated slightly lower CB
catalytic performance at 180 °C, with a conversion rate of 82.2 %. The
impact of the loading amount of POM-SiW and high CB concentration on
the catalytic performance was further investigated. Study results
(Fig. S1) indicate that the catalyst exhibits optimal low-temperature
activity for CB oxidation when the precursor loading is 1 %, achieving
a Tgg of 162 °C. Further increasing the precursor loading leads to a
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decline in CB catalytic performance. This phenomenon can be attributed
to the excessive formation of polyoxometalate (POM) structures at the
catalyst interface, which cover active sites and suppress the low-
temperature catalytic oxidation of CB. For NO oxidation above 210 °C,
catalytic performance first decreases and then increases with rising
precursor loading, likely due to the interplay between acidic sites and
active sites. For the effect of high concentration (500 ppm CB), the in-
crease in CB concentration has an inhibitory effect, reducing the con-
version rates of CB and NO to 29.2 % and 85.6 % respectively at 180 °C
(Fig. S2). On the other hand, the function of Mn and Ce were explored
(Fig. S3). The results revealed that CeOx exhibited negligible catalytic
activity toward CB and NO at 180 °C. In contrast, MnOx demonstrated
conversion rates of 59.7 % for CB and 87.1 % for NO at the same tem-
perature, both significantly lower than those of MnCeOx (~100 % for CB
and NO). Consequently, it can be inferred that CeOx predominantly
functions as an electron transfer mediator and adsorption site during the
catalytic process, thereby synergistically enhancing the catalytic effi-
ciency of the active site (Mn). From the performance summary table of
Ce or Mn-based co-catalytic CB and NO in Table S1, it can be seen that
the co-catalytic performance of CB and NO in our work is higher than
that in other works.

Fig. 1c-1f illustrate the variation in COx, No, and HCI selectivity of
MnCeOx and MnCeOx-SiW. MnCeOx and MnCeO-SiW achieved high
COx (CO + COy) selectivity (~99 %) between 210 and 300 °C. Notably,
POMS-SiW structure enhanced low-temperature (120-180 °C) oxidation
performance of MnCeOx-SiW, achieving 86.9 % COg selectivity and
1.5 % CO selectivity at 180 °C. MnCeOx maintained 100 % Ny selectivity
within the temperature range of 120-240 °C, whereas a negative cor-
relation with temperature was observed between 240 and 300 °C,
culminating in a decline to 69.1 % at 300 °C. The phenomenon arises
from the dual effects induced by high temperatures [21]: on one hand, it
promotes the generation of the intermediate product N,O, while on the
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other hand, it leads to a reduction in acidic sites on the catalyst surface.
For MnCeOx-SiW, its POM-SiW structure achieves a significant
enhancement of acidic sites and optimizes the synergistic interaction
between acidic sites and redox-active sites. Benefiting from this struc-
tural advantage, MnCeOx-SiW exhibits a selective decline in N2 selec-
tivity (100 % — 86.5 %) only within the 270-300 °C high-temperature
range. Furthermore, the presence of CB can enhance the selectivity of Na.
This can mainly be attributed to two aspects: below 240 °C, CB effec-
tively reduces the generation of N20; above 240 °C, CB inhibits the deep
oxidation of NHs to NO/NO: by consuming the reactive oxygen com-
ponents in the reaction system [22]. The HCl selectivity of MnCeOx and
MnCeOx-SiW was lower than the conversion ratios, demonstrating that a
portion of chlorine may be deposited on the catalyst surface or partici-
pated in chlorinated by-products formation (Fig. 1f). No Cl, production
was observed at 120-300 °C. It results revealed that POM-SiW structure
facilitates the conversion of organic chlorinated species to inogranic
chlorine, and Cl mainly releases in form of HCI.

Fig. S4 illustrate the variation in CB and NO conversion rates over a
400 min reaction period at 180 °C for MnCeOx-SiW and MnCeOx,
respectively. For CB conversion, both MnCeOx-SiW and MnCeOx
initially exhibited high catalytic performance, followed by a decline
over time. The NO conversion profile of MnCeOx displayed a similar
trend to that of CB conversion. Comparatively, the decline in catalytic
performance of MnCeOx-SiW was less pronounced, demonstrating su-
perior synergistic catalytic stability. This can be attributed to the func-
tionalization by POM, which optimizes acidic sites, lattice oxygen, and
oxygen vacancies, effectively enhancing NH3 adsorption and mitigating
chlorine poisoning [14]. After 24 h, MnCeOx-SiW retained approxi-
mately 90 % CB conversion and complete NO conversion (Fig. 2a-2b).
Notably, the presence of HyO facilitates the formation of hydroxyl rad-
icals on the catalyst surface, thereby enhancing the conversion of NO to
NO5 [23]. Consequently, NO undergoes nearly complete conversion
over 24 h in the presence of H20. In contrast, HyO exhibits an inhibitory
effect on CB conversion, leading to a decrease in conversion to
approximately 70 %. This phenomenon may be attributed to the
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competitive adsorption of water molecules at the interface, along with
their coverage of active sites [24]. To verify the dynamic reversibility of
humidity effects, comparative experiments were conducted under
high-humidity conditions (20 %) (Fig. S5). Results revealed that exces-
sive moisture decreased the initial CB conversion rate from 91.5 %
under dry conditions to 75.5 %, with continued attenuation observed
over prolonged reaction time (declining to 63.2 % after 20 h). Notably,
CB conversion recovered to 79.2 % upon water vapor removal from the
system. Similar trends were observed for NO conversion. It confirms that
the HyO-induced -catalytic performance degradation constitutes a
reversible process rather than permanent chemical structural
breakdown.

To investigate the impact of NO, CB, O,, and NH3 on pollutant
conversion, the effects were examined by introducing and removing the
respective gases, as shown in Fig. 1c-1d. In the system, NO was found to
promote CB conversion, while NHz exhibited an inhibitory effect on CB
conversion. It has been reported that NH3 and CB undergo competitive
adsorption. In the NH3-SCR reaction, NO is oxidized to NOy, which fa-
cilitates the oxidation of CB and accelerates the redox cycling of the
catalyst [25]. Both CB and NHj serve as reductants to assist in NO
conversion, promoting the forward progression of the NH3-SCR reaction
[26]. Comparatively, NH3 plays a more significant role in the SCR cat-
alytic system, effectively enhancing NO conversion (from ~48 % to
~96 %), while CB has no noticeable impact on NO conversion in the
presence of NHs. Additionally, oxygen species play a critical role in the
catalytic processes of CB and NO. The presence of O in the system re-
plenishes the consumption of oxygen species during the catalytic pro-
cess, facilitating the regeneration of oxygen vacancies [8]. As a result,
both CB and NO conversion rates were significantly enhanced upon O,
addition (CB conversion: ~23 % — ~97 %, NO conversion: ~17 % —
~95 %), and subsequently decreased after Oy removal.

3.2. Crystal and chemical structure

The changes in the physicochemical characteristics induced by POM
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functionalization can be visualized through various characterizations,
including XRD, BET, SEM, TEM, and EPR. As shown in Fig. S6a, the
MnCeOx sample exhibits an amorphous structure, primarily due to the
formation of a MnCe solid solution [27]. The impact of POM precursors
(Silicotungstic acid, phosphotungstic acid, and silicomolybdic acid) on
the specific surface area and pore structure was investigated via Ny
adsorption isotherms (Fig. S6b and Fig. S6¢). Although chemical etching
introduces more defects during the preparation process, the formation of
the acid-site POM coating leads to a reduction in specific surface area,
pore diameter, and pore volume (Table 1). Among these, the
MnCeOx-SiW catalyst, with silicotungstic acid as the precursor, exhibits
relatively smaller reductions in surface area, pore volume, and pore
diameter, which are 91.64 m?/g, 0.32 cm® /g, and 6.2 nm, respectively.
This suggests that the POM structure not only formed on the surface but
also exists within the pores. According to IUPAC classification, the Ny
adsorption-desorption curves of the samples primarily exhibit a type IV
isotherm. The hysteresis loop observed during desorption at low pres-
sure corresponds to the H3 type, indicating that mesopores formed by
particle aggregation are the primary pore structure [28].

Fig. 3 shows that all samples consist of relatively uniform particles
(~10 nm in size), with a large amount of "amorphous" matrix and
randomly distributed crystalline domains can be observed on the surface
of the samples. This observation is consistent with the XRD analysis. The
abundant amorphous matrix, along with the presence of a large number
of oxygen vacancies, can promote the activation of molecular oxygen
and the transfer of lattice oxygen. The EPR spectra (Fig. S7) reveal the
changes in the uncoordinated electrons at the oxygen vacancy. The
electron spin concentration of oxygen vacancies as follows: MnCeOx-
Siw (5.87 x 10'3 spins/g) > MnCeOx-SiMo (3.64 x 1013 spins/g) >
MnCeOx-PW (2.54 x 10 spins/g) > MnCeOx (1.71 x 10'2 spins/g).
The increased electron spin concentration confirms that the formation of
the surface POM structure facilitates the creation of oxygen vacancies,
which in turn promote the migration and transformation of oxygen
species [29]. Among these, the POM-SiW structure contributes most
significantly to the increase in oxygen vacancy content. Additionally,
the uniform distribution of elemental components (Si, P, W, and Mo) on
the surface (Fig. S8). It further indicates that the POM structures
(POM-PW, POM-SiMo, and POM-SiW) are synthesized on the surface of
MnCeOx with, without significantly altering its morphology. The surface
atomic Mn/Ce weight ratio of MnCeOx-PW, MnCeOx-SiMo,
MnCeOx-SiW, and MnCeOx was 3.40, 4.07, 7.00 and 9.64 comparing to
1.55, 2.16, 1.78, and 2.89 from ICP-OES results, respectively, revealing
more Mn on the catalysts surface.

As shown in Fig. 4, the peaks near 640.8 eV, 642.1 eV, 643.6 eV, and
646.1 eV correspond to Mn?", Mn®*, Mn*", and Mn?" satellite peak,
respectively [29,30]. The Ce 3d spectrum shows 8 deconvolution peaks,
which correspond to Ce3t species (v’: 885.5 eV, u’: 903.6 eV) and Ce*t

Table 1
Physical and chemical properties of catalyst.

Sample Sper® A D,° Mn/ Mn/ Mn*/ O/
(m%g) (cm’/ (nm) ce! Ce® ce?t! Ouds’
g) (Wt%) (Wt%) (%)
MnCeOx- 87.34 0.19 7.0 3.40 1.55 31.3/ 1.8
PW 19.4
MnCeOx- 89.26 0.21 7.5 4.07 2.16 28.4/ 1.6
SiMo 12.3
MnCeOx- 91.64 0.32 6.2 7.00 1.78 39.4/ 2.1
Siw 21.4
MnCeOx 94.22 0.37 11.96 9.64 2.89 37.3/ 1.5

20.4

a
b

Surface Area.

Desorption cumulative volume of pores.

¢ Desorption average pore diameter.

4 The ratio of Mn and Ce obtained from SEM-EDS results
¢ From ICP-OES results.

f From XPS results.
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species (v: 882.6 eV, v’’: 889.7 eV, v’’’: 898.2 eV, u: 901.2eV, u’’:
907.5 eV, u’’’: 916.6 eV) [30]. Mn** exhibits strong low-temperature
activity for NH3-SCR and can effectively accelerate the generation of
the highly oxidative NO3, which is favorable for the CB oxidation in the
synergistic process. Therefore, the MnCeOx-SiW catalyst, rich in Mn** on
the surface, demonstrates the best low-temperature synergistic catalytic
performance. As shown in Table 1, POM functionalization leads to
different changes in the Mn and Ce species, which can be attributed to
the connection between Mn and Ce (Mn-O-Ce), allowing interaction
through bridging oxygen (Ce** + Mn>*/** — Ce** + Mn?**/**). The surface
POM-SiW structure effectively increases the Mn*" (37.3 % — 39.4 %)
and Ce* (20.4 % — 21.4 %) content, while POM-SiMo and POM-PW
show the opposite trend, consistent with their catalytic performance.

The peaks at 529.6 eV, 531.6 eV, and 533.4 eV correspond to lattice
oxygen (Oj,t), adsorbed oxygen (Oags), and hydroxyl oxygen (Owar) [27,
29]. The POM functionalization on the catalyst surface effectively acti-
vates Oy, causing it to shift to a lower binding energy (529.3 eV). The
Olat/Oags ratio follows the order: MnCeOx-SiW (2.1) > MnCeOx-PW
(1.8) > MnCeOx-SiMo (1.6) > MnCeOx (1.5), indicating that the sur-
face POM structure primarily connects through Oy, as a bridge, and it
lead to a significant increase in Oy, content after POM functionalization
[14]. Simultaneously, the consumption of O}, promotes the formation of
oxygen vacancies, which is consistent with the EPR results. The O-TPD
curve is used to evaluate the oxygen storage capacity (Fig. 4d). The
oxygen desorption peaks in the temperature ranges of 50-300 °C,
300-500 °C, and 500-700 °C, corresponding to adsorbed oxygen, sur-
face lattice oxygen, and bulk lattice oxygen, respectively [31]. No bulk
lattice oxygen peaks are observed in the MnCeOx spectrum, primarily
because their desorption temperature exceeds 700°C. The strong inter-
action between the surface POM structure and MnCeOx promotes the
migration of bulk lattice oxygen to the surface, effectively lowering the
activation temperature of bulk lattice oxygen [32]. The desorption
temperature of surface adsorbed oxygen for MnCeOx-SiW (237 °C) is
lower than that of MnCeOx-SiMo (240 °C) and MnCeOx-PW (254 °C),
indicating that the surface adsorbed oxygen in MnCeOx-SiW is more
easily migrated and converted. On the other hand, the removal of NOx is
closely related to the reducibility of the catalyst. The Hy-TPR spectrum
(Fig. 4e) shows two reduction peaks in the temperature range of
100-550 °C, which are attributed to the reduction of O,qs and Oy, [33].
After POM functionalization, the reduction temperature of Oy in
MnCeOx-SiMo shifts to higher temperatures, whereas MnCeOx-SiW and
MnCeOx-PW shifts to lower temperatures. It suggested that the forma-
tion of interfacial POM-SiW and POM-PW structures could enhance the
catalyst’s reducibility, consequently lowering the operational tempera-
ture for lattice oxygen involvement in the NH3-SCR reaction. It corre-
sponds to the activity test results of NO.

3.3. Electronic structure

The Mn as the active site for low-temperature reactions in MnCeOx.
To further investigate the impact of POM functionalization on the active
sites of MnCeOx, X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analyses were con-
ducted. Fig. 5a shows the Mn K-edge XANES spectra for MnCeOx and
MnCeOx-SiW. After POM functionalization, the absorption edge of
MnCeOx shifts to higher energies, and the intensity of the white line
peak significantly decreases. This indicates that POM functionalization
increases the oxidation state of Mn, enhancing the splitting of the 1's
orbital into the 4p orbital. Additionally, the XANES spectra are similar to
the Mn3O4 reported [34], suggesting that Mn in MnCeOx predominantly
exists in the form of Mn3gO4. The Mn K-edge EXAFS oscillation function
kzx(k) (Fig. S9) shows similar oscillatory structures for MnCeOx and
MnCeOx-SiW. Fig. 5b displays the Mn K-edge of the Fourier transform in
R-space, weighted by k*[y(k)]. The peaks around 1.5 A and 2.5 A are
attributed to Mn-O and Mn-Mn interactions [35]. Additionally, no
Mn-Ce, Mn-Si, or Mn-W scattering is observed. It could be attributed to
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Ce predominantly coordinating through Ce-O, while the atomic content
of Si and W is relatively low. As demonstrated in Table S2, the elonga-
tion of Mn-O bond length (1.90 — 1.91 Z\) in the MnCeOx-SiW structure
indicates a reduction in bond energy, which effectively enhances dy-
namic electron cycling between Mn*" and Ce3". This phenomenon ex-
hibits a synergistic effect with the characteristic shift in lattice oxygen
binding energy (529.6 — 529.3 eV) observed in MnCeOx-SiW. The co-
ordinated mechanism accelerates the regeneration of surface active
oxygen species while establishing an efficient Mn*"-0-Ce®>* charge
compensation pathway through metal-oxygen interactions, thereby
achieving enhanced catalytic efficiency.

To further confirm the effect of POM grafting on the coordination
structure of MnCeOx-SiW, wavelet transform (WT) of the Mn K-edge
EXAFS oscillations was performed (Fig. S10). The two strongest peaks,
associated with the Mn-O and Mn-Mn coordination paths, show a
decrease after POM functionalization. The XAFS results clearly indicate
that, although the initial structures are similar, the irreversible local
reconstruction of electron is a direct structural response of the catalyst to
POM functionalization, reflecting an alteration in the catalyst’s
microstructure.

To investigate the effect of POM-SiW structure on the surface elec-
tronic structure of active site (Mn3O4), a coupling model of Mn304-SiW
was established using the Mn3O4 (211) crystal face as the active facet
and the SisW303 as the POM-SiW structure. The local charge density
difference was calculated, as shown in Fig. 5c. Due to the interface
coupling between Mn3O4 and Si4sW50s3, the charge density of surface
oxygen atoms on MnsOy significantly increases, while the charge density
of adjacent Si atoms decreases. It suggests that electrons transfer from
the interface Si in Si4sW203 to the O atoms in Mn3O4, which could
activate the Oy, in Mn3O4 [36]. To confirm this, the projected density of
states (PDOS) was analyzed to elucidate the interaction between orbitals
(Figs. 5d-4e). The introduction of SisW,03 widens the band gap,
increasing the electron occupancy and splitting of the O 2p orbital states,
while electrons from the Mn d orbitals are transferred to unoccupied

states. This indicates that SiyW503 suppresses the transfer of electrons
from the O 2p orbitals to the empty Mn 3d orbitals, thereby weakening
the Mn-O bond [20].

3.4. The role of acid sites

Surface acidic sites play a critical role in catalytic processes and have
a significant impact on low-temperature catalytic stability. NHs-tem-
perature programmed reduction (NH3-TPD) analysis was used to
investigate the acidity of samples. The results show that the surface
acidity of catalysts consists of weak acid sites (50-200 °C), moderate
acid sites (200-350 °C), and strong acid sites (>350 °C) (Fig. 6a) [37].
The significant increase in acid content after POM functionalization is
mainly attributed to the precursor etching during the preparation pro-
cess (Table S3). Notably, MnCeOx-SiW exhibited lower desorption
temperatures for weak acidic (108 °C) and moderate acidic sites (247
°C), indicating that MnCeOx-SiW is more readily involved in NHs
adsorption and desorption at low temperatures, thereby facilitating NO
conversion. To identify the surface acidity of the samples, pyridine
infrared (Py-IR) spectroscopy was used to determine the types and
quantities of acidic sites on the catalyst surface (Fig. 6b and Fig. S11).
The peaks at 1440 cm™! and 1575 cm™! are attributed to the molecular
in-plane ring deformation vibration of pyridine adsorbed on weak Lewis
acid sites on the catalyst surface. The peak at 1605 cm ™! corresponds to
strong Lewis acid sites, the peak at 1530 cm™! is associated with
Brensted acid sites. The vibration peak at 1488 cm™! is attributed to the
synergistic peak of Lewis and Brgnsted acid sites [38]. Quantitative
analysis of the Lewis and Brgnsted acid sites reveals that POM func-
tionalization could significantly enhances surface acidity sites. Among
the samples, MnCeOx-SiW has the highest number of acidic sites.
However, as the temperature increases, the number of Lewis acid sites
decreases significantly, resulting in a higher Brgnsted/Lewis ratio.
Combined with analysis of carbon balance and N selectivity (Fig. 1), the
information could be inferred that weak acid sites dominate the CO
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oxidation pathway at low temperatures (120-180 °C), achieving 86.9 %
CO: selectivity at 180 °C. In contrast, Brgnsted acid sites at elevated
temperatures (270-300 °C) enhance N: selectivity by activating
nitrogen-containing intermediates, reaching 100 % at 270 °C. Further-
more, Furthermore, acid sites with higher strength promote HCI for-
mation, inhibits the electrophilic chlorination of CB, and makes the HCl
selectivity of MnCeOx-SiW (62.3 %) higher than that of MnCeOx
(35.4 %) at 180 °C [39,40].

The formation of Cl-containing species is one of the key factors
influencing the stability differences among catalysts. The formation
energy of HCI on the POM-SiW structure (0.21 eV) is lower than that on
Mn304 (0.46 eV) and CeO3 (0.68 eV) (Fig. 6¢). It can be inferred that
Mn30y, is the main dechlorination site of MnCeOx, the combination of
POM-SiW and Mn304 facilitates the dechlorination of CB on the POM-
SiW phase and the subsequent formation of HCI, thereby preventing
chlorine poisoning of the active sites (Mn304). Adsorption models of CB,
NO, and NH3 on Mn304-SiW, Mn3O4, and CeO; were constructed
(Fig. 6d-6g). The results indicate that NHj3 preferentially adsorbs on
Mn304 and CeO, surfaces, whereas NO and CB may undergo competitive
adsorption in the system. Based on adsorption energy calculations, CeOy
exhibits the weakest adsorption capacity for CB, NO, and NHs. The
formation of the POM-SiW structure on Mn3O4 enhances its adsorption
capacity, resulting in a stepwise adsorption order sequence for CB
(]-0.67 eV|), NHs (|-0.51 eV|), and NO (|-0.37 eV|), thereby suppressing
competitive adsorption. Consequently, Mn304-SiW is presumed to pri-
marily function as a CB adsorption site in the initial reaction stage, while
the neighboring acidic sites effectively adsorb NH3, promoting NH4Cl

formation and accelerating chloride ion dissociation. The finding is
consistent with the stability tests and TOF-SIMS characterization results
(Fig. S12).

3.5. Synergistic catalytic mechanism

In situ DRIFTs, and TOF-SIMS analyses were conducted to investigate
the interfacial reactions and catalytic pathways. As shown in Fig. 7, the
bands at 1399, 1486, and 1592 cm™! are attributed to the in-plane
skeletal vibrations of the aromatic ring in CB (Table 2) [41]. The ab-
sorption band at 1303 cm ! corresponds to phenolate species, while the
peak at 1685 cm™! is assigned to quinone [32]. The bands at 2340 and
2356 cm ™! are attributed to CO; [29]. According to the results of
TOF-SIMs, it can be seen that intermediate products such as chlorine
atoms, benzene, phenol, quinone, maleic anhydride, and acetic acid
continuously deposit on the catalyst surface over time (Fig. 7b).
Therefore, the information can be inferred that CB primarily follows the
LH mechanism. CB is adsorbed onto the Lewis acid sites, and then un-
dergoes a nucleophilic substitution reaction at the active sites with the
participation of reactive oxygen species, resulting in the formation of
intermediate products such as phenol and quinone, as well as final
products like CO, CO,, and HyO. Meanwhile, the peaks at 1060 and
1507 cm ! assigned to monodentate nitrate are observed. The peak at
1240 cm ™! corresponds to bridging nitrate [32]. The peaks at 1433 and
1625 cm™! are considered to be associated with the Bronsted-acid
adsorbed NHZ (B-NHJ) and Lewis-acid adsorbed NH3 (L-NH3), respec-
tively [42]. The peaks at 1345 and 1541 cm™! are attributed to the inert
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Table 2
The species information of in-situ DRIFT spectra.

Wavenumbers (cm’l) Species

1240 Bridging nitrates
1303 Phenate

1345 N,0%°

1433 B-NH4+

1060, 1507 Monodentate nitrites
1399, 1486, 1592 Aromatic ring

1541 -NHy

1625 L-NH3

1675 benzoquinone

2321, 2356 COo,

N,03% and -NH, species [32,43]. These substances correspond to NHa,
NHs, NH, NO3, N,O%, and other species observed in the TOF-SIMS re-
sults. Therefore, it can be inferred that NH3 is adsorbed at the acidic sites
(mainly via Lewis acid adsorption) during the catalytic process, existing
in the forms of NHsgs and NHj. NHs.qs or NHJ breaks and forms,
N-NHOH,4s, N-NOH,q45, N2O, N5, and H;0 under the attack of active
oxygen species, while the hydrogen atoms are captured by the catalyst
surface, leading to the regeneration of consumed Brgnsted acidic sites or
release of HCl [5]. In addition, a decrease in the species of N,0%
(1344 cm_l), B-NHj (1418 cm_l), Monodentate nitrites (1511 cm‘l)
were observed with the temperature increase (150 — 210 °C) on the
catalyst surface, while the amounts of Aromatic ring (1399, 1490,
1595 cm™ 1) and phenate (1303 cm ™)) increase (Fig. S13). It further
confirmed that an increase of temperature results in a decrease content
of acidic sites and enhanced catalytic activity for CB, suppress the
NHj3-SCR reaction.

To further investigate the impact of POM functionalization on the
catalytic pathway, in-situ DRIFTs spectra of MnCeOx and MnCeOx-SiW
were compared, as shown in Fig. S14. Compared to MnCeOx, the surface
concentrations of nitrogen-containing species were increased after POM
functionalization, such as monodentate nitrates (1507 cm’l), bridged
nitrates (1240 cm_l), and B-NHs (1433 cm_l), as well as the content of
the benzene ring (1380, 1490 cm’l). Furthermore, the surface concen-
trations of deposited species such as Cl,, C¢HsCl, C4H203, NO3, and
N,03% on MnCeOx-SiW exhibit a decreasing trend, while intermediate
products including phenol (C¢HgO), quinone (CgH403), acetic acid
(C2H403), NO3, N2O, NH4CI, and adsorbed species (NO, NHs3, and NHy4)
show a increase (Fig. S12). It indicates that POM functionalization
effectively enhances the conversion rates of CB, NO, and NHs, as well as
a higher number of acidic sites and promote the dissociation of the Cl

atom in CB and the formation of NH4CI [25].

To further investigate the synergistic mechanism between CB and
NO, the effects of different atmospheres on the interfacial reactions were
studied. The impact of CB on the NHs-SCR reaction is displayed in
Fig. 8a. At the early stage of the reaction, bridging nitrate (1252 cm™),
N,0% (1348 cm™!), monodentate nitrate (1506 cm’l), and L-NHj3
(1620 cm™!) can be observed. The species on the catalyst surface
gradually increase over time until saturation is reached. As for the B-
NHJ, it only observed at the reaction initial, indicating that NH} is
rapidly consumed at the beginning. Compared to the NH3-SCR reaction
alone, the introduction of CB leads to the appearance of vibration peaks
corresponding to adsorbed aromatic rings (1399, 1482, 1592 cm™)),
benzquinone (1676 cm™'), B-NHf (1433 cm™!), inert N,0%
(1348 cm’l), and -NH, (1541 cm™)) on the surface. These peaks grad-
ually intensify over time, while the L-NH3 (1620 cm™!) and bridging
nitrate (1252 cm™!) peaks show the opposite trend. It suggests that the
addition of CB can effectively accelerates the electron transfer rate,
enhancing the conversion of NH3 to NH4 and promoting the formation
of NH, and N,0%, which in turn inhibits the deposition of bridging ni-
trates. Moreover, no open-ring products (maleic anhydride, acetate
salts) were observed, which could be attributed to the coverage by
nitrogen-containing functional groups. The NHs; and Oy impacts was
analyzed in the synergistic catalytic system. As Fig. 8b displayed, the
intensity of the functional group peaks on the catalyst surface gradually
increased from O to 30 min. However, there were no significant changes
in the surface functional groups or their peak intensities after the
addition of NHs, suggesting NH3 can accelerate the redox reactions and
reduce the deposition of carbon- or nitrogen-containing species. The
addition of O3 have a great influence on the surface functional groups, as
shown in Fig. 8c. During the initial 30 min reaction, the intensity of the
functional group peaks on the catalyst surface (e.g., quinone at
1675 cm’l, NZO% at 1349 cm’l, aromatic ring at 1405 cm’l, and L-NHj3
at 1626 cm™ ') gradually increased over time under anaerobic condi-
tions. However, the NH; functional group exhibited a different trend,
with an initial increase followed by a decrease. Hence, it can be inferred
that Oy, determines the formation rate of NH,. Additionally, bridging
nitrate (1240 cm™}) appears upon the introduction of O,. The peak in-
tensities of NHp, L-NHjs, and the benzene ring significantly increase over
time, while the peak corresponding to benzquinone gradually disap-
pears. It indicates that oxygen species are critical in the NH3-SCR and CB
catalytic processes. The introduction of Oy effectively replenishes the
consumed oxygen species in the system, thereby accelerating the
interface reaction rate.

The samples were analyzed for their crystal structure, morphology,
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and surface element valence states before and after the experiment, with
the relevant results shown in Fig. S15-S18 and Table S4. No significant
morphological deformation or phase transformation was observed
before and after the experiment (Fig. S15-S16). The D, increased to
12.9 nm after the reaction, indicating that the pore structure was dis-
rupted during the reaction, leading to a decrease in specific surface area
and pore volume from 91.64 m?/g and 0.32 cm®/g to 90.86 m?/g and
0.18 cm®/g, respectively (Fig. S17). It can be attributed to chlorine and
carbon deposition on the surface and pores of sample. Higher concen-
trations of NO and NHj effectively promoted the electron cycling
EM>* 4 =ce®t > =Mn?3t + =Ce*"), resulting in a reduction
of Mn*" and Ce®" in the sample after the reaction (Fig. S18). The in-
crease in the O,q5/Ojat ratio suggests that surface oxygen species par-
ticipates in the reaction. Notably, the O,qs/O,¢ ratios of MnCeOx-SiW is
higher than MnCeOx after the reaction. It further indicates that POM
functionalization activates Ojy, accelerates its release, and effectively
enhances the conversion of active oxygen species in the system. As for
the Ce, it primarily exists in the form of an electron transfer mediator.
In summary, a low-temperature synergistic catalytic mechanism for
CB and NO is proposed, as illustrated in Fig. 9. CB and NH3 compete for
adsorption at the acidic sites. The NH3-SCR reaction follows a coexis-
tence mechanism of Langmuir-Hinshelwood (LH) and Eley-Rideal (ER),
with the LH mechanism being dominant. Initially, NHj is adsorbed on
the Lewis and Bronsted acidic sites of the catalyst, forming NHs,qs and
NHj. Under the function of active oxygen species and active sites,
NH3,4s/NH4 and NO sequentially form N-NHOH,gs, N-NOH_gs, N2O, Ny,
and Hy0. The Mn%/3+ species, which result from charge transfer and act
as active sites. It works synergistically with NO, Oy, or nearby Ogqs,
facilitating the rapid oxidation of CB and leading to the formation of
intermediate products such as quinone, maleic anhydride, and propionic

NH; C6H_5CI

) -

Mn?3+-0-Ce?”

acid, and even CO, COj, and H30. On the other hand, the charge
compensation for Mn**/3* = Mn®**/** is mainly provided by Ce**
Ce>*. During the initial stage of the NH3-SCR reaction, NHJ formed acts
as a dechlorination agent, facilitating the dissociation of the Cl atom in
CB. The Cl atom either combines with another Cl atom or migrates to the
Bronsted acidic site, eventually desorbing as Cl, or HCIL.

4. Conclusion

This study provides an in-depth exploration into the role of POM
functionalization in the synergistic catalysis of CB and NO. The proton-
conductive POM-SiW framework suppresses chlorine deposition, pre-
venting active-site poisoning, while its electron transfer to lattice oxygen
weakens Mn-O bonds and activates lattice oxygen. Furthermore, POM-
SiW optimizes surface interactions by mitigating competitive adsorp-
tion between reactants and balancing acidity-redox properties, which
results in a reduction of the Ty for CB to 167 °C and an expansion of the
NO catalytic temperature window (120-210 °C) in the synergistic cat-
alytic system. NO, and NHJ act as auxiliary oxidants and dechlorinating
agents, respectively, synergistically promoting CB decomposition. These
insights establish a strategy for lattice oxygen activation, expanding the
operational temperature window for the simultaneous control of mul-
tiple pollutants (NOx and CI-VOCs).
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