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Abstract
The  incorporation  of  promoters  to  form  bimetallic  clusters  is  a  feasible  strategy  for
boosting catalyst performance in the selective catalytic reduction of nitrogen oxides (NOx)

by carbon monoxide (CO) (CO-SCR); however, developing bimetallic catalysts suitable for
complex flue  gas  conditions remains  challenging.  This  study reports  a  highly  dispersed,
sub-nanometer  iridium-molybdenum  (Ir-Mo)  cluster  catalyst  predominantly  confined
within  ZSM-5  (MFI-type  zeolite)  crystals  (denoted  as  Ir-Mo@Z5),  in  which  hydroxyl
groups (-OH) serve as active sites, thereby preserving high catalytic performance under
oxygen  (O2)-  and  sulfur  dioxide  (SO2)-containing  conditions.  Remarkably,  this  catalyst

achieves ∼62.4% NOx conversion at 275 °C in the presence of 5% O2 and 200 ppm SO2.

The crucial role of the -OH groups is revealed by comparison with an Ir-Mo/Z5 catalyst
prepared by conventional impregnation. On the one hand, the -OH groups are generally
occupied by Ir  species,  thereby reducing the extent  of  CO oxidation and promoting NO
reduction by CO. On the other hand, the oxidation of SO2 on the catalyst and the resulting
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consumption  of  -OH groups,  especially  the  bridging  silanol-aluminum group (Si-OH-Al),  constitute  the  intrinsic
mechanism  that  reduces  the  nitrate-mediated  “ineffective  reaction  pathway”  in  the  presence  of  O2.  This  work

elucidates how the structural state of bimetallic clusters influences the SO2-promoted -OH mechanism, guiding the

rational design of high-performance bimetallic CO-SCR catalysts tailored for complex reaction conditions.

INTRODUCTION
Nitrogen oxides (NO

x
), primarily nitric oxide (NO),

nitrous oxide (N
2
O), and nitrogen dioxide (NO

2
),

are major air pollutants that contribute to photo-

chemical smog and acid rain and pose serious

threats to human health
[1,2]

. Although selective cat-

alytic reduction (SCR) technology using ammonia

(NH
3
) as a reducing agent (NH

3
-SCR) has been

widely applied for the removal of stationary-source

NO
x
, it suffers from drawbacks such as NH

3
 slip and

the high cost of NH
3
 storage and transportation

[3]
.

The CO-SCR technology, using carbon monoxide

(CO) instead of NH
3
 as a reducing agent, has

become a research hotspot in recent years, as CO is a

byproduct of the incomplete combustion of

carbon-based fuels and is present at high concentra-

tions in industrial flue gas
[4-6]

. This technology is of

great significance for the coordinated control of NO
x

and CO emissions simultaneously.

However, the activity of most CO-SCR catalysts is

limited by the presence of oxygen (O
2
), as CO is

more likely to be oxidized than participate in NO
x

reduction. Compared to other catalysts, iridium

(Ir)-based catalysts exhibit superior performance in

O
2
-containing environments and have been widely

studied
[7 ,8]

. Typically, Ir
0

 is considered the main

active site because the electrons are transferred from

Ir
0

 to the antibonding π orbital of NO, thereby weak-

ening the N–O bond
[9]

. Furthermore, Ir
δ+

 serves as a

charge-transfer bridge, accepting electrons from the

carbon (C) atom of CO and facil itating redox

cycling
[10]

. Our previous research has confirmed that

an Ir-based catalyst encapsulated in Zeolite Socony

Mobil-5 (ZSM; Ir@ZSM-5) is more effective
[11]

, as Ir

and Ir
δ+

 are more likely to reach dynamic equilib-

rium in the presence of O
2
 and SO

2
 due to the micro-

pore confinement.

Recently, an increasing number of studies have

shown that adding promoters to form bimetallic clus-

ters enhances the performance of CO-SCR catalysts.

Ji et al.
[12]

 demonstrated that the electronegativity

difference between Ir and tungsten (W) promotes

electron transfer, thereby improving CO-SCR activ-

ity. Isolated Ir single atoms and Ir-W intermetallic

nanoparticles coexist on ordered mesoporous SiO
2

(KIT-6), enabling complete NO conversion to nitro-

gen (N
2
) at 250 °C under 1% O

2
. Similarly, Wang et

al.
[13]

 found that highly dispersed Ir and tungsten

oxide (WO
3
) species facilitated strong Ir-W interac-

tions, resulting in more exposed Ir
0

 and Ir-WO
3-x

active sites and enhancing the adsorption and disso-

ciation of NO. Takahashi et al.
[14]

 also proposed that

Ir-WO
x
 species (2.92 ≤ x ≤ 3) on Ir/WO

3
-SiO

2

promote NO dissociation. However, these studies

remain limited to bimetallic clusters supported on

the surface. Research on enhancing the CO-SCR

performance of bimetallic clusters via zeolite micro-

pore confinement remains scarce.

Herein, we report that ir idium-molybdenum

(Ir-Mo) bimetallic clusters encapsulated within

ZSM-5 achieve highly efficient CO-SCR in the pres-

ence of oxygen (O
2
) and sulfur dioxide (SO

2
). Mo,

which belongs to the same group as W, is also a

commonly used active component for NO adsorp-

tion and dissociation in SCR catalysts
[15]

. Previous

studies have shown that smaller molybdenum tri-

oxide (MoO
3
) particles interact more readily with

Brønsted acid sites on the surface of ZSM-5 to form

Mo-O-Al species, resulting in a favorable phase

structure of the Mo/ZSM-5 catalyst for NO reduc-

tion
[16,17]

. In addition, Xie et al.
[18]

 reported that prefer-

ential anchoring of Mo atoms at terminal hydroxyl

(-OH) groups on the support promotes the aggrega-

tion of other low-loading noble metal atoms into

highly concentrated electron-rich species. Similarly,

Fu et al.
[19]

 confirmed that the addition of Mo is bene-

ficial for reducing the oxidation state of Ir in the

Ir/TiO
2
 catalyst.

In this work, we employed a one-step synthesis to

prepare an Ir-Mo@ZSM-5 catalyst, in which Ir-Mo

bimetallic clusters were spatially confined within the
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ordered ZSM-5 framework. This spatial confine-

ment balances the contents of Ir
0

 and Ir
δ+

 species,

leading to superior NO
x
 conversion performance.

The Ir-Mo@ZSM-5 catalyst achieved a NO
x
 conver-

sion of approximately 62.4% at 275 °C under simulat-

ed industrial flue gas conditions (400 ppm NO, 8,000

ppm CO, 5% O
2
, and 200 ppm SO

2
). This study high-

lights the effectiveness of zeolite micropore confine-

ment in enhancing the CO-SCR performance of

bimetallic clusters. Further, it reveals, through sys-

tematic investigation of hydroxyl groups, that the

structural state of the bimetallic clusters governs the

SO
2
 promotion mechanism, providing valuable

insights for the rational design of highly efficient

CO-SCR catalysts.

EXPERIMENT
Catalyst preparation

Tetrapropylammonium bromide (TPABr, 98%), sil-

ica sol (20%-40%), sodium aluminate (NaAlO
2
,

analytical reagent), and sodium hydroxide (NaOH,

96%) were purchased from Shanghai Macklin Bio-

chemical Co., Ltd. Hexachloroiridic acid hydrate

(H
2
Cl

6
Ir ·xH

2
O, 36%), ammonium molybdate

[(NH
4
)

6
Mo

7
O

24
·4H

2
O], ethylenediamine (EDA,

99.5%), and tetraethylenepentamine (TEPA,

technical grade) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd. Unless

otherwise specified, all chemicals were of analytical

grade and used as received without further purifica-

tion.

TPABr, silica sol, NaAlO
2
, and NaOH were used for

preparing ZSM-5 (hereinafter referred to as Z5). An

improved ligand-protected one-step synthesis strat-

egy was used to obtain ZSM-5-encaged Ir-Mo

bimetallic clusters, denoted as Ir-Mo@Z5. Ir-Mo/Z5

catalysts were prepared by the impregnation method

with the same metal loading for comparison. The

symbols “@” and “/” are used to distinguish catalysts

prepared  via  encapsulat ion  within  zeol i te

frameworks and surface-supported configurations,

respect ively .  Before  evaluat ing  catalyt ic

performance, the synthesized Ir-Mo@Z5 and

Ir-Mo/Z5 catalysts were pretreated in 5% hydro-

gen/argon (H
2
/Ar) at 200 °C for 30 min. The detailed

synthetic method is provided in the Supplementary

Materials. A schematic diagram of Ir-Mo@Z5 cat-

alyst preparation is shown in Supplementary Fig-

ure 1.

Catalytic performance evaluation and catalyst
characterization

The activity measurements of CO-SCR at atmospher-

ic pressure were conducted in a quartz tubular cont-

inuous-flow reactor (inner diameter = 6 mm) using

40-60 mesh catalyst particles. The total flow rate of

the simulated reactant gas was 100 mL⋅min
-1

 with a

gas hourly space velocity (GHSV) of 16,000 h
-1

. The

gas composition contained 400 ppm NO, 8,000 ppm

CO, 5% O
2
, 200 ppm SO

2
, and N

2
 as the balance gas.

Concentrations of CO and NO
x
 were analyzed in

real time using an online Fourier transform infrared

(FTIR) spectrometer equipped with a deuterated

triglycine sulfate (DTGS) detector. The conversion

and selectivity were calculated as below
[20]

:

Detailed information on catalyst characterizations is

provided in the Supplementary Materials.

RESULTS AND DISCUSSION
CO-SCR performance

The CO-SCR performance of Ir-Mo@Z5 and

Ir-Mo/Z5 catalysts under typical industrial flue gas

conditions was evaluated within the temperature

range of 150-400 °C. The results are presented in Fig-

ure 1. As shown in Figure 1A, the NO conversion of

both samples follows a volcano curve, with or with-

out SO
2
 introduction, consistent with recent reports

in the literature
[13,21]

. It is worth noting that after SO
2

injection, the NO conversion of Ir-Mo/Z5 increased

significantly, whereas that of Ir-Mo@Z5 decreased

slightly. Comparison of the NO conversion of

Ir-Mo@Z5 with that of several high-performance

bimetallic catalysts reported in the literature [Supple-

mentary Table 1] shows that Ir-Mo@Z5 exhibits

superior catalytic performance under comparable

(1)

(2)

(3)

(4)

(5)

(6)

XNOx =

[
NO(in)−NO(out)−N2O(out)−NO2 (out)

NO(in)

]
× 100%,

=

[
NO(in)−NO(out)

NO(in)

]
× 100%,

XCO =

[
CO(in)−CO(out)

CO(in)

]
× 100%,

SN2 =

[
NO(in)−NO(out)−2N2O(out)−NO2 (out)

NO(in)−NO(out)

]
× 100%,

SN2O =

[
2N2O(out)

NO(in)−NO(out)

]
× 100%,

SNO2 =

[
NO2 (out)

NO(in)−NO(out)

]
× 100%.

XNO

https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
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Figure 1. CO-SCR performance of Ir-Mo@Z5 and Ir-Mo/Z5 catalysts: (A) NO conversion, (B) NOx conversion, (C) CO conversion, and (D)
N2 selectivity. Reaction conditions: [NO] = 400 ppm, [CO] = 8,000 ppm, [O2] = 5%, [SO2] = 200 ppm (when used), GHSV = 16,000 h-1.
SCR: Selective catalytic reduction; GHSV: gas hourly space velocity.

reaction conditions, highlighting its advantages and

potential applications in CO-SCR systems. To more

accurately reflect the actual efficiency of NO reduc-

tion to N
2
 and eliminate the interference from

byproducts such as NO
2
, NO

x
 conversion is present-

ed in Figure 1B. Unlike NO conversion, NO
x
 conver-

sion is synchronously promoted for both samples

after  SO
2
 inject ion.  The  NO

x
 conversion  of

Ir-Mo@Z5 was higher than that of Ir-Mo/Z5 across

the entire temperature range, reaching a maximum

of 62.4%. Subsequently, the long-term catalytic stabil-

ity of Ir-Mo@Z5 and Ir-Mo/Z5 was further evaluat-

ed. As shown in Supplementary Figure 2, both cat-

alysts exhibit excellent durability during continuous

reaction, demonstrating their promising potential

for practical applications. Figure 1C confirms that

CO achieves nearly complete conversion at the

temperature where NO or NO
x
 conversion reaches a

maximum over both catalysts, indicating that the

volcano-shaped NO or NO
x
 conversion profile orig-

inates from preferential oxidation of CO by O
2
 at ele-

vated temperatures. In addition, Figure 1D indicates

that the SO
2
 injection effectively improves N

2
 selectiv-

ity, and Ir-Mo@Z5 exhibits superior N
2
 selectivity

compared to Ir-Mo/Z5. Supplementary Figure 3 illus-

trates the effect of O
2
 on CO-SCR performance at

275 °C. Firstly, both catalysts exhibit reduced NO
x

conversion with increasing O
2
 concentration. Howev-

er, Ir-Mo@Z5 maintains higher activity in the

absence of the SO
2 
promotional effect, indicating

better O
2
 tolerance.

These results indicate that although SO
2
 exhibits sim-

ilar promotional effects on NO
x
 conversion over the

two catalysts, the underlying mechanisms differ.

Undoubtedly, SO
2
 effectively improves the selective

reduction of NO to N
2
. As we previously reported

[22]
,

https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
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this is attributed to the regulatory effect of SO
2
 on

the “ineffective reaction pathway” in the presence of

O
2

 with  nitrate  as  an  intermediate .  More

importantly, SO
2
 also promotes NO adsorption on

catalysts prepared by the conventional impregnation

method.

Physical and chemical characterizations

Supplementary Figure 4 shows the X-ray diffraction

(XRD) patterns of Ir-Mo@Z5 and Ir-Mo/Z5 catalys-

ts. The obtained catalysts exhibited a well-ordered

MFI-type zeolite structure of Z5 (PDF#44-0003)
[23,24]

.

No distinct characteristic peaks corresponding to Ir

or Mo species were detected due to the low metal

loading and high dispersion
[25]

. The results demons-

trate that the addition of EDA, TEPA, and metal pre-

cursors into the synthetic gel had a negligible effect

on the crystallization of the Z5 support. N
2
 adsorp-

tion-desorption isotherms of both Ir-Mo@Z5 and

Ir-Mo/Z5 catalysts exhibit typical Type I behavior

[Supplementary Figure 5], indicating a microporous

structure with a dominant pore size of ~0.55 nm

[Supplementary Figure 6]. As summarized in Supple-

mentary Table 2, both catalysts maintain relatively

high specific surface areas (~280 m
2
g

-1
), which pro-

vide abundant sites for the adsorption of CO and

NO molecules. Inductively coupled plasma (ICP)

analysis indicates that the Si/Al ratios of both catalys-

ts are approximately 25. The results also reveal that

the loadings of Ir and Mo are ~0.4 and 0.85 wt.%,

respectively, confirming successful incorporation of

Ir and Mo into the Z5 support.

According to the transmission electron microscopy

(TEM) images of the catalysts [Figure 2] , the

well-dispersed Ir species in Ir-Mo@Z5 exhibited an

average size of 1.0 nm through the one-step synthe-

sis method. The observation that these clusters are

larger than the micropore channels in Z5 (0.55 nm)

can be attributed to partial collapse of neighboring

micropores during metal growth
[26]

. In other words,

the clusters are likely confined within zeolite crystals

rather than within the microporous channels
[27]

.

Combined  with  energy-dispersive  X-ray

spectroscopy (EDS) mapping results, the Mo signal

completely overlaps with that of Ir, suggesting the

formation of Ir-Mo bimetallic clusters
[23]

. In addi-

tion, Ir-Mo bimetallic clusters show clear interplanar

lattice fringes of 0.23 nm, which may correspond to

the Ir (111) facet, implying the favorable dispersion

of Mo species on the Ir surface. Previous studies

have found that the fraction of bimetallic clusters in

zeolite-supported catalysts gradually increases with

prolonged hydrogen (H
2
) reduction time

[ 1 2 , 2 8 ]
,

confirming that H
2
 pretreatment is beneficial for the

formation of Ir-Mo bimetallic interactions. In con-

trast, larger bimetallic clusters (with an average size

of ~8.0 nm) were unevenly distributed on the zeo-

lite’s external surface in catalysts prepared by the

conventional impregnation method.

The Ir 4f X-ray photoelectron spectroscopy (XPS)

spectra of Ir-Mo@Z5 and Ir-Mo/Z5 catalysts are

shown in Figure 3. In Figure 3A, the Ir 4f
7/2

 peak

centered at 61.20 eV and 62.20 eV observed for

Ir-Mo@Z5, which were assigned to metallic Ir
0

 and

oxidized Ir
δ+

, respectively
[29,30]

. After peak fitting, it

was found that the proportion of Ir
0

 in Ir-Mo@Z5

was 52.77%, which is significantly lower than that in

Ir
0

 on Ir-Mo/Z5 (61.54%) [Figure 3B]. Therefore, we

confirm that the ratio of Ir
0

 to Ir
δ+

 can be tuned by

encapsulating bimetallic clusters within the zeolite

micropores, thereby effectively regulating their

redox properties. This is consistent with our previ-

ous finding on Ir clusters encapsulated within zeolite

micropores
[11]

. Furthermore, NO molecule dissocia-

tion can be enhanced by electron-rich Ir
0

 species

through the electron donation from the metal center

into the empty π* orbital of NO
[3]

, which is crucial

for low-temperature catalytic performance. Howev-

er, oxidized Ir
δ+

 species can promote selective NO

adsorption in the presence of O
2
 and even help

maintain a balance between CO oxidation and NO

reduction reactions in the presence of SO
2

[11,31]
. More-

over, the Ir 4f XPS signal intensity of Ir-Mo@Z5 is

lower than that of Ir-Mo/Z5, indicating fewer metal

species are dispersed on the external surface of

Ir-Mo@Z5, which confirms that Ir-Mo bimetallic

clusters are mainly confined within zeolite crystals

via the one-step synthesis method. As shown in Sup-

plementary Figure 7, compared with Ir@Z5, the bind-

ing energy of Ir 4f
7 / 2

 in Mo-modif ied Ir-Mo

bimetallic cluster catalysts exhibits an obvious

redshift of 0.45 eV toward lower binding energy. Giv-

en Ir’s higher electronegativity compared to Mo, Mo

tends to donate electrons in bimetallic clusters. After

H
2
 pretreatment at 200 °C, Mo species in Ir-Mo@Z5

and Ir-Mo/Z5 serve as electron donors, transferring

partial electrons to Ir , thereby increasing the

electron density at Ir sites. The electron-rich Ir
0

 can

https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
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Figure 2. (A and B) TEM image and the corresponding EDS mapping images of Si, Al, O, Ir, Mo in Ir-Mo@Z5, (C and D) AC HAADF-STEM
images of Ir-Mo@Z5, (E) structure diagram of Ir-Mo@Z5, and (F and G) TEM image and the corresponding EDS mapping images of Si, Al,
O, Ir, Mo of Ir-Mo/Z5. TEM: Transmission electron microscopy; EDS: energy-dispersive X-ray spectroscopy; AC HAADF-STEM:
aberration-corrected high-angle annular dark-field scanning transmission electron microscopy.

elongate the N–O bond and facilitate NO dissocia-

tion.

Mechanistic study

Temperature-programmed experiments were con-

ducted to investigate the adsorption and desorption

behaviors of NO and CO on the two catalysts. As

shown in Figure 4A and B, two N
2
O desorption
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Figure 3. Ir 4f XPS spectra of (A) Ir-Mo@Z5 and (B) Ir-Mo/Z5 catalysts. XPS: X-ray photoelectron spectroscopy‌.

Figure 4. (A) NO-TPD profiles, (B) N2O-TPD profiles, (C) CO-TPD profiles, and (D) CO-TPR profiles of Ir-Mo@Z5, Ir-Mo/Z5 catalysts
and Z5 support. TPD: Temperature-programmed desorption; TPR: temperature-programmed reduction‌.

peaks were observed for the Z5 support at 335 and

650 °C in the NO-temperature-programmed desorp-

t ion (NO-TPD) and N
2
O-TPD profi les . This

indicates that all NO molecules adsorbed on the Z5

support undergo a coupling-dissociation process
[4,32]

.

The ONNO intermediate formed through coupling

is prone to N–O bond cleavage, which is completed

at temperatures below 335 °C. The NO-TPD results

for the Ir-Mo@Z5 and Ir-Mo/Z5 catalysts also show

NO desorption peaks. According to previous

reports
[13]

, these NO species are likely adsorbed and

decomposed into nitrates. Compared with the three

N
2
O desorption peaks observed in the N

2
O-TPD

profiles (175, 335, and 530 °C), only two desorption

peaks at 335 and 530 °C were observed in the

NO-TPD profile of Ir-Mo/Z5. This indicates that the

dissociation temperature of ONNO on Ir-Mo/Z5 is

between 175 and 335 °C, whereas that on Ir-Mo@Z5

is between 320 and 385 °C. These results confirm

that electron-rich Ir
0

 species dominate the ONNO

dissociation. Increasing the content of metallic Ir

species in the catalyst is beneficial for intermediate

conversion.
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Figure 5. In situ DRIFTS results for pre-adsorbed NO, NO+O2, or NO+O2+SO2 at 275 °C over (A) Ir-Mo/Z5 and (B) Ir-Mo@Z5 catalysts.
Reaction conditions: [NO] = 400 ppm, [O2] = 5%, [SO2] = 200 ppm, and Ar balance; (C) Variation of Si-OH and Si-OH-Al peak areas
with pre-adsorption on Ir-Mo/Z5 and Ir-Mo@Z5. In situ DRIFTS: In situ diffuse reflectance infrared Fourier transform spectroscopy.

As shown in Figure 4C, carbon dioxide (CO
2
) is the

only desorption product observed for the two catalys-

ts and the Z5 support during programmed heating

(after CO saturation); no significant CO desorption

peak is detected, which is typically associated with

the reaction between CO and lattice oxygen species.

Compared with the CO
2
 desorption peak observed

on the Z5 surface at 650 °C, two additional desorp-

tion peaks appeared at lower temperatures for the

Ir-Mo@Z5 and Ir-Mo/Z5 catalysts. Among them,

the two CO
2
 desorption peaks of Ir-Mo/Z5 occur at

lower temperatures than those of Ir-Mo@Z5, indicat-

ing that the lattice oxygen activity of Ir-Mo/Z5 is

superior to that of Ir-Mo@Z5. We propose that

electrons are transferred from coordinated oxygen

species to the Ir species, reducing the oxidized Ir
δ+

species on Ir-Mo/Z5 to metallic Ir
0

. This process

facilitates oxygen-ion activation and vacancy forma-

tion to maintain charge balance
[4,33]

, thereby explain-

ing the lower activation temperature for CO oxida-

tion on Ir-Mo/Z5. In addition, the simultaneous

formation of CO
2
 and H

2
 at 370 °C on Ir-Mo/Z5 is

observed, originating from the reaction between CO

and surface -OH species (2CO + 2OH → 2CO
2
 +

H
2
)

[34,35]
. According to our previous report

[11]
, Ir

species loaded on the surface of Z5 usually occupy

surface -OH groups
[36]

, especially bridged silanol-alu-

minum groups (Si-OH-Al). Therefore, the larger

bimetallic clusters on Ir-Mo/Z5 obtained via the

conventional impregnation method imply fewer

occupied -OH groups, which may be one of the

reasons for the enhanced CO oxidation activity. Fur-

thermore, Figure 4D shows the CO-TPR results. In

general, the CO
2
 desorption temperature correspond-

ing to the reaction between gas-phase CO and lattice

oxygen species is a lways higher than that for

adsorbed CO on the two catalysts and the Z5 sup-

port, indicating that the Langmuir-Hinshelwood

(L-H) mechanism occurs more readily at lower

temperatures.

To investigate the effects of O
2
 and SO

2
 on reaction

intermediates, NO, NO + O
2,
 or NO + O

2 
+ SO

2
 were

introduced over various catalysts at 275 °C. Accord-

ing to Wang et al.
[37]

, the promotional effects of O
2

and SO
2
 on the performance of Ir-based CO-SCR cat-

alysts may be related to surface -OH groups. Once

NO-adsorbed species occupy a portion of the cat-

alyst surface -OH groups, the intensities of the nega-

tive -OH bands would decrease because fewer

adsorption sites remain available for further adsorp-

tion. Figure 5A and B shows changes in the in situ

DRIFTS spectra over the range of 3,100-3,900 cm
-1

under different adsorption conditions. The absorp-

tion bands observed at 3,678 and 3,587 cm
-1

 are

attributed to the stretching vibrations of isolated

silanol groups (Si-OH) and the bridged silanol-alu-

minum groups (Si-OH-Al), respectively. After NO
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introduction, the peak areas of Si-OH and Si-OH-Al

decrease to different extents. To quantify the varia-

tions in the two -OH groups, Gaussian fitting was

applied to deconvolute the infrared absorption

bands, and the results are summarized in Figure 5C.

The peak area of Si-OH-Al decreases more signif-

icantly after NO introduction, showing a reduction

more than twice that of Si-OH on both Ir-Mo@Z5

and Ir-Mo/Z5 catalysts. This indicates that NO is

more readily adsorbed on Si-OH-Al sites. However,

once NO and O
2
 were introduced simultaneously,

the extent of Si-OH-Al consumption was signif-

icantly reduced, supporting the competitive adsorp-

tion between NO and O
2
. Interestingly, the -OH

groups on the two catalysts exhibited distinctly differ-

ent trends after further SO
2
 introduction. In general,

the two types of -OH groups on the Ir-Mo/Z5 cat-

alyst were significantly consumed, whereas those on

the Ir-Mo@Z5 catalyst were largely preserved after

SO
2
 introduction. Wang et al.

[37]
 reported that SO

2
 is

first oxidized to SO
3
 on the Ir surface and sub-

sequently forms sulfate species on -OH sites, thereby

suppressing a series of side reactions in the presence

of O
2
. As shown in the SO

2
-TPD profiles in Supple-

mentary Figure 8, the SO
2
 desorption amount is high-

er on supports with lower Si/Al ratios, providing

direct evidence for SO
2
 adsorption and activation by

-OH groups. Our previous studies
[22]

 also showed

that SO
2
 oxidation at Ir (111) sites is beneficial for

suppressing the “ineffective reaction pathway” medi-

ated by nitrate species in the presence of O
2
. As men-

tioned earl ier , more oxidized Ir
δ +

 species on

Ir-Mo/Z5 are readily reduced to metallic Ir
0

, facilitat-

ing oxygen ion activation and vacancy formation for

charge balance maintenance, thereby resulting in

higher lattice oxygen activity on Ir-Mo/Z5 than on

Ir-Mo@Z5. Therefore, SO
2
 is more readily oxidized

on the Ir-Mo/Z5 catalyst, leading to greater con-

sumption of -OH groups. These results clearly

explain why the promotional effect of SO
2
 is more

pronounced over Ir-Mo/Z5 than over Ir-Mo@Z5, as

shown in Figure 1 and Supplementary Figure 3.

The activity tests revealed that the mechanism by

which SO
2
 influences CO-SCR performance depends

on the catalyst preparation method. The NO
x
 conver-

sion over Ir-Mo@Z5 is higher than that over

Ir-Mo/Z5 across the entire test temperature range,

reaching a maximum of 62.4%. The one-step synthe-

sis method yields small, uniform Ir-Mo bimetallic

species confined within the zeolite interior, whereas

the conventional impregnation method produces

larger, unevenly distributed particles on the external

surface. The formation of well-dispersed bimetallic

structures is facilitated by appropriate reduction

treatment. The confinement effect of zeolite micro-

pores regulates the electronic state of the active sites,

which is crucial for the adsorption and dissociation

of NO molecules. Meanwhile, particles on the

external surface favor surface oxygen activation and

reactions with surface hydroxyl groups, thereby

enhancing CO oxidation. These results demonstrate

that the spatial distribution and electronic properties

of the active sites can be rationally regulated through

synthetic strategies, thereby governing the adsorp-

tion and reaction pathways of NO and CO.

To investigate the dynamic evolution of adsorbed

species  on  the  two  catalysts ,  NO  was  f irst

pre-adsorbed on the catalyst surface until saturation,

followed by CO introduction to initiate the transient

reaction [Supplementary Figure 9A and B]. Promi-

nent characteristic adsorption peaks corresponding

to ONNO (1,720-1,724 cm
-1

) and N
2
O

4
 (1,683 cm

-1
)

were detected on both Ir-Mo@Z5 and Ir-Mo/Z5,

with dimeric ONNO species serving as the dom-

inant adsorbed intermediates
[11]

. After CO introduc-

tion, the intensity of the ONNO peak gradually

decreased over time on both catalysts, confirming

the synergistic catalytic effect of Ir and Mo sites in

promoting ONNO dissociation. Notably, distinct

adsorption peaks assigned to CO (2,057-2,063 cm
-1

)

and NO (1,830 cm
-1

) adsorbed on metallic Ir
0

 were

observed over Ir-Mo/Z5, confirming the presence of

Ir
0

 species on this catalyst. In contrast, no obvious

adsorption peaks associated with Ir
0

 were detected

on Ir-Mo@Z5. This strongly indicates that the

one-step synthesis strategy effectively enhances the

interaction between Ir and Mo within sub-nanoclus-

ters and suppresses excessive reduction and aggrega-

tion of metallic species. To further explore the effect

of O
2
 on the CO-SCR reaction pathway, in situ

DRIFTS experiments were conducted by introduc-

ing CO following the pre-adsorption of NO + O
2

[Supplementary Figure 9C and D]. Under aerobic

conditions, the proportion of N
2
O

4
 species on

Ir-Mo/Z5 increased markedly, whereas the forma-

tion of ONNO, a key low-temperature active inter-

mediate, was significantly inhibited. By contrast,

https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c6537b9e9da467d9c70c0ebfe0dd8255/1781574810/gs2008-SupplementaryMaterials.pdf
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ONNO remained the dominant NO adsorption

species on Ir-Mo@Z5. This comparative result

reveals that the strong bimetallic interaction within

Ir-Mo sub-nanoclusters efficiently modulates the

electronic structure of active sites and facilitates the

directional conversion of NO into ONNO intermedi-

ates in the presence of O
2
. The superior capability of

Ir-Mo@Z5 to stably maintain ONNO formation and

accelerate its dissociation and transformation under

aerobic conditions accounts for its outstanding cat-

alytic activity in the aerobic CO-SCR reactions. For

both catalysts, NO first couples to form ONNO

species, which subsequently dissociate. The differ-

ence in the ONNO dissociat ion temperature

between the two catalysts is primarily determined by

the electron-rich metallic Ir
0

 species, and a higher Ir

content facilitates intermediate conversion. For CO

activation, it mainly reacts with lattice oxygen

species to form CO
2
. The catalyst prepared via the

conventional impregnation method exhibits higher

lattice-oxygen activity and, therefore, a lower CO oxi-

dation temperature. This catalyst also provides more

available surface hydroxyl groups, which further par-

ticipate in CO oxidation.

In situ DRIFTS results indicate that although SO
2

exhibits similar promotional effects on NO
x
 conver-

sion over the two catalysts, the underlying mecha-

nisms differ. Undoubtedly, SO
2
 promotes the actual

efficiency of NO reduction to N
2
. As we previously

reported
[22]

, this is attributed to the regulatory effect

of SO
2
 on the “ineffective reaction pathway” in the

presence of O
2
 with nitrate species as intermediates.

More importantly, SO
2
 effectively promotes NO

adsorption onto catalysts prepared by conventional

impregnation.

CONCLUSION
This work investigates a one-step-synthesized

Ir-Mo@Z5 bimetallic cluster catalyst and systemat-

ically explores the role of surface hydroxyl groups in

the SO
2
-promoted CO-SCR reaction. The zeolite

confinement effect enables the formation of highly

dispersed Ir-Mo sub-nanoclusters (~1 nm), which

preferentially occupy surface hydroxyl sites and sup-

press non-selective reactions between -OH groups

and CO, thereby endowing Ir-Mo@Z5 with signif-

icantly enhanced NO
x
 conversion compared with

the conventionally impregnated catalyst. In situ char-

acterizations further verify that the consumption of

Si-OH-Al by SO
2
 effectively inhibits the nitrate-medi-

ated non-productive reaction pathway under oxy-

gen-containing conditions, revealing the intrinsic

promotional mechanism of SO
2
. Large-pore mater-

ials can be employed to confine the bimetallic clus-

ters, allowing sufficient SO
2
 diffusion into the pore

channels and enabling reactions with surface hydrox-

yl sites occupied by Ir species, thereby suppressing

non-productive reaction pathways and further

enhancing CO-SCR catalytic performance. These

aspects will be systematically investigated in future

work.
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