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1. General Introduction 

1.1 Environmental issues for NOx 

The major source of nitrogen oxides (NOx) is the combustion of fossil fuels such as petroleum in the 

engines of vehicles or coke in the electrical power plants and NOx is present in the atmosphere as NO, 

NO2, N2O and N2O3.1,2 An internal combustion engine or power plant are essential for human life but 

are also associated with NOx emissions. The treatment of NOx has become indispensable for avoiding 

the negative impact on both human health and the environment. Every year, the number of vehicles 

increases, while vehicle emission control regulations are becoming stricter (Figure 1). Awareness of 

environmental issues is increasing globally, with emission controls starting in 1974 and the sustainable 

development goals (SDGs) being adopted in 2015. The current standards, 'Euro 6' for cars and 'Euro 

VI' for trucks and buses, unify the separate emission control standards and provide uniform standards 

for all vehicles, including electric vehicles (EVs). The European Commission published the draft new 

'Euro 7/VII' emission standards for cars, which will apply from 2025.3 A denitrification (deNOx) process 

through the use of lean deNOx catalysts has become the mainstream solution to remove harmful NOx 

from the exhaust gas emitted by the combustion. 

Selective catalytic reduction of nitrogen oxides (NOx) using NH3 as the reducing agent (NH3-SCR) is 

one of the deNOx technics and commercially utilized to control the pollutant emissions from lean diesel 

engines4,5 or stationary sources (thermal power plants and industrial boilers)6–8 that relies on thermal 

energy produced by the combustion of fossil fuels. It is widely accepted that NH3-SCR has been used 

with ammonia as a reducing reagent to convert harmful NOx to harmless N2 and H2O as the equation 

(1-1). 

4NH3 + 4NO + O2 → 4N2 + 6H2O  (1-1) 

Vanadium oxide-based catalysts (V2O5-WO3/TiO2) are typically employed as industrial catalysts in 

stationary deNOx systems for power plants and waste treatment plants, whereas Cu-exchanged CHA-

type zeolites (Cu-CHA) are utilized in urea-based SCR systems in diesel vehicles.  

However, these industrial deNOx catalyst have been put into practical use without a detailed 

understanding of their function. NOx purification systems for diesel engines are required to provide NOx 

purification performance over a wide temperature range in response to lower exhaust gas temperatures, 

hot starts and cold starts, as a result of improved engine efficiency and reduced vehicle weight to 

improve fuel consumption. The regulations to limit emissions from exhaust gas are much more stringent 

than ever before, and new catalyst development is attracting attention. The development of reaction 

mechanisms is expected to provide essential and important guidelines for the development of new 

catalysts. 
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Figure 1 Emission control regulation changes of “Euro 1-7”and Number of cars in the world. 

 

 

1.2 DeNOx for diesel engines 

Diesel engines are widely used in automobiles and industrial machinery due to their excellent 

combustion efficiency and output characteristics. However, the problem is that diesel fuel is injected 

directly into the cylinder, resulting in high levels of particulate matter PM and NOx, which are air 

pollutants, in the exhaust gases. In diesel emission control systems, a diesel oxidation catalyst (DOC) 

located upstream of the SCR catalyst converts a portion of NO in the exhaust to NO2, which has an 

important effect on the efficiency of the NH3-SCR process. 9 

The first commercial inception of SCR in automobiles began in 2005 and required plenty of urea on-

board. Though urea-SCR exhibited high NOx remediation efficiency, it suffered from technical 

challenges largely due to the airless system causing secondary emission of isocyanic acid. Since then, 

NH3-SCR has been considered as a viable alternate to overcome issues from urea usage. It is the 

famous catalysts because NH3-SCR system in diesel engines has been installed in SCR converter 

(Figure 2) of heavy-duty vehicle and passenger car. 

SSZ-13 zeolite with CHA topology, shows a small-pore framework (maximum ring size of around 3.8 Å 

at room temperature), which consists of double-6-ring (d6r) and chabazite cages, has many 

contributions for NH3-SCR reactions. According to zeolites screening by Research Association of 

Automotive Internal Combustion Engines (AICE),10 it was concluded that zeolite including d6r cages, 

namely CHA and AFX zeolite, 11 has been described to account for the high catalytic performance and 

hydrothermal durability of Cu-exchanged zeolite catalysts.12,13  

Fast SCR is known to improve deNOx activity by addiction 50% NO and 50% NO2 below equation (1-
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2).14 

2NH3 + NO + NO2 → 2N2 + 3H2O (1-2) 

It has attention on Bronsted acid site activity and the role of ammonium nitrate, which forms rapidly at 

low temperatures and with excess NO2, determining a lower N2 selectivity of the deNOx process 

 

 

Figure 2 NH3-SCR system for diesel engine. DOC: hydrocarbons (HC) and CO are oxidized to CO2. 

DPF: PM are reduced by filter. SCR: NOx is reduced to N2 and H2O. ASC: Part of the excess NH3 is 

oxidized to NOx and the final mixture into H2O and N2. 

 

 

1.3 DeNOx for stationary sources 

In thermal power stations, fuel is burnt in boilers to generate electricity. The flue gases generated by 

combustion contain nitrogen oxides (NOx), sulfur oxides (SOx) and fly dust (combustion ash), which 

are purified by various environmental facilities and discharged into the atmosphere. Exhaust gas from 

the boiler (Figure 3) is discharged from the chimney after (1) decomposing NOx in a denitration unit, 

(2) exchanging heat with combustion air in an air preheater, (3) collecting and removing dust in an 

electrostatic precipitator and (4) removing SOx in a desulphurization unit. 

Supported vanadium(V) oxide catalysts, such as V2O5/TiO2 and V2O5−WO3/TiO2, have been used 

successfully in stationary applications. The metal oxides found effective usage for the SCR of NOx from 

stationary sources. 

 

 

Figure 3 Design route for De-NOx via NH3-SCR at generation of thermal power. 



8 

 

1.4 NH3-SCR study on WO3-loaded-ceria catalyst 

Ceria is an important component of rare-earth catalytic materials due to its excellent redox properties.15 

CeO2 has been studied extensively due to its excellent oxygen storage capacity (OSC) and redox 

properties via the shift between Ce4+ and Ce3+ in oxidizing and reducing conditions. However, pure 

CeO2 is known to be poorly thermostable and undergoes rapid sintering at higher temperatures, thereby 

losing OSC, which would lead to the deactivation of the catalysts. Recently, cerium-based NH3-SCR 

catalysts, such as WO3-loaded-CeO2 (WO3/CeO2) have received significant attention because of high 

activity for NH3-SCR. 16 

Currently, several reviews regarding the composition and mechanism of cerium-based catalysts have 

been reported in the literature. However, there are few studies on the NH3-SCR mechanism and roll of 

CeO2 and WO3 over WO3-CeO2. 

 

 

1.5 Dispersion and aggregation of single-atom catalysts (SACs) 

The term “single atom catalysts (SACs)” has been widely adopted.17 SACs with isolated metal centers 

are attracting great research interest because of their maximized metal utilization rates and unique 

structures.18 Accordingly, the most effective way to make use of each and every metal atom of supported 

metal catalysts is to downsize the metal nanostructures to well-defined, atomically distributed metal 

active centers, which is the ultimate goal of fine dispersion. Recent studies on SACs have demonstrated 

that depending on the reaction conditions, the isolated metal species can be converted to metal clusters, 

resulting in an increased or a decreased catalytic activity. 19,20 Previous studies on the anchoring sites 

of γ-Al2O3 suggest that the anchoring sites depended on the type of metal species and that the specific 

anchoring sites should be determined based on multiple spectroscopic evidence, assuming various 

candidates for anchoring sites. Then, silver alumina catalyst has been famous for as a promising 

catalyst for the SCR of NOx by hydrocarbons (HC-SCR),21 H2-assisted HC-SCR,22 and H2-assisted 

SCR by NH3 (H2−NH3-SCR).23 It was concluded that isolated Ag(I) sites were indispensable for 

achieving the high-performance Ag/Al2O3 catalyst for SCR. However, it has been unknown to the 

mechanism of isolate silver regeneration on alumina surface. 

 

 

1.6 In situ/Operando spectroscopic study 

To elucidate the catalytic reaction mechanism, in situ / operando spectroscopy technics is powerful tool. 

Several spectroscopic study can provide time-resolved information, for example, electron state, 

changing of surface structure and instantaneous production. Specifically, X-ray absorption spectroscopy, 

UV-visible spectroscopy (UV-vis), and infrared spectroscopy (IR) under gas distribution conditions were 

performed with mass spectroscopy. 

Specifically, changes in the bonding state of the catalyst surface and the presence of adsorbed species 

are identified by infrared spectroscopy. UV-visible spectroscopy to determine the active point by 
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observing changes in valence. Transmission microscopy to observe changes in particle size and 

determine agglomeration and dispersion states. Additional combination with density functional theory 

(DFT) calculations and ab initio thermodynamics has provided the molecular evidence.  

 

  

1.7 Outline of thesis 

This thesis effort on the mechanistic study of NH3-SCR over 1) small pore Cu-zeolite catalyst, 2) V-

based catalyst, 3) H-type zeolite and 4) WO3-CeO2 catalyst using operando spectroscopies, and metal 

dispersion mechanistic study over 5) Ag/Al2O3 catalyst using in situ spectroscopy and electronic 

microscopy. 

 

Chapter 2 presents the reduction/oxidation half-cycles of NH3-SCR reaction at 200 ̊ C were investigated 

using in situ and operando spectroscopies to propose a general mechanism for four different catalysts 

(TiO2-supported and bulk vanadium oxides and Cu-AFX and Cu-CHA zeolites). The reduction half-cycle 

is initiated by the reaction of NH3 on Lewis acid sites [V(V) or Cu(II); L-NH3] and NO, followed by the 

gradual reaction of NH3 on Brønsted acid sites (B-NH3) and NO; this results in the formation of V(IV) or 

Cu(I) and protons (H+) on the surface, along with N2 and H2O. The UV−vis measurements for the 

reduction half-cycle indicate that N2 is continuously generated until the surface V(V) or Cu(II) species is 

depleted. The subsequent reoxidation of the reduced catalysts under O2 leads to the regeneration of 

V(V) or Cu(II) and the reaction of surface H+, yielding H2O (oxidation half-cycle). The higher consumption 

rates of B-NH3 and L-NH3 under NO + O2 than those under NO, which has been previously reported in 

the literature, were explained based on the continuous reduction/oxidation of V(V)/V(IV) or Cu(II)/Cu(I) 

where the regenerated V(V) or Cu(II) site is reused in the subsequent (second) reduction half-cycle. 

Namely, upon the recovery of V(V) or Cu(II) via reoxidation, the leftover B-NH3 species react with the 

supplied NO to yield N2; this suggests that B-NH3 is not a spectator but a reservoir of NH3 to participate 

in the second reduction half-cycle possibly via the migration of NH3 or HONO species. These results 

provide comprehensive evidence of the general mechanism of NH3-SCR, which was found to be 

applicable to both V and Cu catalysts. 

 

Chapter 3 presents the operando IR spectroscopy and DFT calculations were combined to investigate 

NH3-SCR reaction over H-AFX zeolites. The steady-state kinetics shows that SCR reactions involving 

NO2 proceed much more rapidly than those of NO. Data from in situ IR combined with online mass 

spectrometry under transient conditions demonstrate that Brønsted acid sites (BASs) promote the 

reaction of NO2 with NH3 to form N2, H2O, and NH4NO3 at low temperatures (50−150 ̊ C). In combination 

with DFT results, these data suggest that NO promotes the reduction of NH4NO3 to NH4NO2, which then 

decomposes into N2 and H2O. Therefore, the accumulation of NH4NO3 in the zeolite is inhibited by NO. 

Furthermore, when NO is absent, NH4NO3 decomposition into N2O and H2O occurs only at high 

temperatures (>200 ˚C). A comparison of H-AFX and Cu-AFX implies that Cu sites are not active for the 
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reduction of NO2 by NH3 and that BASs are responsible for the NH3-SCR reactions involving NO2.  

 

Chapter 4 presents the operando spectroscopies (in situ Ce and W L3-edge XANES, UV-vis, and IR 

spectroscopies, combined with online analysis of gas-phase products) were carried out to elucidate 

reduction/oxidation half cycles in NH3–SCR over WO3-loaded CeO2. The Ce4+ species was reduced by 

NO + NH3 to yield N2 and Ce3+ species (reduction half cycle), which was then reoxidized by O2 (oxidation 

half cycle). The oxidation state of the W6+ species remained unchanged under redox conditions. IR and 

theoretical results indicated that the reduction half cycle started with the reaction of W6+–OH and 

adjacent Ce4+–O with NO to afford Ce3+ species and gaseous HONO, which was converted to NO+ 

species on the catalyst. The NO+ species then reacted with NH3 to generate N2. 

  

Chapter 5 presents the Reversible structural transformation between atomic Ag(I) and large Ag metal 

nanoparticles (NPs) on γ-Al2O3-supported Ag (Ag/Al2O3) catalysts for H2-assisted NOx selective catalytic 

reduction by NH3 was monitored by in situ X-ray absorption spectroscopy, UV-vis spectroscopy, IR 

spectroscopy, and ex situ microscopy. Fresh Ag/Al2O3 was deactivated by H2 reduction at 800 ˚C owing 

to sintering of the atomic Ag(I) species to form large (10−52 nm) Ag metal NPs. Reoxidation of the 

sintered catalyst using NO + O2 at 400 ˚C resulted in the redispersion of Ag metal NPs to the atomic 

Ag(I) species, leading to the recovery of the catalytic activity. Sintering and dispersion occurred 

reversibly for 10 repetitive treatments of H2 ↔ NO + O2 at 600 ˚C. The structure of the anchoring site 

and the mechanism of oxidative dispersion were elucidated by kinetic studies, in situ spectroscopy, 27Al 

nuclear magnetic resonance spectroscopy, and DFT calculations. The isolated Ag(I) cation was 

exchanged with H+ of the HO- m1-AlVI site adjacent to the strong Lewis acid sites (unsaturated AlIV3+) on 

γ-Al2O3, and, consequently, the anchored Ag(I) species reduced the Lewis acid strength of the adjacent 

AlIV3+ sites. During sintering under H2, the isolated AgO- m1-AlVI species aggregated to form Ag metal 

NPs, regenerating the HO- m1-AlVI sites on the support. During oxidative dispersion under the NO + O2 

flow, the Ag metal NPs were oxidized to furnish mobile AgNO3 species that moved across the support 

surface and reacted with the anchoring site, HO- m1-AlVI, to yield the original AgO- m1-AlVI species and 

HNO3; the latter reacts with the γ-Al2O3 surface to yield the nitrate species. This study provides 

molecular level insights into the deactivation/reactivation of supported metal catalysts under 

reductive/oxidative conditions.  

  

Chapter 6 presents the Ag(3 wt%)-loaded γ-Al2O3 (Ag/Al2O3) catalysts were prepared using four types 

of commercially available alumina powders (CTB, PUR, VGL, and CFF). Based on the support, the 

activity of these catalysts for the H2-assisted selective catalytic reduction (SCR) of NO by NH3 or C3H6 

decreased in the order: CTB > PUR > VGL > CFF. After sintering treatment (H2 reduction at 800 ˚C), 

the particle size of the Ag metal nanoparticles (NPs) changed and was found to be correlated with the 

catalytic activity (CTB < PUR < VGL < CFF). After the re-oxidation of H2-reduced Ag/Al2O3 at 500 ˚C, 

the in situ IR spectra showed negative bands at 3762 cm-1 due to the HO- m1-AlVI site, where the band 
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intensity increased in the order: CTB > PUR > VGL > CFF. IR study of pyridine adsorbed on Ag-free γ-

Al2O3 showed that the number of strong Lewis acid sites (unsaturated AlIV3+) increased in the same 

order: CTB > PUR > VGL > CFF, and the number of strong Lewis acid sites decreased when Ag was 

loaded on the supports. In situ XANES and UV-vis studies of Ag/Al2O3 sintered under NO + O2 at 400 

˚C showed oxidative redispersion of the Ag metal NPs to regenerate atomic Ag(I) sites. The amount of 

re-dispersed Ag metal and the initial rates of redispersion estimated from the in situ UV-vis results 

changed in the following order: CTB > PUR > VGL > CFF. These results suggest that the HO- m1-AlVI 

site adjacent to the unsaturated AlIV3+ site on γ-Al2O3 is the anchoring site of the atomic Ag species, and 

the sintering resistance of Ag/Al2O3 increases with the number of HO- m1-AlVI sites. During H2-assisted 

SCR, where both H2 and NO + O2 were co-fed to the catalysts, the number of highly dispersed Ag 

species (active sites) increased with the number of HO- m 1-AlVI sites; hence, NO conversion increased 

with the number of HO- m1-AlVI sites on the support. The present results provide molecular-level insights 

into the design of sintering-resistant Ag/Al2O3 catalysts for SCR. 

 

 

1.7 Conclusion remarks 

I have developed mechanic study of deNOx catalysts. Mechanics study of combination with operando 

spectroscopy and DFT calculation provide molecular level insights into the NH3-SCR reaction 

mechanism and the deactivation and reactivation of supported metal catalysts under reductive and 

oxidative conditions. The development of reaction mechanisms is expected to provide essential and 

important guidelines for the development of new catalysts. 
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2.1. Introduction 

Selective catalytic reduction of nitrogen oxides (NOx) using NH3 as the reducing agent (NH3–SCR) is 

commercially utilized to control the NOx emissions from exhausts in the presence of O2.1–4 Vanadium 

oxide-based catalysts (V2O5-WO3/TiO2) are typically employed as industrial catalysts in stationary 

DeNOx systems for coal-fired power plants and waste treatment plants, whereas Cu-exchanged 

zeolites, such as Cu-CHA, are utilized in urea-based SCR systems in diesel vehicles.5–15 Inomata et al. 

recently reported that unsupported bulk vanadium oxides16 and tungsten-doped vanadium oxides17 

exhibit higher NO-conversion capabilities than those of conventional TiO2-supported vanadium catalysts 

for NH3–SCR at low temperatures (<150 °C). Although these catalysts are considered the state-of-the-

art, catalytic activities especially at low temperatures must be improved. It is therefore crucial to 

elucidate catalytic mechanisms, establish structure–activity relationships, and develop highly-efficient 

catalysts based on precise catalyst-design guidelines.18–24 

V- and Cu-based catalysts have been thoroughly investigated for NH3–SCR at the molecular 

level over the past four decades.25–37 Although the mechanism of NH3–SCR with these catalysts has 

been separately discussed, a detailed literature survey suggests mechanistic similarities between V38–

47 and Cu48–56 catalysts as well as common unresolved issues regarding the NH3–SCR mechanism. 

The common features of the NH3–SCR mechanisms featuring V and Cu catalysts are depicted in Figure 

1A,B. The catalytic cycles of both V and Cu catalysts are based on the redox cycles of the metal cation 

species [V(V) V(IV) and Cu(II) Cu(I)]. First, V(V) or Cu(II) species is reduced to V(IV) or Cu(I) species 

under NH3 + NO; this is accompanied by the formation of N2 and H2O, presumably via NH2NO41,49,57–59 

or NH4NO2
60–63 intermediate. For both V64–69 and Cu catalysts,70–73 there has been a long debate on the 

behavior of the reactive NH3 adspecies in this step (the so-called reduction half-cycle); it is unclear 

whether NH3 adsorbed on Brønsted acid sites (B-NH3) or Lewis acid sites (L-NH3) acts as an 

intermediate in NH3–SCR. This is generally examined via in situ infrared (IR) spectroscopy during NH3–

SCR or after the adsorption of NH3 on V- and Cu-based catalysts. Operando spectroscopic results have 

assisted in clarifying that L-NH3, or in other words, NH3 adsorbed on an oxidized metal cation, V(V) or 

Cu(II), is directly involved in this step.41,68,74–76 Computational investigations of the reduction half-cycle 

of V58,69 and Cu49,77,78 catalysts have shown a common transition state in which a gas-phase (or weakly 

adsorbed) NO molecule directly reacts with L-NH3 and the adjacent oxidized metal cation species, V(V) 

or Cu(II), to yield N2, H2O, a reduced cation [V(IV) or Cu(I)], and a proton on the catalyst. The formation 

of protons (H+) through the reduction half-cycle has been evidenced by an increase in the number of 

Brønsted acid sites,30,66 which further interact with NH3 to form NH4
+ on the V69,79 and Cu80–82 catalyst 

surfaces. There is an ongoing debate regarding the oxidation half-cycle; one of the widely accepted 

pathways involves the oxidation of the reduced cation [V(IV) or Cu(I)] by O2 to produce oxidized cations 

[V(V) or Cu(II)] and H2O.53,61,74,83 

 Although B-NH3 does not seem to directly participate in the reduction half-cycle, B-NH3 is likely 

not a spectator but a reservoir of NH3 that migrates to metal cation sites to participate in the reduction 

half-cycle. However, the active role of B-NH3 as a reservoir of NH3 is still speculative because of the 
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lack of solid experimental evidence. The transient reaction of B-NH3 and L-NH3 under NO or NO + O2 

has been frequently utilized to investigate the reduction half-cycle. The higher reactivity of B-NH3 under 

NO + O2 than that under NO has been typically observed for V and Cu catalysts. However, the origin of 

the beneficial effect of O2 on the transient reactivity of B-NH3 remains unclear. The relatively high 

reactivity of B-NH3 under NO + O2 has been invoked in several studies to suggest the involvement of 

B-NH3 on V-loaded TiO2 in the primary catalytic cycle of NH3–SCR.30,65,66 Song et al. recently reported 

a quantitative comparison of the consumption rates of B-NH3 and L-NH3 on 5 wt.% V-loaded TiO2 under 

NO and NO + O2.84 Both L-NH3 and B-NH3 predictably reacted faster under NO + O2 than under NO. 

Interestingly, the apparent consumption rates of B-NH3 and L-NH3 were similar under NO (and NO + 

O2), in contrast to widely reported data. Considering that the diffusion of NH4
+ on the surface of V2O5 is 

characterized by considerably low diffusion barriers (<0.17 eV),40 this result can be explained by the 

rapid migration of B-NH3 to a V(V) site and the subsequent reaction of NH3 on the V(V) site (L-NH3) with 

NO; this indicates the active role of B-NH3 as a mobile NH3 reservoir.85 Notably, Song et al. also reported 

that the consumption rates of B-NH3 (and L-NH3) in the intermediate stage of their transient reaction 

under NO + O2 were nearly constant, with the rate being close to the reduction rate of NO under steady-

state NH3–SCR over the same catalyst.84 Considering that O2 can regenerate V(V) sites from the V(IV) 

species that were previously reduced by NO + NH3, experiments on the transient reaction of adsorbed 

NH3 under a flow of NO + O2 are presumably unsuitable for analyzing the reduction half-cycle.  

Summarizing these backgrounds, motivated by the previous comprehensive work by Janssens 

et al.,77 we aim to propose a comprehensive mechanism of SCR. In situ/operando IR, UV–vis, and X-

ray absorption spectroscopy (XAS) experiments were performed in the present study on the V(V) V(IV) 

and Cu(II) Cu(I) redox cycles (reduction/oxidation half-cycles) with V- and Cu-based NH3–SCR 

catalysts under transient reaction conditions. To expand the generality of the NH3–SCR mechanism for 

various V- and Cu-based catalysts, two types of V-based catalysts (TiO2-supported V2O5 and W-doped 

bulk vanadium oxide17) and two types of Cu zeolites (Cu-AFX86 and Cu-CHA87) were investigated using 

the in situ/operando IR and UV–vis systems under similar conditions. The results provide 

comprehensive evidence for a general mechanism of NH3–SCR that is common to V and Cu catalysts. 

Under transient conditions, B-NH3 was confirmed to be a reservoir of NH3 that migrates to the metal 

cation sites and participates in the (second) reduction half-cycle (Figure 1C). Although there is another 

possible mechanism where a mobile HONO intermediate, formed by the reaction with Cu(II)-OH (V(V)-

OH) and NO, reacts with B-NH3 to yield N2 and H2O via NH4NO2 intermediate,60–63 we herein mainly 

discuss based on a more widely-believed mechanism given in Figure 1A,B.  
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Figure 1. Typical steady-state mechanisms of standard selective catalytic reduction (SCR) with (A) 

vanadium oxide and (B) Cu zeolite catalysts based on previously reported results and those obtained 

in this study. (C) The consecutive transient reactions analyzed in this study exemplified for V-based 

catalysts: first reduction half-cycle, oxidation half-cycle, migration of NH4
+, and its reaction with NO at a 

recovered V(V) site (second reduction half-cycle). Certain ligands and coefficients have been omitted 

for simplification. 
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2.2. Materials and methods 

2.2.1 Preparation of the catalysts 

A 5 wt.% V-loaded TiO2 catalyst (V/TiO2) was prepared by impregnating TiO2 (P25, Evonik) with an 

aqueous solution of NH4VO3 and 3 equiv. of oxalic acid, followed by evaporation to dryness, further 

drying at 100 °C (12 h), and calcination at 500 °C for 4 h. Surface density of V atoms, estimated using 

surface area of V/TiO2 (45 m2/g) and V loading, is 13 V nm-2. This value is larger than the monolayer 

coverage of V species (8 V atoms/nm),43 suggesting that the TiO2 surface is fully covered by V species. 

The 3.5 mol.% W-doped V2O5 catalyst (W-V2O5) was prepared using a previously reported protocol.17 

Briefly, an aqueous solution of NH4VO3, oxalic acid, and (NH4)6H2W12O40 was heated overnight to 

evaporate its water content on a hot plate, followed by calcination at 300 °C for 4 h. BET specific surface 

area of W-V2O5 was determined to be 38 m2/g by N2 adsorption experiments in our previous report.17 

The NH4
+-form of the AFX zeolite (Si/Al = 5.3), prepared according to previously reported 

procedures,88 was supplied by the Research Association of Automotive Internal Combustion Engines 

(AICE, Japan). The NH4
+-form of the CHA zeolite (Si/Al = 13) was purchased from Tosoh (Japan). CHA 

zeolite with Si/Al = 5.6 was hydrothermally synthesized as follows. In a 125-mL Teflon beaker, aqueous 

solution of 1-adamantyltrimethylammonium hydroxide (TMAdaOH, Sachem Co., 1.191mmol/g, 16.793 

g, 20.0 mmol), aqueous NaOH solution (3.163 mmol/g, 3.162 g, 10.0 mmol), aqueous KOH solution 

(2.828 mmol/g, 3.536 g, 10.0 mmol), and pure water (Milli-Q grade, 15.443 g) were mixed and stirred 

for ca. 5 min. To this solution, an FAU-type zeolite (9.229 g; Tosoh HSZ-350HUA, Lot#35UA3Y02, Si/Al 

= 5.45, SiO2 content: 10.835 mmol/g, Al2O3 content：0.994 mmol/g, H2O：13.744 mmol/g) was added 

and the whole mixture was lightly swirled to obtain a white suspension. The resulting mixture with a 

molar composition: 1.0SiO2 – 0.0917Al2O3 – 0.20TMAdaOH – 0.10NaOH – 0.10KOH – 20H2O (SiO2：

100 mmol) was taken into a 125-mL Teflon-lined autoclave and heated at 170 °C for 68 h in a convection 

oven equipped with a rotator. The autoclave was rotated at 20 rpm while heating. After cooling the 

autoclave to room temperature, the resulting solid was separated by filtration, washed several times 

with de-ionized water, and dried at 80 °C overnight. The as-synthesized CHA was obtained as a white 

powder (8.49 g). To remove the OSDA occluded in the pores, the as-synthesized sample (4.82 g) was 

kept in a muffle furnace and heated stepwise as follows: the temperature was raised from room 

temperature to 600 °C under 1.5 °C/min of the ramping rate and maintained at the same temperature 

for 10 h. Finally, the sample was cooled down to room temperature to give a white powder. 

Cu-exchanged zeolites were prepared using an ion-exchange method with a Cu(NO3)2 solution, 

followed by washing with distilled water three times, drying at 100 °C for 24 h, and calcination under air 

at 600 °C for 1 h.75 Cu loading was determined using energy-dispersive X-ray fluorescence 

spectrometry (EDX-700HS, Shimadzu Corp.). As an example, the catalyst with Cu/Al and Si/Al ratios of 

0.25 and 5.3 was denoted as Cu0.25-AFX5.3, as listed in Table 1. 
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Table 1. Structural properties of the SCR catalystsa 

Catalyst Composition Method of preparation 

V/TiO2 5 wt.% V impregnation 

W-V2O5 3.5 mol.% W Precipitation 

Cu0.25-AFX5.3 4.1 wt.% Cu (Si/Al = 5.3, Cu/Al = 0.25) ion exchange 

Cu0.42-CHA13 2.7 wt.% Cu (Si/Al = 13, Cu/Al = 0.42) ion exchange 

Cu0.19-CHA5.6 3.0 wt.% Cu (Si/Al = 5.6, Cu/Al = 0.19) ion exchange 

2.2.2 In situ/operando spectroscopic experiments 

IR spectra were measured in transmission mode using the JASCO FT/IR-4100 instrument, which was 

equipped with a hand-made in situ glass cell (with CaF2 windows)89 containing a self-supporting disk 

made of 40 mg of the V or Cu catalyst. Diffuse reflectance UV–vis spectra were measured using a 

spectrometer (JASCO V-670) equipped with a commercial in situ flow cell with a quartz window 

(JASCO) containing 5–10 mg of the powdered catalyst. For the in situ IR and UV–vis experiments, a 

gas mixture (typically 500 or 1000 ppm NH3, 500 or 1000 ppm NO, 5% or 10% O2 under He) was fed to 

the cells through a conventional flow reaction system at a total flow rate of 100 cm3 min−1. Prior to the 

measurements, the V and Cu catalysts were pre-oxidized in situ under O2/He at 300 °C and 500 °C, 

respectively; time-resolved measurements were subsequently carried out at 200 °C. The operando IR 

and UV–vis measurements were obtained by monitoring the formation of N2 and H2O in the outlet gas 

mixture using a mass spectrometry (MS) apparatus (BELMass, MicrotracBEL Corp.). Detailed 

descriptions of the operando IR and UV–vis analyses have been provided in our previous study.75 

 V K-edge X-ray absorption near edge structure (XANES) measurements were performed in 

transmission mode using the BL14B2 beamline at SPring-8 (Harima, Japan). The storage ring was 

operated at 8 GeV. A Si(111) single crystal was used to obtain a monochromatic X-ray beam. A sample 

pellet prepared using 3.4 mg of the V/TiO2 catalyst and 10 mg of boron nitride (φ: 7 mm) was introduced 

into a quartz in situ cell equipped with Kapton film windows and gas lines connected to the mass 

spectrometer. The catalyst was pretreated under a flow of 10% O2/He (1000 cm3 min−1) at 250 °C for 

0.5 h. After purging with He, the reaction gas mixture (typically containing 1000 ppm NH3, 1000 ppm 

NO, and 5% O2 with He as a balance gas) was fed at a total flow rate of 1000 cm3 min−1. XANES 

analysis was conducted using the Athena software ver. 0.9.25 included in the Demeter package.90 
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2.3. Results and discussion 
2.3.1 SCR with 5 wt.% V-loaded TiO2  

The transient reaction of the B-NH3 and L-NH3 species adsorbed on 5 wt.% V-loaded TiO2 (V/TiO2) was 

first investigated using operando spectroscopic experiments (in situ IR and in situ UV–vis in combination 

with online analysis of the outlet gas by MS) under transient SCR conditions at 200 °C. Figure 2 

compares the time-dependent IR results of the reduction of B-NH3 and L-NH3 on V/TiO2 under NO and 

NO + O2, along with the MS signals of N2 (m/z = 28). The MS intensities of N2 correspond to the relative 

rates of N2 evolution. The IR sample disk was pre-exposed to NH3 for 900 s, followed by He purging, 

and collection of the IR spectra as a function of time under NO or NO + O2 flow. The spectrum obtained 

prior to the NO feed (t = 0 s) shows an IR band corresponding to the adsorption of NH3 on the V(V) sites 

(L-NH3)79,91 at 1236 cm−1 and a more intense peak representing NH4
+ (B-NH3)79,91 at 1420 cm−1. 

Employing an extinction coefficient ratio of L-NH3 and B-NH3 (εL/εB) of 0.73, which was experimentally 

determined by Song et al. for 5 wt.% V-loaded TiO2,84 the IR result reveals that B-NH3 is a major NH3 

species on the V/TiO2 sample. When NO or NO + O2 is fed to the NH3-adsorbed V/TiO2, the intensity of 

the B-NH3 and L-NH3 bands are observed to decrease; the formation of N2 is also observed. Initially (t 

< 100 s), consumption of L-NH3 and formation of B-NH3 were observed, which could be due to the 

formation of protons (Brønsted acid sites) through the reduction half-cycle (Figure 1C).30,66 Then, both 

L-NH3 and B-NH3 are consumed. B-NH3 (the primary adsorbed NH3 species) is gradually consumed 

even under NO, and the formation of N2 appears to coincide with the consumption of B-NH3. The rates 

of B-NH3 consumption and N2 formation under NO + O2 are higher than those under NO. As shown in 

Figure 1, the first step in NH3–SCR involves the reduction half-cycle, that is, the reduction of NO by 

NH3 coordinated to the V(V) site (L-NH3). Based on this model, the results suggest that the reduction of 

NO by B-NH3-derived mobile NH3 species occurs on the V(V) sites to yield N2 and V(IV). Alternatively, 

a mobile HONO intermediate, formed by the reduction of V(V)-OH by NO, can react with B-NH3 to yield 

N2. The higher reactivity of B-NH3 under NO + O2 than that under NO will be discussed further below, 

which essentially presumes that the rate enhancement is clearly due to the reoxidation of V(IV) by O2 

to recover the V(V) sites that can be reused in the subsequent (second) reduction half-cycle. 

When the IR sample disk of V/TiO2 is exposed to the NH3–SCR reaction gas mixture (NO + NH3 

+ O2), B-NH3 is noted to be the dominant NH3 species on the catalyst (Figure 3). The intensity of the 

N2 signal under steady-state conditions (t = 300–900 s), which corresponds to the steady-state rates of 

NH3–SCR, is of the same order of magnitude as that of the maximum N2 signals obtained in the transient 

reaction of adsorbed NH3 under NO (Figure 2B), which corresponds to the initial rates of the reduction 

half-cycle. This suggests that the reduction half-cycle can semi-quantitatively account for N2 formation 

during steady-state NH3–SCR over V/TiO2.  

Figure 4 shows the changes in the surface NH3 species present on V/TiO2 and gas-phase 

products obtained during the following successive reactions at 200 °C: (A) reduction of the catalyst by 

NO + NH3, (B) further reaction of L-NH3 and B-NH3 with NO, (C) re-oxidation of the catalyst by O2, and 

(D) reaction of L-NH3 and B-NH3 with NO after the re-oxidation (second reduction half-cycle). The 

formation of N2 and H2O is observed under NO + NH3, indicating the reduction of surface V(V) species 
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by NO + NH3 to N2 and V(IV) (first reduction half-cycle). The reduction of V(V) species is also evidenced 

by the UV–vis experiments of the same surface reaction. When the NO + NH3-treated V/TiO2 is exposed 

to NO (Figure 4B), the consumption (desorption) rates of L-NH3 and B-NH3 are slow, and N2 and H2O 

are not produced. By contrast, L-NH3 and B-NH3 react with NO on the as-prepared (pre-oxidized) V/TiO2 

(Figure 2B). These results are consistent with the mechanistic model shown in Figure 1. The reaction 

of NO with the adsorbed NH3 species and the surface V(V) species to yield N2, H2O, and V(IV) is an 

important N2 formation pathway in SCR with V/TiO2. Figure 4B shows the lack of N2 formation under 

NO after the NO + NH3 treatment, which indicates that the surface V(V) species are completely reduced 

through this treatment. In other words, L-NH3 and B-NH3 do not react with NO in the absence of surface 

V(V) species. The reduced V/TiO2 catalyst is subsequently exposed to O2. The simultaneous re-

oxidization of V(IV) by O2 and reduction of surface protons (H+) in the proposed mechanism is evidenced 

by the formation of H2O (Figure 4C) as well as the UV–vis results described further below. The V/TiO2 

catalyst is exposed to NO following the oxidation half-cycle (Figure 4D). L-NH3 and B-NH3 are 

consumed to yield N2 and H2O, in contrast to the results obtained prior to reoxidation (Figure 4B). This 

result demonstrates that B-NH3 does not participate in the reduction half-cycle in the absence of surface 

V(V) sites; however, it can be involved in the second reduction half-cycle after the regeneration of 

surface V(V) sites through the oxidation half-cycle.  

In situ UV-vis spectroscopy is known to assist in quantifying the V(IV) species of V2O5-based 

catalysts under dynamic redox conditions.92 A recent operando electron spin resonance (ESR) study68 

of V-loaded TiO2 catalysts revealed the reduction of surface V(V) species to V(IV) through NO + NH3 

treatment. Based on these studies, the changes in the oxidation states of V species during the 

reduction/oxidation half-cycles were monitored using operando UV–vis measurements at 200 °C. 

Figure 5 indicates that the reduction of the as-prepared V/TiO2 under NO + NH3 results in an increase 

in the broad band at ~500–800 nm, which can be assigned to the V(IV) species,92 and the formation of 

N2 and H2O in the gas phase. After the N2 formation is complete, He is purged, and O2 is fed to the 

reduced catalyst. The intensity of the band corresponding to the reduced V species at 700 nm decreases 

with the duration of O2 flow, along with the formation of H2O (Figure 5C). Therefore, the operando IR 

results (Figure 4) and UV–vis results reveal that the reduction of surface V(V) with NO + NH3 is the 

primary N2 formation pathway of SCR, followed by the oxidization of V(IV) by O2 to regenerate V(V). 

Notably, all the operando IR and UV–vis results of the reduction/oxidation half-cycles are consistent 

with the proposed NH3-SCR mechanism depicted in Figure 1. 

Transient reactions similar to those considered in the aforementioned IR experiment were 

monitored via in situ XANES spectroscopy, as shown in Figure 6. The exposure of pre-oxidized V/TiO2 

to NO + NH3 at 250 °C causes the absorption edge to shift toward lower energies, indicating the 

reduction of surface V(V) to V(IV). No significant changes are observed in the XANES spectra after the 

subsequent exposure to NO. After purging with He, exposure to O2 regenerates the V(V) species 

through the oxidation half cycle. The V/TiO2 catalyst is exposed to NO after this oxidation half-cycle, 

leading to the reduction of V(V) to V(IV) even in the absence of an additional feed of NH3. This result 
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clearly indicates that second reduction half-cycle occurs with NO and surface adsorbed NH3, which is 

consistent with the aforementioned IR results.  

 

Figure 2. Time-resolved infrared (IR) data of the transient reduction of B-NH3 and L-NH3 on V/TiO2 

under (A,B) NO and (C,D) NO + O2: (A,C) IR spectra; (B,D) temporal evolution of IR signals of B-NH3 

and L-NH3 and the online mass spectrometry (MS) measurements of N2. The sample is sequentially 

pre-exposed to NH3 (900 s) and He (600 s). Conditions: 1000 ppm NO, 1000 ppm NH3, and 5% O2; 

200 °C. 

   

Figure 3. Typical IR spectrum (left) and time-resolved trends of IR signals representing B-NH3 and L-

NH3 and the MS intensity of N2 during the SCR over V/TiO2. Conditions: 1000 ppm NO, 1000 ppm NH3, 

and 5% O2; 200 °C. 
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Figure 4. Time evolution of MS signals of H2O and N2, and IR signals of B-NH3 (solid lines) and L-NH3 

(dashed lines) during the (A) reduction of V/TiO2 by NO + NH3, followed by (B) flow of NO, He purging 

(600 s), (C) re-oxidation of the reduced V/TiO2 in O2, and (D) flow of NO. Conditions: 1000 ppm NO, 

1000 ppm NH3, and 5% O2; 200 °C.  

 

 

Figure 5. Changes in the UV–vis spectra of V/TiO2 at 200 °C under sequential flow of NO + NH3 (2300 

s), He (600 s), and O2: (A) spectra obtained before and after reduction by NO + NH3; (B) time 

dependence of the UV–vis signal corresponding to V(IV) and the MS signals of N2 and H2O under NO 

+ NH3 and (C) O2. The spectrum corresponding to NO + NH3 + O2 (900 s) is included in (A). Conditions: 

1000 ppm NO, 1000 ppm NH3, and 5% O2. 
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Figure 6. Changes in the V K-edge X-ray absorption near edge structure (XANES) spectra of V/TiO2 at 
200 °C under sequential flow of NO + NH3, NO, He, O2, He, and NO: (A) spectra obtained with various 
gas mixtures; (B) time dependence of the X-ray energy at a normalized absorption of 0.7. Conditions: 
1000 ppm NO, 1000 ppm NH3, and 5% O2. 
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2.3.2 SCR with W-doped bulk V2O5 

Operando spectroscopic experiments were subsequently conducted with the W-doped bulk V2O5 (W-

V2O5) catalyst recently developed by Inomata et al.17 to examine the applicability of the mechanism in 

Figure 1 to a different type of V catalyst. As shown in Figure 7, B-NH3 is the dominant NH3 species on 

the NH3-pre-adsorbed W-V2O5 sample, and the IR signals of L-NH3 are negligible. The B-NH3 species 

is consumed under NO and NO + O2, and the rate of B-NH3 consumption under NO + O2 is higher than 

that under NO. Figure 8 compares the kinetics of the consumption of B-NH3 under NO (and N2 

formation) in the first (Figure 7) and second reduction half-cycles, that is, the reaction of B-NH3 under 

NO after the first reduction half-cycle, followed by He purging, re-oxidation by O2, and He purging. The 

consumption of B-NH3 and generation of N2 are initially observed in the first reduction half-cycle; 

however, a portion of B-NH3 remains on the catalyst surface after the completion of N2 generation. 

Considering the complete consumption of B-NH3 under NO + O2 (Figure 7C), the loss of the reactivity 

of B-NH3 under NO can be explained by the complete consumption of surface V(V) species. After the 

regeneration of surface V(V) species through the re-oxidation treatment, the leftover B-NH3 species 

react with NO to yield N2 in the second reduction half-cycle. This suggests that the surface V(IV) species 

produced during the first reduction cycle under NO + NH3 are oxidized by O2 to recover the V(V) species 

that react with the leftover B-NH3 and NO to yield N2 in the second reduction half-cycle, even in the 

absence of an additional feed of gaseous NH3. Similar to the results obtained for V/TiO2, B-NH3 

adsorbed on W-V2O5 does not react with NO in the absence of surface V(V) species. The higher rate of 

B-NH3 consumption under NO + O2 than that under NO can be explained by the continuous reoxidation 

of V(IV) by O2 to recover the V(V) sites.  

In situ UV–vis measurements at 200 °C (Figure 9) were obtained to monitor the dynamic 

changes in the oxidation states of V in W-V2O5 under successive redox treatments, similar to the 

aforementioned IR experiments. The introduction of NH3 results in a slight increase in the signal 

corresponding to the reduced V species. It should be noted that B-NH3 is present on the NH3-adsorbed 

sample (Figure 7). After purging the gas-phase NH3 with He, NO is fed to the NH3-adsorbed sample. 

The NO feed on the NH3-adsorbed W-V2O5 results in an increase in the UV–vis signals representing 

the V(IV) species (700 nm) and the formation of N2 in the gas phase. After the completion of N2 formation, 

gas-phase NH3 is purged with He. When the reduced sample is subsequently exposed to a flow of O2 

(Figure 9D-F), the intensity of the band representing the V(IV) species gradually decreases, and the 

formation of H2O is confirmed by MS. Therefore, the operando IR results (Figure 8) and UV–vis results 

reveal that the NH3–SCR mechanism is based on the reduction of surface V(V) with NO + NH3 as the 

N2 formation step, followed by the oxidation of V(IV) by O2. 

Note that, unlike the first reduction half-cycle, L-NH3 is hardly observed in the on the W-V2O5 

catalyst in the first and second reduction cycles (Figure 7), suggesting that L-NH3 do not participate in 

the reduction cycles over W-V2O5. Unlike the SCR mechanism for V/TiO2 (Figure 1C), the reduction half 

cycle for W-V2O5 can be the reaction of V(V) with NO and weakly adsorbed NH3 derived from B-NH3. 
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Figure 7. Time-resolved IR data (200 °C) of the transient reduction of B-NH3 on W-V2O5 under NO and 

NO + O2: (A, B) selected IR spectra; (C) temporal evolution of IR signals representing B-NH3. The 

sample is pre-exposed to NH3 for 900 s, followed by He purging (600 s). Conditions: 500 ppm NO, 500 

ppm NH3, and 5% O2. 

 

 

 

Figure 8. (A) Time-resolved IR results (200 °C) of the second reduction half-cycle: reaction of NO with 

B-NH3 on W-V2O5 after the experiment analyzed in Figure 7A, followed by He purging, and re-oxidation 

under O2. (B) Changes in the IR intensity of B-NH3 and (C) N2 formation in the first (red lines) and 

second (black lines) reduction half-cycles. Conditions: 500 ppm NO, 500 ppm NH3, and 5% O2. 
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Figure 9. (A) Changes in the UV–vis spectra of W-V2O5 at 200 °C under successive flows of NH3 (900 

s), He (600 s), and NO (1200 s). (B) Time dependence of the UV–vis signal of V(IV) and (C) the MS 

signal of N2. (D) UV–vis spectra of W-V2O5 obtained after the experiment analyzed in (A), followed by 

re-oxidation by O2 for 1800 s. Time course of the signals representing (E) V(IV) and (F) H2O formation 

during re-oxidation. Conditions: 500 ppm NO, 1000 ppm NH3, and 5% O2. 
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2.3.3 SCR with Cu-AFX  

A similar research strategy employed for the V-based catalysts was applied for investigating 

reduction/oxidation half-cycles over Cu-exchanged zeolites with different structures (Cu-AFX and Cu-

CHA) and compositions (Si/Al and Cu/Al ratios). Figure 10 shows the results of the operando IR 

experiments with the Cu0.25-AFX5.3 catalyst at 200 °C. The addition of the NO feed on the NH3-pre-

adsorbed sample results in the consumption of NH3 on Cu(II) sites (L-NH3) and a slight increase in the 

amount of B-NH3, as shown in Figure 10A, which is in agreement with our previous study.75  Under 

NO + O2 (Figure 10B), L-NH3 is consumed first, followed by the consumption of B-NH3 after 900 s 

(Figure 10B, C). The time dependences of the rates of N2 formation under NO and NO + O2 are 

compared in Figure 10D. The formation of N2 under NO until 400 s is caused by the reaction of NO with 

NH3 on Cu(II) (L-NH3) to yield N2, H2O, and Cu(I).75 The consumption of B-NH3 under NO + O2 is higher 

than that under NO, similar to the experiments with the V catalysts. 

After the first reaction of B-NH3 with NO (Figure 10), followed by He purging, the subsequent 

oxidation half-cycle under O2, which is known to proceed via dimeric Cu complexes,33,51,60 was 

investigated for Cu0.25-AFX5.3 (Figure 11A). B-NH3 appears to be stable under O2; however, N2 

formation is not observed via MS, whereas that of H2O is observed. After the oxidation half-cycle, 

followed by purging with He, the reaction of the leftover B-NH3 with NO (second reduction half-cycle) 

was examined. Figure 11B-D show the consumption of B-NH3 and generation of N2. These results 

indicate that Cu(I) produced by the first reduction half-cycle is then oxidized by O2 to reproduce Cu(II), 

and Cu(II) produced by the first oxidation half-cycle reacts with the leftover B-NH3 and NO to yield N2 in 

the second reduction half-cycle. 

Figure 12A,B show the operando UV–vis results of the first reduction half-cycles at 200 °C. The 

UV–vis spectrum of the as prepared Cu0.25-AFX5.3 shows a d–d band centered at ~760 nm, which is 

assigned to Cu(II) ions.75 The intensity of the band corresponding to Cu(II) decreases via treatment of 

the catalyst under NO + NH3, accompanied by N2 formation. The band representing Cu(II) disappears 

at 2200 s, indicating the complete reduction of Cu(II) to Cu(I). Figure 12C shows the time evolution of 

the amount of Cu(II) species (UV–vis) and online MS analysis of the outlet gas in the subsequent 

oxidation half-cycle at 200 °C. The re-oxidization of Cu(I) to Cu(II) by O2 and the simultaneous reaction 

of surface protons (H+) in the proposed mechanism (Figure 1) is evidenced by the formation of H2O. It 

should be noted that the formation of surface H+ through the reduction half-cycle has been evidenced 

by the increase in the number of Brønsted acid sites that further interact with NH3 to form NH4
+ (Figure 

10C); moreover, the consumption of the H+ intermediate is confirmed by the initial decrease in the IR 

band of NH4
+ under the re-oxidization step, along with the generation of H2O (Figure 11A). 

These operando IR and UV–vis results are consistent with the NH3–SCR mechanism shown in 

Figure 1. After the oxidation half-cycle, followed by He purging, the consumption of the recovered Cu(II) 

under NO and the generation of N2 are confirmed by operando UV–vis spectroscopy (Figure 12D). The 

operando IR results (Figure 10C,D) clearly indicate that Cu(II) (recovered by the oxidation half-cycle) 

is reduced again through its reaction with NO, and B-NH3 is leftover after the reduction/oxidation half-
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cycles without an additional feed of gaseous NH3. Studies on the mobility of NH3 in Cu zeolites have 

indicated that the theoretical (4.4 kJ mol−1)93 and experimental (6.3 kJ mol−1)94 diffusion barriers of NH3 

in zeolites are considerably low. Given the rapid diffusion of NH4
+ in Cu-AFX, these results can be 

explained by the rapid migration of the B-NH3-derived species to a Cu(II) site and the subsequent 

reaction of NH3 on the Cu(II) site with NO; this suggests the active role of B-NH3 as a mobile NH3-

reservoir. The mobile B-NH3 species is presumably involved in the reduction half-cycle only when the 

neighboring Cu species are in the Cu(II) state. It is also important to note that under the conditions 

where migration of B-NH3 species is slow, a mobile HONO intermediate, formed by the reaction with 

Cu(II)-OH and NO,60–63 can react with B-NH3 to yield N2 and H2O via NH4NO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Time-resolved IR results of the reaction of B-NH3 and L-NH3 on Cu0.25-AFX5.3 at 200 °C 

under (A) NO and (B) NO + O2; (C) IR intensities of B-NH3 and (D) MS intensities of N2 at the outlet vs. 

time. The sample is pre-exposed to NH3 for 900 s, followed by He purging (600 s). Conditions: 1000 

ppm NO, 1000 ppm NH3, and 10% O2. 
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Figure 11. (A) Changes in the IR signal of B-NH3 on Cu0.25-AFX5.3 and MS signals of N2 and H2O 

under O2 (oxidation half-cycle) after the first reduction half-cycle (Figure 10A). Changes in the IR spectra 

(B, C) and formation of N2 (D) under NO (second reduction half-cycle) with the two Cu-AFX samples. 

Conditions: 1000 ppm NO, 1000 ppm NH3, and 10% O2; 200 °C. 
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Figure 12. (A) Changes in the UV–vis spectra of Cu0.25-AFX5.3 at 200 °C under successive flows of 

NO + NH3 (2400 s), He (600 s), O2 (2000 s), and NO (800 s). Changes in the UV–vis signal of Cu(II) 

and the (C) MS signals of N2 and H2O under (B) NO + NH3 (first reduction half-cycle), O2 (oxidation half-

cycle), and (D) NO (second reduction half-cycle). Conditions: 1000 ppm NO, 1000 ppm NH3, and 10% 

O2.  



32 

 

2.3.4 SCR with Cu-CHA  

The operando IR results of the reaction of adsorbed NH3 on Cu0.42-CHA13 under NO and NO + O2 are 

compared in Figure 13. Similar to the results of Cu0.25-AFX5.3, the supply of the NO (+ O2) feed to the 

NH3 pre-adsorbed sample results in rapid consumption of L-NH3 and a slight increase in the amount of 

B-NH3 and N2 formed in the initial stage (<300 s) of the transient reactions, followed by the slow 

consumption of B-NH3. The rates of B-NH3 consumption and N2 formation under NO + O2 appear to be 

higher than those under NO. As discussed above, the higher reaction rates under NO + O2 are caused 

by the continuous regeneration of Cu(II), which participates in the subsequent reduction half-cycle. The 

relative rate of N2 generation under NO + NH3 + O2 (blue line in Figure 13D) and steady-state conditions 

(>1000 s) is close to the maximum of N2 signals obtained during the transient reactions of adsorbed 

NH3 with NO (+ O2); this indicates that the reduction half cycle in Figure 1 accounts for the formation of 

N2 under catalytic NH3–SCR conditions. 

Finally, the effect of the Si/Al ratio on the reactivity of B-NH3 in the second reduction half-cycle 

was examined (Figure 14). Note that, unlike the first reduction half-cycle, L-NH3 is hardly observed in 

the second reduction half-cycle, so that the effect of catalyst structure on the reactivity of B-NH3 is 

considered in this experiment. Cu-CHA catalysts with two different Si/Al ratios and similar Cu loadings 

(2.7, 3 wt%) were sequentially exposed to NO + NH3, He, O2, and He to yield recovered Cu(II) sites and 

leftover B-NH3. The results demonstrate that the reactivity of Cu(II) with NO and B-NH3 in the second 

reduction half-cycle strongly depends on the Si/Al ratio; the Cu-CHA catalyst with a lower Si/Al ratio 

exhibits a higher reactivity. Considering that the mean distance of the nearest Al sites decreases with a 

decrease in the Si/Al ratio of zeolites, these results suggest that the amount of leftover B-NH3 that reacts 

with NO in the second reduction half-cycle depends on the distance between the Cu(II) sites and B-

NH3; a shorter distance leads to higher reactivity in the second reduction half-cycle. 
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Figure 13. Time-resolved IR results of the reaction of B-NH3 (L-NH3) on Cu0.42-CHA13 at 200 °C under 

(A) NO and (B) NO + O2; (C) IR intensities of B-NH3 and (D) MS intensities of N2 at the outlet vs. time. 

The blue line in (D) represents results obtained under a flow of NO + NH3 + O2. The sample is pre-

exposed to NH3 for 900 s, followed by He purging (300 s). Conditions: 1000 ppm NO, 1000 ppm NH3, 

and 10% O2. 

 

 

Figure 14. (A) IR intensities of B-NH3 and (B) MS signals of N2 obtained during the second reduction 

half-cycle with two Cu-CHA samples. The samples are sequentially pre-exposed to NO + NH3 (2300 s), 

He (600 s), O2
 (1200 s), and He (600 s). Conditions: 1000 ppm NO, 1000 ppm NH3, and 10% O2. 
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2.4. Conclusions 

Combined in situ/operando spectroscopic investigations of NH3–SCR with vanadium oxide and Cu 

zeolite catalysts facilitated the analysis of a general mechanism based on reduction/oxidation half-

cycles; the mechanism is described henceforth. First, NH3 on oxidized metal cation sites [V(V), Cu(II)], 

conventionally known as Lewis acid sites, reacts with NO to yield reduced metal species [V(IV), Cu(I)] 

and H+ on the surface, and N2 and H2O, presumably via an NH2NO intermediate (reduction half-cycle). 

Under transient conditions, NH3 on Brønsted acid sites (B-NH3) could migrate to vacant V(V) or Cu(II) 

sites to react with NO, resulting in the formation of V(IV) or Cu(I) species, H+, N2, and H2O; N2 continues 

being generated until the surface V(V) or Cu(II) species is depleted. The subsequent reoxidation of 

reduced metal sites by O2 regenerates the V(V) or Cu(II) sites, which accompanies the reaction of 

surface H+ to yield H2O (oxidation half-cycle). The mechanistic origin of the higher consumption rate of 

B-NH3 (and L-NH3) under NO + O2 than that under NO was elucidated based on the continuous 

reoxidation of V(IV) or Cu(I) by O2 to recover the oxidized sites. Upon the recovery of V(V) or Cu(II), the 

leftover B-NH3 reacts with gaseous NO to yield N2; therefore, B-NH3 serves as a reservoir of NH3 and 

migrates to the metal cation sites to participate in the second reduction half-cycle when the diffusion 

rate of B-NH3 is higher than the rate of the reduction half-cycle. Our results suggest that a long-debated 

issue whether L-NH3 or B-NH3 is active species is not essential. Both L-NH3 and B-NH3 (via mobile NH3) 

participate in the reduction half-cycle under transient conditions, but L-NH3 seems more reactive 

because it is close to the oxidant, Cu(II) or V(V). These findings provide comprehensive evidence to 

support a general NH3–SCR mechanism that is common to both V and Cu catalysts.  
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3.1. Introduction 

The catalytic selective reduction of nitrogen oxides (NOx) by NH3 (NH3–SCR) is a widely used 

process to control NOx emissions from stationary and sources and diesel vehicles.1–3 Transition 

metal (Fe and Cu) cation-exchanged zeolites have been promising catalysts for NH3–SCR. It is 

generally accepted that the exchanged transition metal cations are the main catalytically active 

species for the reaction of equimolar amounts of NO and NH3 in the presence of oxygen, so-called 

“standard SCR”:1,2,4 

4NH3 + 4NO + O2 → 4N2 + 6H2O (1) 

Since the commercialization of Cu-exchanged chabazites (Cu-CHA) for NOx 

aftertreatment systems,5,6 attention has been focused on the Cu-exchanged zeolites. It has been 

established that the catalytic cycle of standard SCR is composed of the reduction of isolated Cu(II) 

to Cu(I) and the subsequent reoxidation of Cu(I) to Cu(II).1–4,7 In comparison with Cu-CHA, the NO 

reduction activity of Cu-free H-CHA is negligibly low, and it has been suggested the Brønsted acid 

sites (BAS) of zeolites offer the exchange site of Cu cations but do not play a significant role in the 

standard SCR.8  

In the emission control system for diesel vehicles, a diesel oxidation catalyst (DOC) 

located upstream of the SCR catalyst converts a fraction of NO to NO2, and the participation of NO2 

in NH3–SCR shows an important effect on the SCR performance.9–20 For H-9,10,13 or Fe-

exchanged14–16 zeolites and V-based catalysts,17,18 the SCR activity is enhanced significantly when 

NO2/NO molar is ratio of 1/1 (so-called “fast SCR reaction”): 

2NH3 + NO + NO2 →2N2 + 3H2O (2) 

In addition, the catalytic reduction of NO2 by NH3 can occur without NO.14 When N2 selectivity is 

100%, the reaction could be described as follows, so called “NO2 SCR” or “slow SCR”:1  

8NH3 + 6NO2 →7N2 + 12H2O (3) 

The SCR activity of H-type zeolites depends strongly on the NO2 feed. Vartuli et al. 

reported that the reaction rate of NO2 SCR is several hundred times faster than that of standard 

SCR over H-ZSM-5 catalyst.13 In contrast, NO2 does not improve the NO reduction activity of Cu-

zeolites.16,21,22 He et al. recently found NO2 can even inhibit NO conversions at low temperatures 

over Cu-CHA.23 Moreover, it was suggested that NO2 formed in the DOC upstream of the SCR 

converter can lead to the accumulation of ammonium nitrate (NH4NO3) in zeolite pores, which 

causes catalyst deactivation 23 as well as the formation of undesirable N2O byproduct.24  

The BAS of zeolites play a significant role in the NH3–SCR reactions involving NO2 (fast 

SCR and NO2 SCR), in which Cu sites are not of essential importance.9,10 Considering the fact that 

Cu sites can catalyze NO2 decomposition to NO and O2,25 Cu-zeolites are not ideal model catalysts 

for studying the role of NO2 in NH3–SCR. Pioneering kinetic and theoretical studies on fast or NO2 

SCR utilized H-ZSM-5 zeolites,9,12 and very few studies19 focused on the NO2 effect on SCR by 

small-pore H-type zeolites.19 To the best of our knowledge, little is known about the difference of 

the reaction rates for standard, fast, and NO2 SCR by H-type small-pore zeolites.26  
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AFX zeolite is one of the 8-membered ring (small-pore) zeolites with AFT cage (0.55 × 

1.35 nm) and small GME cage (0.33 × 0.74 nm). Conventionally, AFX zeolites, known as SSZ-16, 

were synthesized using a flexible organic structure-directing agent (OSDA).27 Recently, Kubota and 

co-workers developed a highly durable AFX zeolite using a bulky and non-flexible OSDA 

(TEBOP2+).28 In this study, we employ the H-type AFX (H-AFX) to perform operando IR 

spectroscopy, kinetic, and DFT studies on the role of NO2 in NH3–SCR under steady-states and 

transient conditions. First, we propose transformation pathways of NO2 to N2 or N2O via NH4NO3 

over H-AFX on the basis of the experimental evidences. Then, we discuss molecular-level insights 

into the role of BAS and NO2 based on the theoretical results. The clarified mechanism will be 

useful for the rational control of NH4NO3 deposition and N2O emission under NH3–SCR operations 

in the practical system. 

 

3.2. Experimental details 

3.1.1 Sample preparation 

NH4 + -form of AFX (Si/Al = 5.3), prepared using the method by Kubota et al., 1 was supplied from 

the Research Association of Automotive Internal Combustion Engines (AICE), Japan. H+ - 

exchanged AFX was prepared by calcining NH4
+ -AFX at 600 ˚C for 1 h under air. Cu-AFX was 

prepared by ion-exchanging method using Cu(NO3)2 solution at a pH 5.5, followed by washing with 

distilled water (200 mL) three times, drying at 100 ˚C for 24 h, and by calcination under air at 600 

˚C for 1 h. Energy-dispersive X-ray fluorescence (EDX-700HS, Shimadzu Corp.) showed the Cu/Al 

of 0.13.  

 

3.2.2 NH3-SCR reaction  

Catalytic reaction experiments were carried out in a fixed-bed flow reactor (quartz glass tube with 

an inner diameter of 4 mm) at atmospheric pressure suing powder samples of H-AFX (0.25 to 0.053 

mm in size, 2-200 mg). The reaction temperature was measured by a thermocouple, whose tip was 

inside the upper side of the catalyst bed. The feed gas composition was regulated by the mass flow 

controllers of each individual gas line. The total flow rate was maintained at 100 mL min-1, which 

resulted in a gas hourly space velocity (GHSV) of 501672 h-1 based on the packing density of the 

catalysts at 5.98 g cm-3 and catalyst weight at 2 mg. Concentrations of the feed gas and products 

were measured by an online IR spectrometer (JASCO Corp., FT/IR-4600) equipped with an 8 m 

gas cell (JASCO, LPC-8M-S) that was heated at 200 ˚C. Prior to steady-state reaction 

measurements, the catalyst was pretreated for 1 h at 600 ˚C under flowing 10% O2/He. Standard 

SCR reaction was tested with a feed of 500 ppm NO, 500 ppm NH3, 10% O2, and balance He. Fast 

SCR was tested with a feed of 250 ppm NO, 250 ppm NO2, 500 ppm NH3, 10% O2. For NO2 SCR, 

a mixture of 500 ppm NO2, 500 ppm NH3, 10% O2 was fed to the catalyst. The NOx conversion 

was determined by the following equation.  
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NOx conversion (%) = 
(NOx)inlet − (NOx)outlet

(NOx)inlet
 × 100%  

 

For kinetic experiments, the rates of NOx reduction were evaluated under the conditions where 

conversions of NOx and NH3 were below 60%.  

 

Figure 1. NOx conversion and N2O yield for standard SCR, fast SCR, and NO2 SCR over H-AFX. 

Standard SCR: 500 ppm NO, 500 ppm NH3, 10% O2, 200 mg catalyst. Fast SCR: 250 ppm NO, 

250 ppm NO2, 500 ppm NH3, 10% O2, 2 mg catalyst. NO2 SCR 500 ppm NO2, 500 ppm NH3, 10% 

O2, 2 mg catalyst. 

 

3.2.3 In situ IR and on-line MS  

A transmission infrared (IR) spectroscopy was studied for in situ probing of the formation and 

reaction of adsorbed species on H-AFX. In situ IR spectra were recorded using a JASCO 

FT/IR4200 with a TGS (Triglycine sulfate) detector. H-AFX powder sample was pressed to obtain 

selfsupporting pellets (20 mm, 40 mg), which were placed in the quartz IR cell with CaF2 windows 

connected to a conventional gas flow system (100 mL min-1). Spectra were measured accumulating 

20 scans at a resolution of 4 cm-1. A reference spectrum taken at a reaction temperature under He 

flow was subtracted from each spectrum. Prior to the measurements, the IR disc was heated under 

a flow of 10% O2/He at 500 ˚C for 1 h and was cooled to a measuring temperature under a flow of 

10% O2/He, and by purging with He for 15 min. Note that preliminary IR results showed that 

adsorbed water and adsorbed NH3 species were completely removed by the pretreatment. A mass 

spectrometer (BELMass, MicrotracBEL Corp.) was used for analyzing effluent gas (N2 and N2O). 

The MS signals were calibrated by flowing pure compound (N2 or N2O in He) of known 

concentrations. 

 

3.2.4 TPSR  

TPSR (temperature-programmed surface reaction) experiments were performed using the H-AFX 

powder (40 mg) placed in the flow reaction system (100 mL min-1) connected to the IR gas analyzer 
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(JASCO FT/IR-4600 with the gas cell of 8 m path) and MS. The concentrations of NO and NO2 

were analyzed by IR: NO (1913-1910 cm-1), NO2 (2938-2854 cm-1). The concentrations of N2 and 

N2O were analyzed by MS. 

 

3.3. Results and Discussion 

3.3.1 NO2 effect on steady-states SCR on H-AFX 

To explore the effect of NO2 on the reaction rates of SCR over H-AFX catalysts, we carried out 

steady-state catalytic experiments under “standard SCR” (NO2/NOx = 0), “fast SCR” (NO2/NOx = 

1/2), and “NO2 SCR” (NO2/NOx = 1) conditions in a temperature range from 150 to 400 °C. An 

online IR spectrometer was used to measure the concentrations of the feed gas and products. It 

was found that the reaction rates of fast and NO2 SCR reactions are significantly higher than those 

of standard SCR, and the NO conversions for standard SCR reaction are negligibly low under the 

same contact time condition. As the NO2/NOx ratio increases, the NOx reduction rates at 200 °C 

increase in the following order: 0.02 mmol g-1 h-1 (NO2/NOx = 0), 2.89 mmol g-1 h-1 (NO2/NOx = 1/2), 

27.36 mmol g-1 h-1 (NO2/NOx = 1). It is noteworthy that the NOx reduction rate for fast SCR and NO2 

SCR is more than two orders of magnitude higher than that for standard SCR. This result is similar 

to the earlier report by Stevenson et al. for NH3–SCR by H-ZSM-5, in which the rate of NO2 SCR 

is several hundred times higher than that of standard SCR.13  

Figure 2 depicts the Arrhenius plots with estimated apparent activation energies (Ea) for 

standard, fast, and NO2 SCR reactions. The reaction rates were measured under the conditions 

with NOx and NH3 conversions between 20 and 55%. For standard SCR, the Arrhenius plot is a 

straight line in a temperature range of 150–400 ˚C, which gives an estimated Ea of 71 kJ mol-1. This 

value is larger than the literature data for standard SCR by H-ZSM-5 (56.4 kJ mol-1). For fast SCR, 

there are two kinetic regimes with distinct apparent activation energies. The Ea is 59 kJ mol-1 in the 

high temperature regime (275–350 ˚C), which becomes lower (12 kJ mol-1) in the low temperature 

regime (150–225 ˚C). Similar temperature-dependent kinetic regimes for fast SCR over H-CHA 

were reported by Schneider et al.,19 and this phenomenon was explained to associate with the 

dynamic change of active sites at different temperature. The kinetic experiment of NO2 SCR gave 

the lowest Ea (3.8 kJ mol-1). These results indicate that the presence of NO2 in the feed gas 

decreases the apparent activation energy, thereby increasing the reduction rates of NOx. For the 

product selectivity, the standard and fast SCR selectively convert NOx to N2, whereas half of N 

balance with NO2 SCR yields N2O between 300 and 400 °C. A significant amount of N2O product 

during NO2 SCR was previously reported for H-ZSM-5,13,29 and the following reaction involving O2 

was suggested for N2O production: 

2NO2 + 2NH3 + O2 → 2N2O + 3H2O  (4) 

A separate experiment for NO oxidation by H-AFX was also performed. The rate of NO 

oxidation to NO2 at 230 ˚C is 0.12 mmol g-1 h-1, which is close to that of the standard SCR reaction 

(0.11 mmol g-1 h-1). Considering the higher rate of fast SCR and NO2 SCR than standard SCR, the 
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result suggests that NO2 is a key intermediate of standard SCR by H-AFX, and NO oxidation is the 

rate-limiting step of standard SCR by H-AFX. 

  

Figure 2. Arrhenius plots for standard SCR, fast SCR at high and low temperature (HT and LT) regimes, 

and NO2 SCR over H-AFX zeolites.  

 

3.3.2 Surface species during standard, fast, and NO2 SCR  

 

 

Figure 3. In situ IR spectra of adsorbed species on H-AFX (40 mg) during standard, fast, and NO2 

SCR at 150 ˚C. 
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In situ IR measurements were then carried out to characterize the surface species during standard, 

fast, and NO2 SCR. The experiments were conducted at 150 ˚C using a disc of H-AFX (40 mg). As 

shown in Figure 3, strong IR bands due to NH3 adsorbed on the BAS (NH4
+ on zeolite oxygen, 

designated as B-NH3) were observed at 1430, 2800, 3020, 3260 cm-1 during standard and fast 

SCR reactions. For standard SCR, the band probably due to adsorbed NO2 (1640 cm-1) was initially 

observed, and then its intensity decreased with time. Under the steady-state standard SCR 

conditions (t = 60 min), the B-NH3 is the dominant adsorbed species. During fast SCR, the amount 

of the adsorbed NO2 (1640 cm-1) increased with reaction time, and the B-NH3 and the adsorbed 

NO2 co-exist in H-AFX under the steady-states (t = 60 min). In contrast to standard and fast SCR, 

bands at 1420 and 1380 cm-1 were observed during NO2 SCR. Based on the previous reports,17,30 

these bands are assigned to NH4NO3 accumulated on the catalyst. The band due to N–H stretching 

vibrations of NH4
+ (2800, 3020, 3250 cm-1) are similar to those for standard and fast SCR, indicating 

that the B-NH3 is also present in the catalyst under the NO2 SCR conditions. After 60 min, a band 

at 1750 cm-1 probably due to N2O4 species31 was observed.  

 

3.3.3 Transient reaction of adsorbed NH3 with NOx + O2 on H-AFX and Cu-AFX  

To monitor the dynamic changes of the adsorbed species on H-AFX and the evolved gas products, 

we carried out time-resolved in situ IR experiments at 230 ˚C while monitoring mass spectroscopy 

(MS) signals of outlet gas (in situ IR-MS, i.e. operando IR). The flow type IR cell was connected 

on-line to the MS apparatus. The IR disc of H-AFX was first exposed to 0.1% NH3/He flow for 10 

min, followed by purging with He flow for 15 min. Then, in situ IR spectra were collected as a 

function of time with NO + O2 or NO2 + O2 flowing (Figure 4). After purging with He, the B-NH3 at 

1430 cm-1 was observed, while NH3 adsorbed on Lewis acid sites (around 1620 cm-1) was not 

observed. Followed by NO + O2 flowing (Figure 4a), the IR band due to B-NH3 did not change 

markedly for 1000 s, and then the band intensity decreased with time. Simultaneously, the MS 

signal of N2 (m/e = 28) was observed. Note that the MS intensities for N2 correspond to the relative 

rates of N2 formation. The N2 formation continued until the adsorbed NH3 was completely consumed. 

The induction period of 1000 s may be due to the blocking of active site (Brønsted acid site) by 

NH3.32  

When the NH3-exposed H-AFX was exposed to a flow of NO2 + O2 for 1000 s (Figure 4b), 

IR spectrum assignable to NH4NO3 (NH4
+ ,1420 cm-1; NO3

-, 1380 cm-1) was observed. Using the 

reference spectra of NH3 on BAS (B-NH3) and NH4NO3, the spectra in a range of 1365-1560 cm-1 

were deconvoluted to these two components (Figure 1). Then, the area of each component was 

plotted as a function of time in Figure 4b (right). After the induction period of 500 s, the intensity of 

B-NH3 band decreased together with N2 formation and the accumulation of NH4NO3. The maximum 

intensity of N2 signal, which is the initial rate of N2 formation, under NO2 + O2 is higher than that 

under NO + O2, indicating that the NOx reduction by adsorbed NH3 is faster under NO2 + O2. Taking 



51 

 

into account the fact that NO2 is produced by NO + O2 on BAS of zeolites,15 the N2 formation over 

H-AFX is interpreted as the reduction of NO2 by adsorbed NH3 to yield N2. As noted above, the rate 

of NO oxidation to NO2 on H-AFX is relatively slow, which results in the slower rate of the transient 

N2 formation under NO + O2 than under NO2 + O2. 

 

Figure 4. In situ IR spectra (left) of adsorbed species on H-AFX during the reaction of adsorbed 

NH3 with NOx at 230 ˚C (a) under 500 ppm NO + 10% O2 and (b) under 500 ppm NO2 + 10% O2. 

The right figures show the time dependence of the IR peak area for surface species and the MS 

intensity of N2. 

 

The same experiments were then performed using the NH3-exposed Cu-AFX. The IR-MS 

results under NO + O2 and NO2 + O2 are shown in Figure 5a and 5b, respectively. After the He 

purge, the IR spectra show a peak at 1620 cm-1 due to NH3 adsorbed on Cu(II) sites (designated 

as Cu-NH3) together with a strong band due to NH3 on BAS (B-NH3, 1430 cm-1). When the catalyst 

was exposed to a flow of NO + O2 (Figure 5a), the intensity of these bands decreased, and 

simultaneously N2 formation was observed by MS analysis. Within 800 s, these NH3 species were 

completely consumed to give N2. 

In contrast to the results for H-AFX (Figure 4), the transient reaction of B-NH3 under NO2 

+ O2 over Cu-AFX is much shower than the reaction under NO + O2 (Figure 5). For Cu-AFX, the 
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lower rates of both B-NH3 consumption and the N2 formation were observed under NO2 + O2 than 

under NO + O2. The completion of N2 formation under NO2 + O2 required more than 2000 s, while 

N2 formation was completed within 800 s under NO + O2. Comparison of the results for the NO2-

involved SCR reactions over H-AFX and Cu-AFX (Figure 4b vs. Figure 5b) indicates that Cu sites 

show negative effect on the transient reaction of adsorbed NH3 under NO2 + O2. This implies that 

BAS are the active site for the reduction of NO2 by adsorbed NH3, while Cu sites do not play an 

active role in this transient reaction. The comparison for H-AFX and Cu-AFX under NO + O2 

condition (Figure 4a vs. Figure 5a) indicates that Cu-AFX shows higher rates of N2 formation and 

B-NH3 consumption than H-AFX, which may be due to a higher rate of NO oxidation to NO2 on Cu 

sites than on H+ sites. 

Additionally, IR bands due to the nitrate species on Cun+ sites were observed at 1570, 

1596, and 1620 cm-1
 
33 for Cu-AFX under NO2 + O2 condition (Figure 5b). The accumulation of 

these nitrates on Cu-AFX catalyst suggests that the reaction of B-NH3 with nitrate species on Cu 

sites is relatively slow. The role of such Cu nitrates in SCR reaction remains not fully unraveled, 

particularly whether they are involved in reaction cycle. 34,35 Nevertheless, recent time-resolved IR35 

and X-ray absorption spectroscopy (XAS)36 studies on Cu-CHA show that the Cu nitrates are 

kinetically insignificant under typical low-temperature SCR conditions, indicative of their less 

important role in SCR cycle. 
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Figure 5. In situ IR spectra (left) of adsorbed species on Cu-AFX during the reaction of adsorbed 

NH3 with NOx at 230 ˚C (a) under 500 ppm NO + 10% O2 and (b) under 500 ppm NO2 + 10% O2. 

The right figures show time dependence of IR peak area for surface species and the MS intensity 

of N2. 

 

3.3.4 Transient reaction of adsorbed NH3 with NOx on H-AFX  

We then studied the H-AFX catalyzed reaction of B-NH3 with NOx in the absence of O2. Transient 

experiments were performed at 150 ˚C for NH3-exposed H-AFX to a flow of NO + NO2 or NO2 

(Figure 6). Under NO + NO2, B-NH3 was consumed by NO + NO2 to yield N2 after the induction 

period of 500 s. In contrast, the reaction under NO2 shows a higher rate of N2 production and the 

significant amount of NH4NO3 accumulated on H-AFX. The absence of NH4NO3 accumulation 

under NO + NO2 flow suggests that NO promotes decomposition of NH4NO3 37,38 or NO inhibits the 

formation of NH4NO3.30,37,38 The experimental observations suggest that NH3 adsorbed on H+ sites 

reacts with NO2 to produce N2 and NH4NO3 (Eqn. (5)). The produced NH4NO3 can further react 

with NO to yield N2, NO2 and H2O (Eqn. (6)). 

2NH3ad + 2NO2 → N2 + NH4NO3 + H2O   (5) 

NH4NO3 + NO → N2 + NO2 + 2H2O    (6) 
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Figure 6. In situ IR spectra (left) of adsorbed species on H-AFX during the reaction of adsorbed 

NH3 at 150 ˚C (a) under 250 ppm NO + 250 ppm NO2 and (b) under 500 ppm NO2. The right figures 

show time dependence of IR peak area for surface species and the MS intensity of N2. 

 

To better understand the temperature effect on reaction (5), we studied the temperature-

programmed surface reaction (TPSR) of adsorbed NH3 on H-AFX under a flow of NO2 (Figure 7). 

IR disc of H-AFX was first exposed to 0.1% NH3 for 0.5 h at 30 ˚C and followed by purging with He. 

Then, the catalyst was heated up to 500 ˚C (10 ˚C min-1) under 500 ppm NO2. The adsorbed 

species and outlet gas were monitored by IR and MS signals, respectively. Above 50 ˚C, B-NH3 

consumption, N2 formation, and NH4NO3 accumulation on H-AFX were observed simultaneously. 

At 280 ˚C, NH4NO3 consumption and N2O formation occurred simultaneously. The result shows 

that the reaction (5) occurs at temperature range of 50–150 ˚C. The reaction paths for NH4NO3 

conversion to N2O and the decomposition of NH4NO3 with NO to yield N2 (Eqn. (6)) are discussed 

in the following section.  
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Figure 7. In situ IR spectra (left) during the temperature-programmed surface reaction (TPSR) of 

adsorbed NH3 under 500 ppm NO2 over H-AFX, pre-exposed to 500 ppm NH3 at 30 ˚C (0.5 h). The 

right figures show time dependence of IR peak area for surface species and the MS intensity of N2. 

 

3.3.5 Conversion of NH4NO3 to N2 or N2O 

To provide direct evidence of the reaction (6), we carried out in situ IR experiment of NH4NO3-

loaded H-AFX in flowing NO at elevated temperatures. Following the methods in the literature39–41, 

NH4NO3-loaded H-AFX (NH4NO3 loading of 1 mmol g-1) was prepared by the impregnation method: 

200 μL of 0.2 M NH4NO3 solution was added dropwise to 40 mg of H-AFX, followed by drying in an 

oven at 80 °C for 5 h. After obtaining the background IR spectrum of NH4NO3-impregnated H-AFX 

at 30 °C under He, the IR cell was heated (10 °C min-1) under a flow of 500 ppm NO/He. Figure 8 

shows the IR difference spectra of NH4NO3-impregnated H-AFX at various temperature. As 

temperature increases, the negative peaks appeared at 1420, 1380, 3020, and 3260 cm−1, 

indicating the consumption of adsorbed NH4NO3. Above 200 °C, the intensity of the negative peaks 

leveled off. The NO-assisted decomposition of NH4NO3 on SCR catalysts has been also reported 

by previous studies.3842  

For the NH4NO3-impregnated H-AFX, the shape of the negative band is close to that of 

the positive bands appeared when NH3-exposed H-AFX is exposed to a flow of NO2 (Figure S1), 

which suggests that the impregnated NH4NO3 species in H-AFX is basically the same as the 

NH4NO3 formed by the reaction of NO2 with NH3. We also compared the IR spectra of physically 

mixed NH4NO3 and H-AFX, for which NH4NO3 particles are mainly present at the external surface 

of H-AFX. The comparison of IR spectra (Figure S2) suggests the physically mixed NH4NO3 gives 

different IR spectroscopic features as the one from NH3 + NO2 flow or impregnated NH4NO3, 

indicative of their different adsorption states. The NH4NO3 species generated from the reaction of 

NH3 and NO2 or impregnated from NH4NO3 solution are more likely adsorbed on the BAS rather 

than at the external surface of zeolite. The above comparisons show the NH4NO3 sample prepared 

from impregnation method is more appropriate to represent the state of accumulated NH4NO3 

during the NH3–SCR over H-AFX, and thus we used such a sample to further perform the TPSR 

as a model reaction of NH4NO3 inside the H-AFX zeolite. A lower amount of impregnated NH4NO3 
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(1.0 mmol g-1) than the number of Al atoms in the H-AFX catalyst (2.7 mmol g-1) was employed, 

which helps avoid the deposition of over-loaded NH4NO3 at the external surface of zeolite.  

 

 

Figure 8. In situ IR spectra of 1 mmol g-1 NH4NO3-loaded H-AFX (40 mg) during heating (from 30°C to 

500°C, 10 min-1) under 500 ppm NO.  

 

In a separate flow reactor, the TPSR experiments of NH4NO3(1 mmol g-1)-impregnated H-

AFX (powder) were carried out in flowing of various gas mixture (Figure 9). N2 and N2O in the outlet 

gas were quantified using MS. As NO2 was quantified by IR equipped with a long path (8 m) gas 

cell, the time response of NO2 was slower than the other gases. The result under flowing NO 

(Figure 9a) shows the formation of N2 and NO2 in a temperature range of 50-200 ˚C. The tailing of 

NO2 concentration above 200 ˚C can be due to slower response of the IR detector than MS. The 

formation of NO2 indicates that NH4NO3 is reduced by NO to yield NO2 and ammonium nitrite 

(NH4NO2), which is consistent with the pathway proposed by Weitz et al.38,43,44 It is well known that 

NH4NO2 readily decomposes to N2 and H2O at low temperatures (< 100 ˚C).43,44 Combined with the 

corresponding IR result in Figure 8, it is shown that the reaction (6) is composed of the following 

two reactions. 

NH4NO3 + NO → NO2 + NH4NO2  (7) 

NH4NO2 → N2 + H2O   (8) 

In the absence of NO, the decomposition of NH4NO3 can afford N2O.37,45 The TPSR profile 

(Figure 9b) under He flow (in the absence of NO) shows N2O formation in a temperature range of 

200-350 ˚C with only trace amount of N2. This indicates that N2O is produced by NH4NO3 

decomposition in the absence of NO (Eqn. (9)).37 

NH4NO3 → N2O + 2H2O   (9) 

The TPSR profile under NO2 flow (Figure 9c) shows that N2O is the main product, which is 

explained as follows. NO2 decomposition to NO is slow over H-AFX, resulting in higher rate of the 

reaction (9) than the reaction (7).  

In the NH3–SCR conditions, NH3 co-exsists in the gas mixture. We also studied the effect 

of NH3 on the reactivity NH4NO3 under NO (Figure 9d). The TPSR profile of NH4NO3-loaded H-

AFX in flowing NO + NH3 results in lower amount of N2 formation than the TPSR result under NO. 

Additinally, N2O formation was accelerated by the NH3 addition. It is obvious that NH3 inhibits the 
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reaction (6), most likely the reaction (7), and consequently the reaction (9) is accelerated. 

Previously, Weitz et al.38 studied the role of BAS of zeolite on the reduction of NH4NO3 by NO and 

showd that BAS catalytically promote the reaction (8). Under NO + NH3 at low temperatures, NH3 

can be readily adsorbed on the BAS of H-AFX, which results in decrease in the number of the BAS 

available for the reaction (8), leading to lower amount of N2 formation than the TPSR result. The 

TPSR experiment for NH4NO3-SiO2 under NO shows no formation of N2 and N2O (result not shown), 

indicating that BAS are active sites for the key reactions for the formation of N2 and N2O, e.g. the 

reactions (7) and (9). 

 

 

Figure 9. TPSR profile of 1 mmol g-1 NH4NO3-loaded H-AFX (40 mg) during heating (from 30 °C to 

400 °C, 10 °C min-1) under (a) 500 ppm NO, (b) He, (c) 500 ppm NO2, and (d) 500 ppm NO + 500 ppm 

NH3.  

 

3.3.6 DFT study on NH4NO3 decomposition 

To provide molecular-level insights into the elementary steps of NH4NO3 conversion over H-AFX, 

we further performed DFT calculations using a 48T hexagonal unit cell (Figure S2). First, the 

formation of N2O from NH4NO3 was investigated (Figure 10a). The adsorption of NH4NO3 on the 

protonic H-AFX zeolite leads to the proton transfer from the BAS to the nitrate moiety, giving HNO3 
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and NH4
+, which are stabilized by hydrogen-bonding interactions at the negative oxygen sites of 

the zeolite framework. The decomposition of NH4NO3 into N2O proceeds via two sequential 

dehydration reactions. The first dehydration occurs via a proton transfer from NH4
+ to the OH moiety 

of the protonated nitrate group, which produces the H2NNO2 intermediate with a synchronous 

proton backdonation to the zeolite framework oxygen (Int_H2NNO2). This reaction is endothermic 

by 84 kJ/mol with an activation barrier of 138 kJ/mol. In the corresponding transition state (TS1), 

water molecule is already generated, and the NO2 moiety interacts with the NH3 fragment at a N–

N distance (dN–N) of 2.67 Å. The production of H2NNO2 intermediate is accompanied with N–N bond 

formation (dN–N = 1.48 Å) and the regeneration of BAS. The reorientation of H2NNO2 intermediate 

(Int_H2NNO2(reo)) decreases the system energy by -38 kJ/mol, which initializes the second 

dehydration reaction. With the participation of both the BAS and the water generated from the first 

dehydration, the conversion of H2NNO2 via TS2 proceeds with an activation barrier of 52 kJ/mol, 

and the production of N2O strongly stabilizes the system by -91 kJ/mol. For this BAS catalyzed 

decomposition of NH4NO3 into N2O and H2O, the first dehydration to produce H2NNO2 intermediate 

is the rate-determining step with an activation barrier of 138 kJ/mol. When H-AFX is absent, the 

non-catalytic decomposition of NH4NO3 requires a much higher barrier of 181 kJ/mol for the first 

dehydration (Figure S5), indicative of the essential catalytic role of BAS during the conversion of 

NH4NO3 into N2O.  

 

Figure 10. Energy profiles for the decomposition of NH4NO3 on protonic H-AFX zeolite: (a) direct 

decomposition of NH4NO3; (b) NO-assisted NH4NO3 decomposition via NH4NO2 intermediate. Atomic 

distances are indicated in angstrom (Å). 

 

The NO-assisted NH4NO3 decomposition was then investigated and compared (Figure 

10b). Based on our experimental evidences, it is assumed that NO first reacts with NH4NO3 to 

generate NO2 and NH4NO2, which then decomposes into N2 and H2O. DFT results suggest the 

production of NH4NO2 is realized by the hydroxyl group transfer from the protonated nitrate group 

(HNO3) to the adsorbed NO, which generates a nitrous acid (HNO2) and a free NO2 (HNO3 + NO 

→ HNO2 + NO2). This reaction occurs via TS3 with an activation barrier of 76 kJ/mol. The release 



59 

 

of NO2 leads to the formation of HNO2 moiety and NH4
+ stabilized at the negative sites of zeolite, 

which can be considered as adsorbed NH4NO2 with its nitrite group protonated by the BAS. During 

such a conversion from ammonium nitrate to nitrite species, the NH4
+ moiety is not directly involved 

but only acts as a spectator. The further decomposition reaction of NH4NO2 is similar to that of 

NH4NO3. However, the activation barrier for the first dehydration is much lower for NH4NO2 (TS4, 

ΔE‡ = 105 kJ/mol) than for NH4NO3 (TS1, ΔE‡ = 138 kJ/mol). Different from NH4NO3 decomposition 

where the H2NNO2 is produced in a single elementary step, the decomposition of NH4NO2 to 

H2NNO occurs via a stepwise mechanism, in which a NO+ intermediate is formed (Int_NO+
 in Figure 

9b). The cationic nature of such a NO+ intermediate was confirmed by Bader charge analysis 

(Figure S4). Comparison with the free gaseous NO (QN = +0.52 e) or its adsorption state in 

siliceous AFX framework (QN = +0.50 e), the cationic NO+ possesses a much higher positive charge 

on the N terminal (QN = +0.80 e, Int_NO+ in Figure S4), which is similar to the case (QN = +0.86 e) 

when the surrounding ammonia and water adsorbents were removed and only NO+ was present at 

the negative site of 1Al3+ substituted AFX as charge-compensation cation. Such a NO+ intermediate 

shows a high reactivity towards further reaction with NH3, which only requires an activation barrier 

of 47 kJ/mol (TS5) to afford H2NNO intermediate and a Brønsted proton connected back to the 

zeolite framework oxygen. The decomposition of H2NNO occurs via proton transfers,46,47 which 

affords the final product of N2 and H2O with a strong exothermicity. The results for the reactions of 

NH4NO3 over H-AFX are summarized in Scheme 2. 

 

Scheme 1. DFT-calculated reaction paths of NH4NO3 under (a) non-NO-assisted and (b) NO-assisted 

conditions during NH3–SCR reaction over H-AFX.  

 

The comparison of the reaction profiles (Figure 10 and Scheme 1) indicates that the direct 

NH4NO3 decomposition requires a much higher reaction barrier than the case of NO-assisted 

NH4NO3 decomposition. To further account for the temperature and entropy effect, we considered 

the Gibbs free energies of the key elementary steps (Table S1). The thermodynamic data were 

calculated using the results of frequency analysis. At the reaction temperature of 150 °C, the 

computed Gibbs free activation energies are 113 and 96 kJ/mol (TS1 and TS4) for the first 
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dehydration reaction of NH4NO3 and NH4NO2, respectively. For the reaction of NO with NH4NO3, 

the Gibbs free activation barrier of TS3 was calculated using the reference state of NH4NO3 and 

gaseous NO. The obtained barrier is 99 kJ/mol, which contains significant translational and 

rotational entropic contributions of free-state NO as the adsorption process has a strong negative 

entropy effect. The Gibbs free energy calculations show the reaction of NO and NH4NO3 to afford 

NO2 and NH4NO2 requires a similar barrier (99 kJ/mol) as the further dehydration of NH4NO2 (96 

kJ/mol), and these free energy barriers are lower than that of the first dehydration reaction of 

NH4NO3 (113 kJ/mol), which is the rate-determining step of the direct NH4NO3 decomposition. The 

presented data point that NO-assisted NH4NO3 decomposition to produce N2 is more favorable 

than the direct NH4NO3 decomposition to N2O, which is consistent with our experimental 

observation.  

 

3.3.7 Reaction pathways of NH3–SCR over H-AFX zeolite via NH4NO3 

Summarizing the above experimental and theoretical results, the reaction pathways of NH3–SCR 

via NH4NO3 over H-AFX is shown in Scheme 2. The first important role of BAS is to storage NH3 

forming NH4
+. Then, BAS catalytically promotes the reaction of the adsorbed NH3 with NO2 to yield 

N2, H2O, and adsorbed NH4NO3 in a temperature range of 50–150 ˚C (Figure 7). The rate of NO 

reduction under the NO2-free (standard) SCR conditions is two orders of magnitude lower than the 

NOx reduction rates under fast SCR and NO2 SCR conditions (Figure 2), possibly because NO2 

formation from BAS-catalyzed NO oxidation is too slow. Hence, addition of NO2 significantly 

enhance the NOx reduction rate. When NO is present (in fast SCR condition), the reduction of 

NH4NO3 by NO yields gas-phase NO2 (Figure 9a) and NH4NO2, which then decompose into N2 

(Figure 9a) and H2O at low temperatures. Hence, NH4NO3 accumulation in the zeolite is retarded 

by NO (Figure 3, Figure 6a, and Figure 10a). NH3 inhibits this process by blocking the BAS as 

active sites of NH4NO3 reduction with NO (Figure 9d). In the absence of NO, NH4NO3 

decomposition into N2O and H2O is catalyzed by BAS above 200 ˚C (Figure 7, Figure 9b, and 

Figure 10b). During steady-state fast SCR, NH4NO3 once formed on the catalyst are quickly 

consumed by its reaction with NO, so that NH4NO3 does not accumulate on the catalyst (Figure 3). 

In the case of NO2 SCR, the NH4NO3 intermediate cannot react with NO and decomposes into N2O 

and H2O above 200 ̊C. Consequently, nearly half of the reduced product is N2O in steady-state NO2 

SCR. It should be pointed out that NH4NO3 may be continuously accumulated on the catalyst below 

200 ̊C, which makes it difficult to measure the steady-state reaction rates of NO2 SCR below 200 ̊C. 

In the metal-exchanged SCR catalyst, Cu (or Fe) sites catalyzes the oxidation of NO to NO2, which 

results in higher rates of NH4
+ consumption under NO + O2 (Figure 5a). This pathway may 

contribute to the removal of NO under transient operation of the SCR system.  
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Scheme 2. Proposed mechanism for NH3–SCR reaction over H-AFX. 
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3.4. Conclusion 

We have investigated the formation and reactions of NH4NO3 during transient and steady-state 

NH3–SCR of NOx over H-AFX zeolites using operando IR spectroscopy, kinetic, and DFT studies. 

Steady-state kinetics shows that the SCR of NO2 or NO/NO2 mixture is more than two orders of 

magnitude faster than the SCR of NO. For NO2 involved SCR over H-AFX, Brønsted acid sites 

(BAS) play an essential role, which promote the reaction of the adsorbed NH3 with NO2 to yield N2, 

H2O, and adsorbed NH4NO3 at low temperatures (50–150 ˚C). Transient operando IR and DFT 

studies suggest that when NO is present, NH4NO3 is reduced by NO to yield NO2 and NH4NO2, and 

then NH4NO2 decomposes into N2 and H2O. Thus, NH4NO3 accumulation in zeolite is retarded by 

NO. In the absence of NO, the decomposition of NH4NO3 into N2O and H2O is more difficult, which 

is catalyzed by BAS at high temperatures (> 200 ˚C). The comparison of the SCR performance 

between H-AFX and Cu-AFX suggests that Cu sites only promote NH3–SCR under NO + O2 but 

show a negative effect under NO2 + O2, indicating the BAS rather than the Cu sites are the active 

site for the reduction of NO2 by adsorbed NH3. The presented results emphasize the essential roles 

of BAS and NO2 in SCR by zeolite catalysts. 
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Supporting information 

Result details 

Curve fitting for IR spectra analysis 

For analysis of IR spectra, we employed Python 3.2 using the Spyder (Anaconda3) integrated 

development environment. After measurement of in situ IR on-line MS and reference spectra (see 

Section 1.3 here above), we fitted each experimental in situ IR spectra as a linear combination of 

the two reference spectra, and denotes each experimental point in fitted wavenumber range from 

1300 to 1500 cm-1. The reference of B-NH3 which was shown as red line in Figure S1 is the 

condition which H-AFX catalysis disc was introduced 0.1% NH3(800s) next to He purge. The 

reference of NH4NO3 which was shown as blue line in Figure S1 is the condition which H-AFX 

catalysis disc was pre-exposed to NH3 (800 s), was exposed to 500 ppm NO2+10% O2 for 2000 s, 

in other words, the condition shows that adsorbed species of NH4NO3 is completely saturated over 

H-AFX catalysis disc. 

 

Figure S1. Curve-fitting of the IR spectrum (N–H stretching and N–O stretching regions) for a 

mixture of NH3 on BAS and NH4NO3 at 230 ˚C. H-AFX, pre-exposed to NH3 (800 s), was exposed 

to 500 ppm NO2+10% O2 for 881 s. 

 

Verification of NH4NO3 impregnated in zeolite 

As shown in Figure 7, NH4NO3-loaded H-AFX (NH4NO3 loading of 1 mmol g-1) was prepared by the 

impregnation method. The spectrum (a) in Figure S2 was measured the sample of mixture 5 wt% 

NH4NO3 and KBr powder under the air and room temperature after taking background KBr disc and 

using by KBr windows. The spectrum (b) in Figure S2 was measured the sample of mixture 5 wt% 

NH4NO3 and H-AFX under the air and room temperature after taking background only H-AFX disc 
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and without using window. The spectrum (c) in Figure S2 is NH4NO3 over BAS on H-AFX by 

NH3+NO gas. Three spectra indicate that these situation are difference between only 

NH4NO3(Figure S2(a)), NH4NO3 particles outside the zeolite(Figure S2(b)) and NH4NO3 adsorbed 

BAS (Figure S2(c)). 

 

Figure S2. In situ IR spectra at 150 ˚C of samples (a) was prepared by physical mixing 5wt% 

NH4NO3 powder and KBr (40 mg); (b) was prepared by physical mixing 5wt% NH4NO3 powder and 

H-AFX (40 mg); (c) was introduced by 0.1 % NH3+500 ppm NO2/He (100 mL min-1) to H-AFX (40 

mg). 
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DFT calculation 

Method of DFT calculation 

Periodic DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) 

version 5.4.4.456 The Perdew-Burke-Ernzerhof (PBE) functional7 with the projector augmented 

wave (PAW) method89 was used. The cut-off energy of the plane wave basis sets was set to 500 

eV. The Brillouin zone sampling was restricted to the Γ point.10 To account for the van der Waals 

interactions, the dispersion-corrected DFT-D3 (BJ) method was employed.11 Geometries were 

assumed to be converged when the force on each atom was below 0.05 eV Å-1. The climbing image 

nudged elastic band (CI-NEB) method was applied to determine the minimum-energy reaction 

paths and to locate the corresponding transition states.12 Vibrational frequency calculations using 

the finite difference method (0.02 Å atomic displacements) were performed to confirm the nature 

of transition states, which show a single imaginary frequency corresponding to the reaction path. 

For the reaction of ammonia nitrate with NO, spin-polarized calculations were applied to account 

for the unpaired elections in the reaction system. 

 

AFX zeolite was modelled by a 48T hexagonal unit cell.13 The cell parameters were optimized for 

the all-silica zeolite cell (Si48O96). The optimized lattice parameters are a = b = 13.70 Å, c = 19.73 

Å, which show good agreement with the experimental values (a = b = 13.67 Å, c = 19.70 Å). To 

introduce the Brønsted acid site (BAS), one lattice Si was substituted by an Al atom, and a Brønsted 

proton was located on the neighboring oxygen site as charge-compensating cation (Figure 1). Then 

full geometry optimizations were performed with fixed lattice parameters. 

 

 

Figure S3. Computational model of protonic AFX zeolite (views from different directions). 
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Additional DFT results 

 

 

Figure S4. Bader charge analysis of NO+ cation and neutral NO molecule during SCR process.  

 

 

Figure S5. Effect of protonic AFX zeolite on the decomposition of NH4NO3: (a) BAS promoted 

dehydration; (b) non-catalytic dehydration. Activation and reaction energies (ΔE‡ and ΔE) are given 

in kJ/mol. 
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Table S1. Activation Gibbs free energies (ΔG‡) of the key elementary steps during NH4NO3 

decomposition. Energies are given in kJ/mol. 

Transition state ΔE‡ ΔG‡ (150 °C) 

TS1 138 113 

TS3 52 99a 

TS4 105 96 

a For the reaction of NO with NH4NO3 (TS3), the ΔG‡ was calculated using the reference state of 

NH4NO3 and gaseous free-state NO.  
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4.1. Introduction 

The selective catalytic reduction of NOx using NH3 (NH3–SCR) catalyzed by Cu- or Fe-exchanged 

zeolites is a state-of-the-art technology for NOx purification in diesel vehicles.1 V-based oxide 

catalysts have been widely utilized for NOx emission control from stationary sources for a long 

time.2 Among V-free oxide catalysts, which have been reported as a new class of NH3–SCR 

catalysts,3–7 CeO2-based catalysts modified with acidic oxides8–24 (such as WO3, MoO3, and TiO2) 

have recently attracted considerable attention. W–Ce oxides are of particular interest9–14 owing to 

their high NOx conversion over a wide temperature range at high gas hourly space velocity (GHSV), 

adequate H2O/SO2 durability, and high N2 selectivity (low N2O emission). He et al. reported that a 

Ce–W mixed oxide (CeWOx) prepared using the homogeneous precipitation method showed 100% 

NOx conversion over a wide temperature range of 250–425 °C at a GHSV of 500000 h-1.11 This 

was a pioneering work demonstrating that a V-free oxide catalyst exhibits higher NOx conversion 

than commercial catalysts (V2O5–WO3/TiO2 and Fe-ZSM-5). Iwasaki et al.12,13 showed that WO3-

loaded CeO2 (WO3/CeO2) catalysts prepared using the conventional impregnation method were 

effective for NH3–SCR. They showed detailed structure-activity relationship study on NH3–SCR 

over WO3/CeO2 as a function of the effect of W content (W surface density) and proposed that 

interface sites between WO3 clusters (NH3 adsorption sites) and CeO2 (redox sites) are active sites 

for NH3–SCR.13 Moreover, they proposed that NO oxidation is a key reaction in the NH3–SCR by 

WO3/CeO2. Interestingly, the number of redox active sites for NO oxidation increased with 

increasing loading of WO3 clusters (acidic sites).12 He et al.9,10 reported mechanistic studies on 

NH3–SCR over CeWOx and reported two types of N2 formation pathways: the reaction between NO 

and NH4NO3 to form N2, H2O, and NO2 (termed the NH4NO3 path) and the reaction between nitrite 

and adsorbed NH3 to form N2 and H2O (termed the nitrite path). The mechanistic details of NH3–

SCR using Ce–W oxide catalysts remain unclear and are the subject of the present study. 

Compared with the number of studies on V-free oxide catalysts, a larger number of studies 

have been devoted to the molecular-level understanding of NH3–SCR mechanisms over Cu-

zeolite1,25–36 and V-oxide2,36–39 catalysts. Although the mechanisms for the two types of SCR 

catalysts have been separately discussed, a literature survey suggests that there is a common 

principle in the NH3–SCR mechanism over these catalysts.36 Based on in situ and operando 

spectroscopic evidence combined with previous proposals in the literature, we demonstrated an 

analogous mechanistic feature of the NH3–SCR over Cu-zeolites and V2O5-based catalysts, which 

is based on the redox couple of the metal cation species, Cu2+   Cu+ or V5+ 
  V4+ (Figure S1).36 

For example, for the Cu-zeolite catalyst, the initial step of the catalytic cycle is the reduction of 

Cu2+(OH-) species by NH3 + NO to afford Cu+, N2, and H2O, the so-called reduction half cycle (RHC). 

The Cu+ species then undergoes oxidation half cycle (OHC) by O2 and hydration to regenerate the 

Cu2+(OH-) species. The detailed mechanism of RHC remains unclear; however, a possible route is 

the nitrous acid (HONO) route25–30 where reduction of Cu2+(OH-) by NO yields Cu+ and HONO, 

which reacts with NH3 to yield N2 and H2O possibly via ammonium nitrite (NH4NO2). Gao et al.39 
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reported experimental and theoretical evidence of the HONO route in NH3–SCR over V2O5-loaded 

CeO2. In the redox cycle, the oxidation state of the V species remained V5+; however, the V5+(OH-) 

species promoted the reduction of Ce4+ by NO to yield Ce3+ and HONO. Instead of Cu- and V-

based catalysts, few studies have focused on molecular insights into RHC and OHC over V-free 

CeO2-based catalysts. 

Based on this background, we hypothesized that the catalytic cycle of NH3–SCR by 

WO3/CeO2 also involves the redox reaction of surface species (Figure S1c). To verify this 

hypothesis, RHC and OHC over WO3/CeO2 under transient reaction conditions were studied using 

time-resolved operando IR, UV-vis, and X-ray absorption spectroscopy (XAS) in combination with 

the observation of gas-phase products. The Ce4+ 
  Ce3+ or W6+ 

  W5+ redox couple can be 

involved in the catalytic cycle; therefore, we conducted operando XAS studies at the Ce L3- and W 

L3-edge. Combined with theoretical studies, the molecular-level mechanisms of NH3–SCR over 

WO3/CeO2 are discussed. 
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4.2. Materials and methods 

4.2.1 Catalyst preparation 

CeO2 (Type B) was supplied by Daiichi Kigenso Kagaku Kogyo Co. Ltd. The WO3-loaded CeO2 

catalysts were prepared by impregnating CeO2 with an aqueous solution of ammonium 

metatungstate hydrate and 3 equiv. of oxalic acid, followed by evaporation to dryness, drying at 

100 °C (12 h), and calcination at 600 °C (3 h). A V2O5 and WO3 co-loaded TiO2 catalyst, 

V(1)W(5)/TiO2 (V = 1 wt%; W = 5 wt%), was prepared using a sequential impregnation method. 

TiO2 (P25) was impregnated with an aqueous solution of ammonium metatungstate hydrate and 3 

equiv. of oxalic acid, followed by evaporation to dryness, drying at 100 °C (12 h), and calcination 

at 600 °C (3 h). Thereafter, the powder was impregnated with an aqueous solution of NH4VO3, 

followed by evaporation to dryness, drying at 100 °C (12 h), and calcination at 600 °C (3 h). The 

NH4+ form of the CHA zeolite (Si/Al = 13) was procured from Tosoh (Japan). CHA zeolite was 

calcined in air at 600 °C to obtain H-type CHA. In Table 1, the catalysts are designated as 

WO3(x)/CeO2, where x denotes the W loading (wt%). 

 

Table 1. Structural properties of the catalysts. 

Catalysts W loading (wt%) SBET (m2 g-1) W density (nm-2) 

CeO2 0 148  0 

WO3(1)/CeO2 1 136  0.24 

WO3(5)/CeO2 5 82  1.99 

WO3(10)/CeO2 10 68  4.75 

 

4.2.2 In situ/operando spectroscopic experiments 

IR spectra were collected in the transmission mode using an FT/IR-4100 (JASCO) unit with an 

MCT detector. A self-supporting disk of the samples (90 mg) was placed in a handmade in situ 

glass cell with CaF2 windows. Diffuse reflectance UV-vis spectra were acquired using a 

spectrometer (JASCO V-670) equipped with a commercial in situ flow cell with a quartz window 

(JASCO) containing 20 mg of the powdered catalyst. For the in situ IR and UV-vis experiments, a 

gas mixture (typically 0.1% NH3, 0.1% NO, and 10% O2 under He) was fed to the cells through a 

conventional flow reaction system at a total flow rate of 100 cm3 min-1. Prior to the measurements, 

the catalysts were pre-oxidized in situ under O2/He at 500 °C. Subsequently, time-resolved 

measurements were performed at 200 °C. The operando IR and UV-vis measurements were 

performed by monitoring the formation of N2 in the outlet gas mixture using a mass spectrometry 

(MS) apparatus (BELMass, MicrotracBEL Corp.). Detailed descriptions of the operando IR and UV-

vis analyses are provided in our previously published report.35  
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 Ce L3- and W L3-edge X-ray absorption near-edge structure (XANES) spectra were 

collected in the transmission mode using the BL14B2 beamline at SPring-8 (Harima, Japan). The 

storage ring was operated at 8 GeV. A Si(111) single crystal was used to obtain monochromatic X-

ray beams. A sample pellet prepared using 1.36 mg of the WO3(10)/CeO2 catalyst diluted in boron 

nitride 42 mg (φ: 7 mm) was introduced into a quartz in situ cell equipped with Kapton film windows 

and gas lines connected to the mass spectrometer. The catalyst was pre-treated under a flow of 

10% O2/He (1000 cm3 min-1) at 200 °C for 0.5 h. After purging with He, the reaction gas mixture 

(typically containing 0.1% NH3, 0.1% NO, and 10% O2 with He as a balance gas) was fed at a total 

flow rate of 1000 cm3 min-1. XANES analysis was conducted using Athena software ver. 0.9.25, 

which is included in the Demeter package.40 

 Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) measurements were 

conducted at beamline 13 B of the Photon Factory (PF) at the High Energy Accelerator Research 

Organization (KEK). Powder WO3(10)/CeO2 catalysts were coated onto a Si substrate using 

deionized water as a dispersant via a drop-and-dry method. The sample temperatures were 

measured using a thermocouple directly attached to the sample holder in the analysis chamber. 

The gases were introduced into the chamber using variable leak valves. The sample was heated 

to 200 °C under exposure to 0.1 Torr O2 at a heating rate of 10 °C min-1. W 4f and Ce 3d 

measurements were performed at a photon energy of 630 eV under various gas conditions. The 

binding energy was calibrated using the C 1s peak (284.5 eV). The W 4f and Ce 3d XPS profiles 

were analyzed by the convolution of Gaussian and Lorentzian with a Shirley background in the 

ranges of 33–39 and 876–895 eV, respectively. 

 

4.2.3 Catalytic tests for NH3–SCR 

The catalytic tests for NH3–SCR were conducted using a fixed-bed flow reactor (Pyrex tube; inner 

diameter of 4 mm) by feeding a gas mixture of 1000 ppm NO, 1000 ppm NH3, and 10% O2 with He 

(balance gas) at a total flow rate of 100 cm3 min-1. The outlet concentrations of NO, NO2, N2O, and 

NH3 were quantified using an online IR spectrometer (JASCO FT/IR-4600, TGS detector, 20 scans) 

with a homemade gas cell (CaF2 windows) based on the calibration data for each gas. The NOx 

reduction rates were evaluated under conditions wherein the conversion of NO and NH3 was below 

40%.  

 

4.2.4 Other characterization 

X-ray diffraction (XRD) patterns were obtained using a Rigaku MiniFlex II/AP diffractometer with 

Cu-Kα radiation. Bright-field scanning transmission electron microscopy (BF-STEM) and high-

angle annular dark-field STEM (HAADF-STEM) combined with energy dispersive X-ray 

spectroscopy (EDX) mapping observation were conducted using a JEOL JEM-ARM200F 

microscope (JEOL). 
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4.2.5 Computational methods 

Periodic DFT calculations were performed using the Vienna ab initio simulation package (VASP, 

version 5.4.4)41,42 and Matlantis. For VASP, the Perdew–Burke–Ernzerhof functional revised for 

solids (PBEsol)43 was employed in combination with the projector-augmented wave (PAW) 

method.44 A kinetic energy cutoff of 400 eV was used for the plane-wave basis sets. Gaussian 

smearing with a width of 0.2 eV was applied to occupy the electronic levels. The k-point mesh 

includes only the gamma point of the Brillouin zone (1 × 1 × 1). Van der Waals interactions were 

described using a dispersion-corrected DFT-D3 (BJ) function.45 The convergence of the force on 

each atom was set to 0.03 eV Å-1. The effect of adding Hubbard U was considered based on 

Dudarev’s formulation.46 The effective U value (denoted as Ueff) of U − J was set to 5 eV for Ce and 

3 eV for W.47  

For universal neural network potential (NNP) calculations using Matlantis (version 2.0.0)48, 

all all-atom energy optimizations were conducted using the Broyden–Fletcher–Goldfarb–Shanno 

(BFGS) algorithm with a force threshold of 0.01 eV Å-1.  

The CeO2(111) surface was simulated using supercell slab models (Figure S4). The 

repeated slabs along the surface-normal direction were separated by a minimum vacuum region 

thickness of 15 Å. The two bottom layers were fixed at their original bulk positions. 

The O vacancy formation energy (EOvac) is defined as: 

𝐸𝑂𝑣𝑎𝑐  =  𝐸𝑟𝑒𝑚𝑜𝑣𝑒𝑑 − 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 +  
1

2
𝐸𝑂2

,       

  (1) 

where Eremoved and Eperfecct are the slab energies after and before removal of one O atom, 

respectively. EO2 is the total energy of an isolated O2 molecule. 

The differential charge density (Δρ) of the supported tungsten oxide species is defined as 

∆𝜌 =  𝜌𝑊𝑂𝑥/𝐶𝑒𝑂2
−  𝜌𝑊𝑂𝑥

− 𝜌𝐶𝑒𝑂2
,        

 (2) 

where ρWOx/CeO2, ρWOx, and ρCeO2 are the charge densities of the CeO2-supported tungsten oxide, 

free-state tungsten oxide, and bare CeO2(111) surfaces, respectively. Bader charge analysis was 

also performed to evaluate the valence state of tungsten on the surfaces of metal oxides.48 

 

4.2.6 Ab initio thermodynamic analyses  

Ab initio thermodynamic analysis was performed to investigate the effects of reaction gases 

(O2 and H2O) and temperature on the tungsten oxide species on the CeO2(111) surface. The 

enthalpy and entropy at each temperature and standard state pressure (1 atm) were obtained from 

the NIST-JANAF Thermochemical Tables.49 Tungsten acid (H2WO4) was used to determine the 

energy of the tungsten oxide species. The energies of the gas molecules were obtained using a 

large empty unit cell (25 Å × 25 Å × 25 Å) to mimic the isolated species. The equilibrium reaction, 
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energy change (ΔE), Gibbs free energy change (ΔG), and chemical potential change (Δμ) under 

H2 and H2O atmospheres are given by Eq. (3)–(6). 

 

𝑥H2WO4 + CeO2 + (−𝑥 +
1

2
𝑧) H2O + (−

3

2
𝑥 +

1

2
𝑦 −

1

4
𝑧) O2  →  (W𝑥O𝑦H𝑧)/CeO2  

 (3) 

 

∆𝐸 = 𝐸[(W𝑥O𝑦H𝑧)/CeO2] − 𝑥𝐸[H2WO4] − (−𝑥 +
1

2
𝑧) 𝐸[H2O] − (−

3

2
𝑥 +

1

2
𝑦 −

1

4
𝑧) 𝐸[O2] 

 (4) 

 

Δ𝐺(𝑇, 𝑝) = ∆𝐸 − (−𝑥 +
1

2
𝑧) Δ𝜇𝐻2𝑂 − (−

3

2
𝑥 +

1

2
𝑦 −

1

4
𝑧) Δ𝜇𝑂2

     

 (5) 

 

∆𝜇𝑔𝑎𝑠 =  ∆𝜇𝑔𝑎𝑠(𝑇, 𝑝0) + 𝑅𝑇𝑙𝑛 (
𝑝𝑔𝑎𝑠

𝑝0 ) (gas =  O2 and H2O)     

 (6) 

 

Here, WxOyHz/CeO2 is the CeO2-supported tungsten oxide species, E[WxOyHz/CeO2] is the total 

energy of the species, E(CeO2) is the total energy of the CeO2(111) slab model, E(O2) and E(H2O) 

represent the total energies of the gas molecules, ∆μgas is the change in the chemical potential of 

the gases involved in the reaction (Eq. (6)), T is the temperature (K), p0 is the atmospheric pressure, 

and pgas is the partial pressure of the reaction gas. 

 

 

4.2.7 Diffuse reflectance infrared Fourier transform (DRIFT) using a phase-sensitive 

detection analysis technique 

DRIFT spectra were collected using a Vertex70 spectrometer (Bruker) equipped with an MCT 

detector. The spectra were recorded from 4000 to 1000 cm-1 at a resolution of 4 cm-1 and scanner 

velocity of 80 kHz. The sample and background spectra were obtained by averaging 10 and 50 

scans, respectively. Approximately 50 mg of the sample was loaded into a custom-built 

spectroscopic cell50, which was equipped with a 2-mm-thick calcium fluoride window (Crystran) and 

attached to a Praying Mantis™ diffuse reflection accessory (Harrick). 

Time-resolved DRIFT spectra from at least five equilibrated modulation periods were converted 

into phase-resolved spectra using the following equation: 
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A (PSD) = 
2

𝑇
 ∫ 𝐴(𝑡)

𝑇

0
 sin (kt + PSD) dt,        

 (7) 

where A(PSD) is the absorbance in the phase-resolved spectra, T is the modulation period, A(t) is 

the absorbance in the time-resolved spectra, k is the demodulation index (k = 1 in this study),  is 

the stimulation frequency, and  is the phase angle. 
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4.3. Results and discussion 
4.3.1 Structure–activity relationship 

To elucidate the effects of the W content (W surface density) of WO3-loaded CeO2 

(WO3/CeO2) catalysts on their structure, acid–base properties, and catalytic activity for NH3–SCR, 

the sample details listed in Table 1 display the W loading, surface area, and W density of 

WO3/CeO2 catalysts. The catalyst acidity was tested by IR observation of NH3 species adsorbed 

on the WO3/CeO2 catalysts at 200 °C (Figure 1a). W-free CeO2 (WO3(0)/CeO2) and the low-W-

loading sample (WO3(1)/CeO2) show a band at 1150 cm-1 assignable to NH3 adsorbed on Lewis 

acid sites (exposed cation sites). The WO3(1)/CeO2 sample exhibits a shoulder peak at 1184 cm-1. 

For the high-W-loading samples (WO3(5)/CeO2 and WO3(10)/CeO2), the band at 1150 cm-1 is not 

observed; however, the band at 1184 cm-1 is clearly observed. Therefore, the bands at 1150 and 

1184 cm-1 can be assigned to NH3 adsorbed on the Ce4+ and W6+ sites, respectively. The IR band 

at 1418 cm-1 assignable to NH3 adsorbed on Brønsted acid sites is observed for the high-W-loading 

samples (WO3(5)/CeO2 and WO3(10)/CeO2). According to Iwasaki et al., the basic sites of CeO2 

serve as NOx adsorption sites.13 Using this information, the relative number of basic sites (in other 

words, uncovered CeO2 surface) can be estimated by exposing the IR disk to NO + O2 at 200 °C 

(Figure 1b). Bare CeO2 without W loading shows strong bands at 1560, 1530, 1250, and 1210 cm-

1 assignable to nitrates (NO3
-), that is, NO2 species adsorbed on the basic sites (negative oxygen 

sites) of CeO2.51 The intensity of these bands decreases with W loading, and the sample with the 

highest W loading (WO3(10)/CeO2) shows no band due to the presence of NO3
- on CeO2. The 

intensity of the NH3 adsorbed on the W6+ sites (hereafter named L-NH3) at 1184 cm-1 as well as the 

Brønsted acid sites (B-NH3) and NO3
- on CeO2 are plotted in Figure 1c as a function of W density. 

These results indicate that the basic surface of the CeO2 support is covered by an acidic oxide 

(WO3), consistent with the results reported by Iwasaki et al.13  

Figure 2a plots the temperature dependence of NO conversions for WO3(0)/CeO2, 

WO3(10)/CeO2, and V2O5 and WO3 co-loaded TiO2 (V(1)-W(5)/TiO2) as a standard catalyst for NH3–

SCR.2 The NO conversions of WO3(10)/CeO2 are considerably higher than those of W-free CeO2 

(WO3(0)/CeO2), indicating that WO3 is an indispensable structural element for NH3–SCR catalysis. 

The NO conversions for WO3(10)/CeO2 are higher than those for V(1)-W(5)/TiO2, demonstrating 

that the high-W-loading WO3/CeO2 catalyst can replace the well-established V-based NH3–SCR 

catalysts. Kinetic results for NH3–SCR by these catalysts at 200 °C are shown in Figure 2a. By 

adjusting the catalyst weight, NH3–SCR rates were measured under the conditions where the NO 

conversions were below 40%. The NO reduction rates linearly increase with W density, indicating 

that WO3 species are involved in the rate determining step of the catalytic cycle. The amount of 

Brønsted acid sites increases with W density; however, those of Lewis acid sites and the uncovered 

CeO2 surface show different trends (Figure 2b). Therefore, it can be concluded that the Brønsted 

acid sites of WO3 species (W6+-OH sites) play an essential role in NH3–SCR.  

Experimental structural analysis was performed to reveal the structures of the supported 

WO3 species. The XRD patterns of a series of WO3/CeO2 samples with different loading amounts 
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of WO3 are identical to that of bare CeO2 (Figure S2), irrespective of the loading amount of tungsten. 

HAADF-STEM and EDX mapping observations were conducted for WO3(10)/CeO2 (Figure 3). 

Clearly, WO3 is highly dispersed over the ceria surface. 

 A computational study was conducted to further clarify the plausible structures of the 

supported W oxide species. An ab initio thermodynamic approach was employed.52 This method 

enables the assessment of system stabilities under reaction conditions by calculating the relative 

Gibbs free energies (ΔG). Various W oxide clusters with 1–4 W atoms were considered possible 

structures, as shown in Figure S6. Note that only the most stable structures for each chemical 

formulation obtained are shown for clarity. The valence state of W was set to 6+ for all structures 

considered to be consistent with the experimental observations. Figure 4 shows the phase diagram 

of the W oxide species, with the lowest relative ΔG values in terms of the temperature and partial 

pressure of H2O. The trimeric species, W3O12H6, is the most stable around the reaction temperature 

(below 300 °C), whereas the tetrameric species, W4O13H2, is the most stable at higher temperatures 

(and lower H2O partial pressures). The other structures considered, including monomeric and 

dimeric structures, are relatively unstable under these conditions.  

 The same ab initio thermodynamic analysis was performed using computational results 

calculated by Matlantis instead of VASP. Matlantis employs universal NNPs called PreFerred 

Potentials (PFPs), which support various elements and material types with an accuracy 

comparable to that of DFT calculations and significantly lower computational costs.48 If rational 

results were obtained with Matlantis, it would enable us to significantly reduce the computational 

time even for unknown systems. Figure S5 displays the phase diagram of the W oxide species, 

with the lowest relative ΔG values, in terms of the temperature and partial pressure of H2O obtained 

from the computational results calculated by Matlantis. This result is similar to that obtained using 

VASP, confirming its high reliability. These results obtained through the ab initio thermodynamic 

approach indicate that trimeric species can be produced under the current reaction conditions, 

consistent with the results of the XAS, XRD, and STEM-EDX investigations. 
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Figure 1. IR spectra of adsorbed species on the catalysts under (a) 0.1% NH3 (600 s) and (b) 0.1% 

NO + 10% O2 (600 s) at 200 °C. (c) IR peak height of B-NH3 (1418 cm-1), L-NH3 (1184 cm-1), and 

NO3
- on CeO2 (1530 cm-1) versus W density. 

 

 

 

Figure 2. (a) NOx conversions versus temperature for standard SCR by WO3(10)/CeO2 and 

conventional catalysts. (b) Rates of standard SCR by WO3(x)/CeO2 catalysts at 200 °C versus W 

density. 

 

100 200 300 400 500
0

20

40

60

80

100

T (
o
C)

N
O

x
 c

o
n
v
. 

(%
)

Cu-CHA

WO3(10)/CeO2

V(1)-W(5)/TiO2

CeO2

(a)

0 1 2 3 4 5
0

0.5

1

W density (nm
-2

)

N
O

 r
e
d
u
c
ti
o
n
 r

a
te

 (
m

o
l 
g-1

 h
-1

)

(b)



84 

 

 

Figure 3. HAADF-STEM image and EDX mapping of WO3(10)/CeO2. 

 

 

Figure 4. (a) 3D and (b) 2D phase diagrams showing the species with the lowest relative Gibbs 

free energy (ΔG) in terms of temperature and H2O partial pressure (log scale) and two possible 

structures: trimeric species W3O12H6/CeO2(111) and tetrameric species W4O13H2/CeO2(111). All 

calculations were performed using VASP (yellow: Ce; red: O; blue: W; and white: H).  
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4.3.2 Operando XANES, UV-vis, and IR studies for RHC and OHC 

Based on a literature survey on the NH3–SCR mechanism, we assumed a hypothetical NH3–SCR 

mechanism for WO3/CeO2 in Figure S1c. According to this mechanism, one of two different types 

of redox couples, Ce4+/Ce3+ and W6+/W5+, can be involved in the catalytic cycle. When oxidized 

WO3/CeO2 is exposed to NO + NH3, the reduction of the metal species accompanying N2 formation 

(RHC) can be observed by operando spectroscopic experiments. When the reduced WO3/CeO2 is 

exposed to O2, oxidation of the metal species (OHC) can be observed using the same methods. 

To verify these hypothetical redox cycles (RHC  OHC), we conducted operando spectroscopic 

experiments (in situ XANES, UV-vis, and IR combined with the online MS analysis of outlet N2) on 

WO3(10)/CeO2 at 200 °C under flowing NO + NH3 (RHC) followed by flowing O2 (OHC). Before the 

measurements, WO3(10)/CeO2 was oxidized in 10% O2/He at 500 °C (0.5 h), followed by He 

purging (600 s) at 200 °C. 

First, we performed a time-resolved operando Ce L3-edge XANES experiment to monitor 

the Ce4+   Ce3+ redox cycle over pre-oxidized WO3(10)/CeO2. Figure 5 shows the XANES spectra 

before and after exposure to NO + NH3 (1496 s) at 200 °C. The spectral features of the pre-oxidized 

WO3(10)/CeO2, which are close to those of Ce(IV) compounds in the literature,53 are not markedly 

changed by the NO + NH3 treatment. However, a close look at the absorption edge (Figure 5b) 

shows that it is shifted to a lower energy by the NO + NH3 treatment. Further, the reduction of Ce4+ 

to Ce3+ is indicated by the gradual disappearance of the characteristic second peak at 5737.54 

Considering that the XANES spectrum corresponds to an averaged structural feature of Ce species 

in the bulk and surface of the WO3(10)/CeO2 particles, this result indicates that bulk Ce species 

remained in Ce4+ states and a part of the surface Ce species was reduced to Ce3+ species. 

Changes in energies at an absorption of 0.9 under NO + NH3 are plotted in Figure 5c, in addition 

to the MS intensity for N2 monitored by online MS analysis. The decrease in the edge energy 

coincides with N2 formation, indicating the reduction of surface Ce4+ species by NO + NH3 to yield 

N2 (RHC). After purging with He, the gas was switched to O2, and the XANES spectra were acquired 

as a function of the oxidation time. As shown in Figure 5d, the edge energy increases within 100 

s, whereas the MS signal of N2 is not observed. These results indicate that the surface Ce3+ species 

are oxidized by O2 regenerating the Ce4+ species (OHC), which is not involved in the N2 formation.  

The same time-resolved operando XANES experiment was performed at the W L3-edge. 

The energies of the normalized absorption of 2 under NO + NH3 (Figure 6a) and subsequent 

oxidation (Figure 6b) remain unchanged within the experimental error and are close to the edge 

energy of WO3 as a model compound of W(VI) species. This indicates that the oxidation state of 

the WO3 species did not change under reductive (NO + NH3) and oxidative (O2) conditions. 

In situ UV-vis experiments have been utilized for monitoring the Ce4+   Ce3+ redox cycles 

of CeO2-based catalysts under a reductive/oxidative atmosphere in a previous study.55 The 

reduced CeO2 showed a broad visible absorption band at 500–800 nm assignable to Ce3+ 

species.55 We investigated the formation/consumption of the Ce3+ species under RHC/OHC 
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conditions by in situ UV-vis experiments of WO3(10)/CeO2 during successive redox treatments 

under NO + NH3 (Figure 7a,b), He, and then O2 (Figure 7e) at 200 °C. Upon exposure of the pre-

oxidized WO3(10)/CeO2 to NO + NH3, a broad band in the range of 500–800 nm appears in the 

UV-vis spectrum (Figure 7a). The difference spectra shown in Figure 7b were obtained by 

subtracting each spectrum from the spectrum at t = 0 s. The intensity of the difference spectra 

(KM) at 600 nm is plotted in Figure 7b together with the MS intensity of outlet N2, which 

corresponds to the N2 formation rate. Below 250 s, KM at 600 nm, corresponding to the amount 

of Ce3+ species, steeply decreases with increasing time of NO + NH3 flow; simultaneous N2 

formation was monitored by MS. The results provide direct evidence for the reduction of surface 

Ce4+ species by NO + NH3 to yield N2 (RHC). After purging with He, the reduced catalyst was 

exposed to O2 while monitoring the UV-vis spectra. As shown in Figure 7d, the KM value at 

600 nm (relative number of Ce3+ species) decreases sharply below 250 s, indicating that the Ce3+ 

species were oxidized by O2 regenerating the Ce4+ species (OHC). 

In a separate in situ UV-vis experiment, the pre-oxidized WO3(10)/CeO2 was exposed to 

NO at 200 °C. The difference spectra under NO (Figure 7e) were similar to those under NO + NH3, 

indicating the formation of Ce3+ species. The KM value at 600 nm decreases steeply below 250 s 

(Figure 7f), indicating that the Ce4+ species were reduced by NO to yield Ce3+ species. 

 AP-XPS was performed to investigate the redox behavior of the W and Ce species in the 

WO3(10)/CeO2 catalyst. Figure 8 shows the XPS profiles of the W 4f and Ce 3d regions obtained 

under successive exposure to 0.1 Torr O2, vacuum, 0.05 Torr NH3 + 0.05 NO, and 0.1 Torr O2. The 

oxidation state of W was W6+, which remained unchanged during the experiment. By contrast, Ce3+ 

and Ce4+ were found in the Ce 3d region under a 0.1 Torr O2 atmosphere, followed by further Ce 

reduction under vacuum even without any reductants. This result indicates that photoreduction 

occurred during the measurement owing to the reducible nature of CeO2.56,57 The concentrations 

of the surface Ce4+ and Ce3+ detected are listed in Table 2. Only Ce4+ and Ce3+ species were 

observed during the entire measurement period. The concentration of Ce3+ in the profile of 

WO3(10)/CeO2 under exposure to 0.05 Torr NH3 + 0.05 NO (58%) was slightly higher than that in 

the profile obtained under vacuum (56%). After treatment with 0.05 Torr NH3 + 0.05 NO and 10 min 

of evacuation, O2 was introduced into the XPS chamber. Upon exposure to 0.1 Torr O2, the 

intensities of the peaks ascribed to Ce3+ species decreased, and the peaks of Ce4+ species 

increased, indicating that the catalyst surface was oxidized by O2. Although the photoreduction 

during the measurement hindered a clear observation of the redox behavior of the surface Ce 

species, the obtained results suggest that the RHC and OHC occurred by flowing NO + NH3 and 

O2, respectively, and that the redox couple was Ce4+ and Ce3+. Notably, the W6+ species remained 

unchanged during this process. This result is consistent with those of other in situ/operando 

spectroscopic experiments described above.  

 Changes in the O vacancy formation energy (EOvac) of the CeO2(111) surface supported 

by trimeric W oxide species (W3O12H6) were theoretically investigated. Figure 9A shows EOvac 
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versus the minimum distance to a W atom. The O sites close to W show a small EOvac, indicating 

that the presence of the W oxide species makes the formation of O vacancies easier. The same 

investigation was performed using Matlantis instead of VASP (Figure 9B). Although the absolute 

values of EOvac are different from those obtained with VASP, the overall trend of EOvac versus the 

minimum distance to a W atom is the same, confirming the high reliability of the analyses.  

Figure S7 shows the partial electronic density of states (DOS) projected for each element 

in CeO2(111) and W3O12H6/CeO2(111) with and without O vacancies on the CeO2(111) surface. To 

clarify the contribution of the tungsten oxide species supported on CeO2(111), the local DOS of 

W3O12H6 in W3O12H6/CeO2(111) is also shown. Note that the O vacancy with the smallest EOvac 

value (O vacancy that is most likely to be formed) was considered here. All DOSs were aligned at 

the vacuum level. Creating an O vacancy forms a defect state in the bandgap of CeO2. The position 

of the defect state was lowered by the presence of W3O12H6 species. In particular, W3O12H6 

stabilizes the defect state, resulting in the easier formation of O vacancies on the 

W3O12H6/CeO2(111) surface than on the bare CeO2(111) surface. Similar phenomena are widely 

observed for supported metal catalysts, particularly at metal/oxide support perimeter sites, where 

supported metals serve as electron scavengers to accept excess electrons upon O removal.58,59 

 To further investigate the effect of O vacancy formation on the electronic structure of the 

W3O12H6/CeO2(111) surface, the charge density distribution was analyzed (Figure S8). The 

electrons generated by the formation of the O vacancy transferred to the oxygen of the W3O12H6 

species and neighboring Ce sites. Bader charge analysis was performed to investigate the valence 

change of Ce. The valence of Ce decreased before and after the formation of O vacancies, 

indicating that Ce4+ was reduced to Ce3+ upon the formation of O vacancies, whereas the valence 

of the W6+ species remained unchanged. This result was consistent with the experimental results 

obtained in this study. 

 

 

 

 

 



88 

 

 

Figure 5. Changes in the Ce L3-edge XANES spectra of WO3(10)/CeO2 under NO + NH3 (a,b) and 

time course of MS intensity for N2 and the energy at normalized absorption of 0.9 during successive 
feed of 0.1% NO + 0.1% NH3 (c), He, and 10% O2 (d) at 200 °C. 
 
 

 
Figure 6. Time-resolved W L3-edge XANES analysis. Time course of MS intensity for N2 and the 
energy at normalized absorption of 2 during successive feed of 0.1% NO + 0.1% NH3 (c), He, and 
10% O2 (d) at 200 °C. 
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Figure 7. Evolution of UV-vis spectra of (a) WO3(10)/CeO2 and (b) difference spectra based on the 
spectrum at 0 s. Time course of the MS signal of N2 and UV-vis intensity at 600 nm under (c) NO 
+ NH3, followed by He purge and (d) by O2. (e) Evolution of difference UV-vis spectra and (f) time 
course of the intensity at 600 nm under 0.1% NO. Conditions: 0.1% NO; 0.1% NH3; 10% O2; and 
200 °C. 
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Figure 8. Ce3d AP-XPS profiles of WO3(10)/CeO2 under exposure to (a) 0.1 Torr O2, (b) vacuum, 
(c) 0.05 Torr NH3 + 0.05 NO, and (d) 0.1 Torr O2 at 200 °C. Blue dots: raw spectrum; gray line: 
sum; green: Ce3+ species; and red: Ce4+ species. 
 
Table 2. Peak concentrations in the Ce3d AP-XPS profiles of WO3(10)/CeO2 at 200 °C under 
various gas conditions. 

Condition 
Peak concentration / % 

Ce3+ Ce4+ 

(a) 0.1 Torr O2 43 57 

(b) Vacuum 56 44 

(c) 0.05 Torr NH3+ 0.05 Torr NO 58 42 

(d) 0.1 Torr O2 42 58 

 

Figure 9. EOvac versus minimum distance to a W atom from the O site obtained using VASP (left) 
and Matlantis (right); yellow: Ce; red: O; blue: W; and white: H.  
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The formation and consumption of adsorbed molecules under the transient RHC reaction 

were monitored by operando IR experiments of WO3(10)/CeO2 at 200 °C under successive flows 

of NO + NH3, NO, O2, He, and then NO. Under NO + NH3 (Figure 10a,b), N2 formation was 

confirmed by MS analysis, and the formation of NH3 adsorbed on the W6+ sites (L-NH3; 1180 cm-1) 

and Brønsted acid sites (B-NH3; 1180 cm-1) was observed by IR. When the gas was switched from 

NO + NH3 to NO, N2 formation was not observed by MS, and the IR intensities of L-NH3 and B-NH3 

did not change significantly (dashed lines in Figure 10c). The IR disk of WO3(10)/CeO2 was then 

exposed to O2, followed by He purging. As the gas was switched from He to NO, L-NH3 and B-NH3 

were almost completely consumed, accompanied by N2 formation (solid lines in Figure 10c). 

Combined with the XANES and UV-vis results showing that Ce3+ species are oxidized by O2 to 

regenerate the Ce4+ species, the IR results in Figure 10c clearly demonstrate that the adsorbed 

NH3 species on WO3(10)/CeO2 (B-NH3 and L-NH3) cannot react with NO in the absence of surface 

Ce4+ species, whereas adsorbed NH3 can react with NO after regeneration of the surface Ce4+ 

species by OHC.  

Figure 11 compares time-resolved operando IR results for the transient reaction of 

adsorbed NH3 under NO and NO + O2 at 200 °C. The IR disk of the pre-oxidized WO3(10)/CeO2 

was exposed to NH3, followed by He purging, resulting in the formation of B-NH3 and L-NH3 on the 

surface. When the sample was exposed to NO and NO + O2, B-NH3 and L-NH3 were consumed to 

yield N2. The slopes of the curves for B-NH3 and L-NH3, or in other words, the reaction rates of B-

NH3 and L-NH3 are close to each other, suggesting that these two NH3 species show similar 

reactivity. The co-presence of O2 does not markedly affect the N2 formation rate, indicating that O2 

does not play an important role in the N2 formation step. In the literature on NH3–SCR, the transient 

reactions of B-NH3 and L-NH3 under NO + O2 have generally been studied. Our results demonstrate 

that the transient reaction of B-NH3 and L-NH3 under NO is essential for understanding the N2 

formation step.  

 

 

Figure 10. (a) IR spectrum of adsorbed species on WO3(10)/CeO2 under NO + NH3 (3800 s). Time 

course of MS signal of N2 and IR intensity of adsorbed NH3 on W10Ce under (b) NO + NH3 (3800 s), 
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followed by NO (dashed lines in (c)), O2 (1800 s), and NO (solid lined in (c). Conditions: 0.1% NO; 

0.1% NH3; 10% O2; 200 °C. 

 

 

Figure 11. Time-resolved IR-MS results for the reaction of NH3 species pre-adsorbed on 

WO3(10)/CeO2 under (top) NO and (bottom) NO + O2: (a, c) typical IR spectra and (b, d) IR intensity 

of B-NH3 and L-NH3 and MS signal of outlet N2 versus time. The sample was oxidized in O2 at 

500 °C (0.5 h), followed by pre-exposure to NH3 (600 s) at 200 °C, followed by He purge (600 s). 

Conditions: 0.1% NO; 0.1% NH3; 10% O2; 200 °C. 
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4.3.3 N2 formation via the HONO intermediate  

As shown in Figure 7e,f, a small number of the Ce4+ species on WO3(10)/CeO2 can be reduced by 

NO at 200 °C. Gao et al.39 reported that Ce4+ species on V2O5/CeO2 was reduced by NO at 200 °C 

to afford a mobile HONO. Tronconi et al.26 and our group60 also reported a similar elementary step 

as the initial step of NH3–SCR by Cu-CHA; reduction of Cu2+(OH-) by NO yields Cu+ and HONO, 

which react with NH3 to yield N2 and H2O. The NH3–SCR mechanism via a mobile HONO 

intermediate can explain the improved NOx conversions by simply mixing a redox catalyst (such 

as CeO2–ZrO2) and Brønsted acidic catalysts (such as H-zeolites).61,62 Inspired by these 

experimental observations, we performed operando IR experiments on the formation and reaction 

of NO+ intermediates at a low temperature (30 °C) using the IR disk of a physical mixture of 

WO3(1)/CeO2 and H-type CHA (WO3(1)/CeO2+H-CHA). The IR disk of WO3(1)/CeO2+H-CHA was 

exposed to NO for 600 s (Figure 12a). A strong band assignable to NO+ adsorbed on the zeolite 

(2174 cm-1)63 and a weak band attributed to NO3
- species on CeO2 (1590 cm-1)64 can be observed. 

In this experiment, WO3(1)/CeO2 with a lower W loading was used because of the ease of IR 

measurements. The intrinsic roles of W species in WO3(1)/CeO2 and WO3(10)/CeO2 are expected 

to be the same as the results of the NO reduction activity dependence on the W density (Figure 

2a). These bands were not observed in the same experiments using CeO2, and the experiment 

with H-CHA gave a small peak due to NO+, suggesting that the NO+ on the zeolite via mobile 

species such as HONO and NO2. A mobile intermediate produced by reaction (8), HONO (9), can 

account for the formation of NO+ on the zeolite. 

Mn+(OH-) + NO → M(n-1)+ + HONO  (8) 

HONO + H+OZ
- → NO+OZ

- + H2O   (9) 

After purging, the IR disk of WO3(1)/CeO2+H-CHA was exposed to the NH3 flow. As shown in 

Figure 12b,c, the IR band due to NO+ decreased with time of NH3 flow, and N2 formation was 

observed by MS. We reported a combined experimental and theoretical study on the reaction of 

NO+ on H-CHA with NH3 and proposed the N2 formation mechanism via reactions (10) and (11).63 

NO+OZ⁻ reacts with NH3 to yield a nitrosamide (H2NNO) intermediate, which is thermally 

decomposed to N2 and H2O. 

NO+OZ⁻ + NH3 → H2NNO + H+OZ⁻  (10) 

H2NNO → N2 + H2O     (11) 
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Figure 12. (a) IR spectra of adsorbed species on WO3(1)/CeO2 (30 mg)/H-CHA (40 mg) mixture, 

pre-exposed to 0.1% NO (600 s), followed by He purge (600 s), under 0.1% NH3 at 30 °C. (b) Time 

course of IR peak height for NO+ (2174 cm-1) and MS intensity of outlet N2. (c) TPSR (20 °C min-1) 

of adsorbed species under He monitored by in situ IR and MS of outlet gas. 

 

For the direct measurement of NO+ species on CeO2-supported WO3 catalysts, we 

conducted an ME DRIFTS experiment with a WO3(5)/CeO2 catalyst. After pretreatment under O2/Ar 

flow at 300 °C, the catalyst was periodically exposed to NO + O2 (30 s) and O2 (30 s) at 150 °C. 

The averaged time-resolved spectra obtained at the end of both NO + O2 (30 s) and O2 (30 s) 

pulses are shown in Figure 13a. A weak peak assignable to NO+ (2200 cm-1) is observed as a 

minor peak, while strong bands attributed to nitrates are observed as major features. Enhanced 

sensitivity toward changeable surface species that may not be visible by inspecting time-resolved 

DRIFT data was obtained using phase-sensitive detection (PSD). In the phase-resolved spectra 

shown in Figure 13b, the intensity of the shoulder peak assignable to NO+ (2140 cm-1) is close to 
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that of nitrates. These results suggest that NO+ (a minor species) is more reactive than nitrates (a 

dominant species) under periodic NO + O2/O2. 
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Figure 13. (a) Time-resolved spectra and (b) phase-resolved spectra (PSD) as results of 30 s 

pulses of 250 ppm NO in a gas feed containing 10% O2 in Ar at 150 °C using ME DRIFTS 

experiment over WO3(5)/CeO2 catalyst. 

 

Scheme 1. Proposed NH3–SCR mechanism for WO3/CeO2. 

 

To summarize the mechanistic results of this study, an NH3–SCR mechanism for WO3/CeO2 

is proposed in Scheme 1. The first step was the reduction of the surface Ce4+O species by NO to 

yield Ce3+. Considering that the dominant surface sites of the most active catalyst (WO3(10)/CeO2) 

are Brønsted acid sites (Figure 2), the protonic H atoms of the W6+-OH species adjacent to the 

Ce4+O species may participate in the formation of HONO. The Ce3+ species is reoxidized by O2 to 
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regenerate the initial Ce4+ species. The mobile intermediate HONO can react with NH3 to yield 

NH4NO2, which decomposes into N2 and H2O.  
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4.4. Conclusions 

Operando spectroscopies and DFT calculations clarified the reduction/oxidation half cycles in the 

selective catalytic reduction of NO with NH3 (NH3–SCR) over WO3-loaded CeO2. The Ce4+ species 

was reduced by NO + NH3 to yield N2 and Ce3+ species (RHC), which was then reoxidized by O2 

(oxidation half cycle). The oxidation state of the W6+ species remained unchanged under redox 

conditions. IR and theoretical results suggested that the RHC started with the reaction of W6+–OH 

and adjacent Ce4+–O with NO to afford Ce3+ species and gaseous HONO, which was converted to 

NO+ species on the catalyst. Thereafter, the NO+ species reacted with NH3 to generate N2. 
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Supplementary Results 

 

 

Figure S1. Reported mechanisms of NH3-SCR for (a) Cu-CHA and (b) V2O5-based catalysts, and 

(c) hypothetical NH3-SCR mechanism for WO3/CeO2.  

 

 

 

Figure S2. XRD patterns of CeO2, WO3(1)/CeO2, WO3(5)/CeO2 and WO3(10)/CeO2. 
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Figure S3. HAADF-STEM images of WO3(10)/CeO2. 

 

 

Figure S4. Top and side views of the slab models used for computational study of the CeO2(111) 

surface; yellow: Ce; red: O. 
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Figure S5. (a) 3D and (b) 2D Phase diagrams showing the species with the lowest relative Gibbs 

free energy (ΔG) in terms of temperature and H2O partial pressure (log scale) and the two possible 

structures: trimeric species W3O12H6/CeO2(111) and tetrameric species W4O13H2/CeO2(111). All 

calculations were performed by Matlantis; yellow: Ce; red: O; blue: W; white: H. 

 

 

Figure S6. Side views of the slab models used for computational study of the W oxide species on 

CeO2(111); yellow: Ce; red: O; blue: W; white: H. 
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Figure S7. Partial DOS of the CeO2(111) surface, W3O12H6/CeO2(111), and local DOS of W3O12H6 

of W3O12H6/CeO2(111) without O vacancy (a) and with O vacancy (b). The energies are aligned at 

the vacuum level. 

 

 

Figure S8. Differential charge densities of the W3O12H6 species on CeO2(111) surface. The charge 

density represented in orange and green shows the positive and negative phases, respectively. 

The isosurface was set to 0.02 |e|/Bohr3. The numbers represent the Bader charge; yellow: Ce; 

red: O; blue: W; white: H. 
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5.1. INTRODUCTION 

Appropriate designing of sintering resistant (or regenerable) noble metal catalysts with 

100% dispersion of the active component is crucial for the development of efficient industrial 

catalysts such as automotive catalysts.1–3 In this context, supported atomically dispersed metal 

catalysts, also known as single-atom catalysts (SACs), have received significant attention over the 

past decade as heterogeneous catalysts.4–6 SACs can maximize the utilization of expensive 

precious metals and can tune the reactivity and stability of metal species by the virtue of the strong 

interactions between the metal center and the support.7 However, if the metal–support interaction 

is not strong enough to immobilize the isolated metals during a catalytic reaction, the isolated atoms 

are sintered to reduce the surface energy.8 Recent studies on SACs have demonstrated that 

depending on the reaction conditions, the isolated metal species can be converted to metal 

clusters,9 resulting in increased or decreased catalytic activity.3,10–12 For example, Piccolo et al.10 

revealed that single Ptm+ atoms anchored on Pt/Al2O3, which otherwise exhibit poor activity for CO 

oxidation, aggregate during CO oxidation to form highly active Pt metal clusters, thus 

demonstrating that SACs can be a precursor of classical metal catalysts. Despite significant efforts 

to develop SACs, only a few SACs have been utilized in commercial catalytic processes. Atomically 

dispersed Ptm+ atoms on CeO2-based support for automotive catalysis is a rare example of 

commercialized SACs;3 however, the actual active species are the Pt metal clusters and 

nanoparticles (NPs) generated by sintering of the Ptm+ atoms under reducing environments.3,7 

Alumina-supported silver (Ag/Al2O3) catalysts are another example of commercialized 

SACs. Ag/Al2O3 has long been studied as a promising catalyst for the selective catalytic reduction 

of NOx by hydrocarbons (HC–SCR),13–16 H2-assisted HC–SCR,17–24 and H2-assisted SCR by NH3 

(H2–NH3–SCR).25–31 Recently, HC–SCR in the presence of Ag/Al2O3 has been commercialized by 

Hino Motors Ltd. for NOx removal from diesel exhaust.1 After a long debate on the active Ag species 

in HC-SCR reactions,13,17,24,28 it was concluded that isolated Ag(I) sites were indispensable for 

achieving high performance-Ag/Al2O3 catalysts for SCR.24 Small Agn
δ+ clusters generated from the 

in situ reduction of Ag(I) species by H2 or HCs during SCR promoted the reaction under some 

conditions, while Ag metal NPs had an adverse effect on NOx conversion as they promoted the 

nonselective oxidation of reductants.28,29 Our previous study on H2–NH3–SCR31 showed that 

isolated Ag(I) sites and small Agn
δ+ clusters co-exist under the reaction conditions play important 

roles. In commercial SCR systems, the Ag/Al2O3 catalysts are exposed to high temperature 

conditions, thus lowering the NOx conversion because of the sintering of the isolated Ag(I) species 

to Ag metal NPs. The supported single-atom Ag and small Ag clusters can be sintered at lower 

temperatures than other transition metals.32–35 A density functional theory (DFT) study on the 

binding of various single metal atoms on θ-Al2O3 (010) showed that the binding strength decreases 
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in the order Pd > Pt > Ni > Cu > Au > Ag.33 Plessow et al. calculated the adhesion energies at 

various metal-oxide interfaces and found that the strength of the metal-support interaction 

decreased with a decrease in the adsorption energies of the atomic oxygen on clean metal surfaces 

in the order Ru > Os > Ni > Rh > Ir > Pd > Cu > Pt > Ag > Au.34 These results suggest that the 

designing of sintering-resistant Ag SACs is principally challenging.  

Sintering of small metal NPs is a long-standing problem in heterogeneous catalysis. Recent 

advances in experimental and theoretical techniques have provided insights into the sintering 

mechanism at the atomic level.36,37 Sintering can occur via two pathways. One is based on the 

migration and coalescence of metal NPs driven by the decrease in surface energy, and the other 

is the atomic (Ostwald) ripening, in which mobile atomic species detach from one NP, diffuse over 

the support surface (or gas phase), and finally attach to another NP, resulting in the growth of large 

particles and disappearance of small particles owing to the difference in the stability of surface 

atoms.38–40 Recent microscopic41–44 and DFT45–47 studies have shown that Ostwald ripening is the 

dominant process in the growth of metal NPs. When the binding strength between the mobile 

adatom and support is higher than the cohesive energy of the metal NPs, the mobile adatom 

liberated from the metal NPs is trapped by the anchoring site of the support, leading to redispersion 

of the metal NPs to SACs. Recent studies have provided experimental evidence on the redispersion 

of metal NPs to isolated metal species.42 The nature of the adatom during the Ostwald ripening-

based sintering and/or redispersion of Pt48,49, Pd50–53, and Ag54–56 catalysts was studied, and it was 

revealed that the mobile species were oxidized metal species generated by oxidation of the metal 

NPs under an oxidative environment. We have previously reported the oxidative dispersion of large 

Ag metal particles to isolated Ag(I) cations on θ-Al2O3;57 however, the precise dispersion 

mechanism and the nature of the anchoring site remain elusive.  

There has been a long debate on the structure of the metal anchoring sites on γ-Al2O3 

surfaces.58,59 Among the various anchoring sites, the penta-coordinated (AlV3+) ions as anchoring 

sites for various metal clusters have been exclusively focused on recently in some studies 

employing Al nuclear magnetic resonance (NMR) spectroscopy,60–64 as the surface AlV3+ ions can 

be exclusively characterized. However, Al NMR is not sufficient for the complete characterization 

of the metal anchoring sites as this technique cannot identify surface octahedral (AlVI
3+) and 

tetrahedral Al (AlIV3+) sites and other anchoring sites such as the OH groups. In this regard, infrared 

(IR) spectroscopy using basic probe molecules65–71 is useful for characterizing the surface Al sites 

with different coordination environments (AlVI
3+, AlV3+, and AlIV3+) and different OH groups.72,73 The 

IR study of NH3 adsorbed on Ag-loaded and unloaded γ-Al2O3 by Zeng et al.24 proposed that the 

terminal hydroxyl (OH) groups on the (100) surface were the anchoring sites of the isolated Ag(I) 

cations, which acted as catalytic sites for the H2-assisted HC–SCR. Previous studies on the 

anchoring sites of γ-Al2O3 suggest that the anchoring sites depended on the type of metal species 
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and that the specific anchoring sites should be determined based on multiple spectroscopic 

evidences assuming various candidates for anchoring sites. We have previously shown that Ag 

metal particles undergo oxidative dispersion to afford isolated Ag(I) cations on γ-Al2O3.57 Based on 

this, we hypothesized that the γ-Al2O3-supported Ag (Ag/Al2O3) catalytic system would be suitable 

for investigating the anchoring sites for Ag(I) using multiple spectroscopic techniques. Herein, we 

report the reversible structural transformation between atomic Ag(I) and large Ag metal NPs on 

Ag/Al2O3. In situ X-ray absorption spectroscopy (XAS), ultraviolet-visible (UV-vis) spectroscopy, 

and IR spectroscopy, ex situ microscopy, and theoretical calculations were employed to identify 

the structure of the anchoring site and the mechanism of oxidative dispersion and reductive 

aggregation.  

 

5.2. METHODS 

Preparation of catalysts 

Ag/Al2O3 catalysts were prepared by impregnating γ-AlOOH (Pural SB supplied by Sasol) 

with an aqueous solution of AgNO3, followed by evaporation to dryness at 60 °C, drying at 100 °C 

(12 h), and calcination in air at 600 °C for 1 h. The Ag/Al2O3 catalysts were designated as Agx/Al2O3, 

where x is the silver loading (wt%). Sintered Ag/Al2O3 was prepared by reducing fresh Ag/Al2O3 in 

H2 at 800 °C for 1 h, while re-oxidized Ag/Al2O3 was prepared by exposing the sintered Ag/Al2O3 to 

NO + O2 at 400 °C for 1 h. γ-Al2O3 was prepared by calcination of γ-AlOOH at 600 °C for 1 h. Ag+-

exchanged CHA zeolite (Ag-CHA) which is consist of Si/Al =11, Ag/Al = 0.58 was prepared by 

stirring NH4-type CHA (Tosoh, Si/Al = 11) in an aqueous AgNO3 solution at room temperature for 

3 h, followed by washing with water, drying at 100 °C for 12 h, and calcining at 600 °C for 1 h. The 

Ag/Al ratio was determined by X-ray fluorescence spectroscopy (Shimadzu, EDX-700HS). 

Furthermore, α,θ-Al2O3 (34 m2 g-1) was prepared by calcining γ-AlOOH at 1100 °C (1 h), and a 10 

wt% Ag-loaded low-surface-area α,θ-Al2O3 was prepared by impregnating the α,θ-Al2O3 with an 

aqueous solution of AgNO3, followed by evaporation to dryness at 60 °C, drying at 100 °C, and 

calcination in air at 600 °C (1 h).  

 

In situ UV-vis spectroscopy 

In situ diffuse reflectance UV-vis spectroscopy was performed on a JASCO V-750 UV-vis 

spectrometer. The sintered Ag3/Al2O3 (15 mg) catalyst powder was placed in a diffuse reflectance 

cell with a quartz window connected to a gas flow system (100 mL min-1). The light source was 
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directed to the center of an integrating sphere through an optical fiber. Reflectance was converted 

to pseudo-absorbance using the Kubelka-Munk function. BaSO4 was used to collect the 

background spectra. The spectrum of fresh Ag3/Al2O3 under a He atmosphere was subtracted from 

each spectrum.  

 

In situ IR spectroscopy 

In situ IR spectra were recorded on a JASCO FT/IR-4600 instrument equipped with a quartz 

IR cell connected to flow system (totally 100 mL min-1). The sample was pressed into a 40 mg self-

supporting wafer and mounted on an IR cell with CaF2 windows. Twenty spectra were collected at 

a resolution of 4 cm-1 to obtain the final spectrum. The spectrum of the catalyst wafer acquired at 

the measurement temperature under He atmosphere was subtracted from each spectrum. In situ 

diffuse reflectance infrared Fourier transform (DRIFT) spectra of the powder sample (40 mg) were 

recorded on a JASCO FT/IR-4600 instrument equipped with an in situ flow cell with a CaF2 window. 

Catalytic reactions 

The H2–NH3–SCR (H2 + NO + NH3 + O2) reaction was performed in a fixed-bed flow reactor 

in the presence of Ag3/Al2O3 at a flow rate of 100 mL min-1. The composition of the feed gas 

H2/NO/NH3/O2/He was 1%/500 ppm/500 ppm/10%/balance. The concentrations of the feed gas 

and products were measured using an online IR spectrometer (JASCO FT/IR-4600) equipped with 

a home-built gas cell. The concentrations of NO, NO2, N2O, and NH3 were calculated based on the 

calibration results. Reaction rates were estimated by changing the catalyst loading under conditions 

where the NO and NH3 conversions were below 30%.  

 

In situ XAS 

Ag K-edge X-ray absorption experiments were performed in the transmission mode using 

the BL-14B2 beamline at the SPring-8 synchrotron radiation facility (Harima, Japan). A Si(311) 

single crystal was used to obtain a monochromatic X-ray beam. A self-supporting wafer of the 

sample (diameter: ca. 7 mm) was placed in an in situ quartz cell under a flow of gas mixture diluted 

with He (500 mL min-1) at atmospheric pressure. Normalization and linear combination fitting (LCF) 

analysis of the X-ray absorption near edge structure (XANES) and analysis of the extended X-ray 

absorption fine structure (EXAFS) were performed using the Athena software package. For the 

LCF analysis, Ag+-exchanged Ag-CHA (Si/Al =11) and 10 wt% Ag-loaded Al2O3 were used as 

reference compounds for isolated Ag(I) and the Ag metal NPs, respectively. 
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Other characterization techniques 

X-ray diffraction (XRD) patterns were obtained using a Rigaku MiniFlex II/AP diffractometer 

with Cu Kα radiation. Transmission electron microscopy (TEM) was performed on a JEOL JEM-

2200FS electron microscope. Bright-field scanning transmission electron microscopy (BF-STEM) 

and high-angle annular dark-field STEM (HAADF-STEM) were performed on a JEM-ARM200F 

microscope (JEOL). 27Al magic-angle spinning (MAS) NMR (27Al-NMR) measurements were 

carried out on a Bruker DSX-300 spectrometer operating at 300 MHz with a 4 mm rotor. 

 

DFT calculations 

All calculations were carried out based on the spin-polarized DFT using the Vienna ab initio 

simulation package (VASP.5.4.1).74,75 The core-valence electron interaction was described by the 

projector augmented wave method.76 The Perdew−Burke−Ernzerhof functional77 was used for 

calculating the structural relaxation and vibration frequency of the surface and pyridine adsorption 

models, and the DFT-D3 method with the Becke−Johnson damping dispersion correction was 

employed to account for the dispersion interaction.78,79  

The γ-Al2O3 bulk structure was adopted from a previous study by Raybaud and co-

workers.80 Many studies have been conducted recently on the surface structures of γ-Al2O3. Batista 

et al.80,81 reported the high reactivity of the edge sites on the (110) and (100) surfaces using 

experimental studies and DFT calculations. TEM studies by Rozita et al.82,83 suggested that γ-Al2O3 

(110) was energetically unstable and that the (100) and (111) surface step-edge structures were 

formed by surface reconstruction. Based on these recent studies, we constructed step-edge 

models that included two different surface terminations in the supercell. Figure S1 shows the γ-

Al2O3 (110)–(100) step-edge model and the γ-Al2O3 (100)–(111) step-edge model. Table S1 lists 

the lattice parameters and composition of each model. The OH groups were placed on all 

coordinatively unsaturated AlIII and AlIV sites (edge sites, (110), and (111) surfaces) of γ-Al2O3 as 

well as on one of the AlV sites located near the edge site of the (100) surface, as shown in Figures 

S2; H+ as a counter-cation was placed on the adjacent surface lattice oxygen. The AlIV edge site 

was selected as the adsorption site for pyridine, and the vibrational frequency and adsorption 

energy (ΔEads) were calculated. ΔEads was calculated using the following equation: 

ΔEads = Epyr+γ-Al2O3 – (Eγ-Al2O3 + Epyr),       

  (1) 
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Here, Epyr+γ-Al2O3 is the total energy of the system after the structural relaxation of the pyridine 

adsorbed on the AlIV edge sites. Eγ-Al2O3 and Epyr represent the total energy of the γ-Al2O3 step-edge 

model and pyridine, respectively; Epyr was calculated by constructing an isolated model with 

pyridine molecules in a cube of 25 Å per side and by performing structural relaxation. Furthermore, 

to correct the energy error due to d electron delocalization, the effect of addition of Hubbard U was 

investigated based on Dudarev's formulation.84 The effective U value (denoted as Ueff) of U – J was 

set to be 5 eV in Ag. This value is the same as that used by Stevanovic et al.85 to determine the 

elemental phase reference energy. All the step-edge models were calculated with a 1 × 1 × 1 k-

points mesh and an energy cutoff of 400 eV. The criterion for convergence is that the maximum 

value of the Hellmann–Feynman force should be smaller than 0.05 eV/Å. Bader charge analysis 

was also performed to evaluate the valence of Ag.86–88  

For comparison, the anchoring of Ag on aγ-Al2O3 (100) surface was also investigated. γ-

Al2O3 (100) contains a (1 × 1) supercell, a four-layer-thick slab, and 15 Å of vacuum with 40 atoms 

(lattice parameters for the surface: a = 5.59 Å, b = 8.41 Å). The OH groups produced by dissociative 

adsorption of H2O were placed on the AlV site. Ag was anchored by exchanging the H of HO-μ1-

AlVI on theγ-Al2O3 (100) surface. During structural relaxation, the bottom two layers were fixed. All 

the calculation condition is the same as for the step-edge model, except that the k-points mesh is 

changed to 4 × 3 × 1 (see Figure S3). All the structures obtained by DFT calculations are presented 

in the CIF format in the Supporting Information (see Associated contents). 

 

Ab initio thermodynamic analysis 

Ab initio thermodynamic analysis52,89 was performed to study the effect of reaction gases 

(H2, O2, and NO+O2) and temperature on the AgO-μ1-AlVI species on the γ-Al2O3 (110)–(100) step-

edge surface (see Figure S1b for the structures considered). Enthalpies and entropies at each 

temperature and the standard state pressure (1 atm) were obtained from the NIST-JANAF 

Thermochemical Tables.90 The Ag bulk model (containing four Ag atoms in unit cell) was used to 

obtain the energy of the Ag atom. The energies of the gas molecules were obtained using a large 

empty unit cell (25 × 25 × 25 Å) to mimic the isolated species. The equilibrium reaction, energy 

change (ΔE), Gibbs free energy change (ΔG), and chemical potential change (Δμ) under (a) 

H2+H2O, (b) O2+H2O, and (c) NO+O2+HNO3 atmospheres are given by Eqs. (2)–(11). 

 

(a) H2 + (H2O) atmosphere: 
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𝑥Agbulk + 10(H+OH)/γ-Al2O3 + (−𝑦 + 
1

2
𝑧)H2 + (𝑦 − 10)H2O ⇄ (AgxOyHz)/γ-Al2O3   (2) 

ΔE = E((AgxOyHz)/γ-Al2O3) – E(10(H+OH)/γ-Al2O3)  

    – 𝑥E(Agbulk) – (−𝑦 + 
1

2
𝑧)E(H2) – (𝑦 − 10)E(H2O)    (3) 

ΔG(T, p) = 
1

𝐴
[∆𝐸 − (−𝑦 + 

1

2
𝑧) ∆μH2 −  (𝑦 − 10)∆μH2O]     (4) 

 

(b) O2 + (H2O) atmosphere: 

𝑥Agbulk + 10(H+OH)/γ-Al2O3 + (
1

2
𝑦 −

1

4
𝑧)O2 + (

1

2
𝑧 − 10)H2O ⇄ (AgxOyHz)/γ-Al2O3  (5) 

ΔE = E((AgxOyHz)/γ-Al2O3) – E(10(H+OH)/γ-Al2O3)  

     – 𝑥E(Agbulk) – (
1

2
𝑦 −

1

4
𝑧)E(O2) – (

1

2
𝑧 − 10)E(H2O)  (6) 

ΔG(T, p) = 
1

A
[∆𝐸 − (

1

2
𝑦 −

1

4
𝑧) ∆μO2 − (

1

2
𝑧 − 10) ∆μH2O]     (7) 

 

(c) NO + O2 + (HNO3) atmosphere: 

𝑥Agbulk + 10(H+OH)/γ-Al2O3 + (−𝑧 + 20)NO + (
1

2
𝑦 − 𝑧 + 15)O2 + (𝑧 − 20)HNO3 

        ⇄ (AgxOyHz)/γ-Al2O3  (8) 

ΔE = E((AgxOyHz)/γ-Al2O3) – E(10(H+OH)/γ-Al2O3)  

  – 𝑥E(Agbulk) – (−𝑧 + 20)E(NO) – (
1

2
𝑦 − 𝑧 + 15)E(O2) – (𝑧 − 20)E(HNO3)  (9) 

ΔG(T, p) = 
1

A
[∆𝐸 − (−𝑧 + 20)∆𝜇NO − (

1

2
𝑦 − 𝑧 + 15) ∆𝜇O2 − (𝑧 − 20)∆𝜇HNO3]        (10) 

 

∆𝜇𝑔𝑎𝑠 =  ∆𝜇𝑔𝑎𝑠(𝑇, 𝑝0) + 𝑅𝑇𝑙𝑛 (
𝑃𝑔𝑎𝑠

𝑃0 ) (gas = H2, O2, H2O, NO, N2O, and HNO3)       (11) 

 

Here, (AgxOyHz)/γ-Al2O3 is a chemical species that includes AgO-μ1_H-μ3/γ-Al2O3 (x = 2, y = 10, z 

= 18) and (Ag NPs)+H_OH/γ-Al2O3 (x = 4, y = 10, z = 20). These correspond to dispersed and 

aggregated (sintered) species, respectively. E((AgxOyHz)/γ-Al2O3) is the total energy of the species. 

E(10(H + OH)/γ-Al2O3) is the total energy of the γ-Al2O3 (110)–(100) step-edge surface, where H2O 
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molecules are dissociatively adsorbed. E(Agbulk) is the total energy of the Ag bulk model (containing 

four Ag atoms in unit cell); E(H2), E(O2), E(NO), E(H2O), and E(HNO3) represent the total energy 

of the gas molecules. ∆μgas is defined as the change in the chemical potential of the gases involved 

in the reaction (Eq. (11)); T is the temperature (K), p0 is the atmospheric pressure, and pgas is the 

partial pressure of the reaction gases. H2O, which appears in Eq. (2) and (5), and HNO3, which 

appears in Eqs. (8), are not detected under the experimental conditions but are assumed to be 

present in small quantities (100 ppm) for stoichiometric reasons. 
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5.3. RESULTS AND DISCUSSION 

Dispersion and regeneration of sintered Ag species on Ag/Al2O3 for H2-assisted NH3–SCR 

The fresh, sintered, and re-oxidized Ag species on Ag3/Al2O3 were studied by XRD (Figure 

1a), XAS (Figure 1b,c), HAADF-STEM (Figure 2), and activity tests (Figure 3). The full range of 

XRD patterns are shown in Figure S4. 

The XRD pattern of fresh Ag3/Al2O3 showed no peaks corresponding to crystalline metallic 

and oxidized silver compounds (Figure 1a). HAADF-STEM images of fresh Ag3/Al2O3 showed the 

presence of atomically dispersed silver species and small clusters/nanoparticles with diameters 

less than 2 nm (Figure 2a). The edge position as well as the shape of the XANES spectrum of 

fresh Ag3/Al2O3 correspond well to those of the AgNO3 used as a reference (Figure 1b),13 

suggesting that the Ag species in Ag3/Al2O3 existed as monovalent Ag+ ions.56 Fitting (Table 1) of 

the EXAFS spectrum (Figure 1c) revealed the Ag–O bond at a distance (R) of 2.0 Å, with a 

coordination number (CN) of 3.7, and a relatively small contribution from the Ag–Ag coordination 

(CN = 2.6; R = 2.90 Å). The XANES/EXAFS analyses were consistent with the HAADF-STEM 

analysis—isolated Ag(I) species were the dominant Ag species, and metallic Ag clusters were the 

minor Ag species on fresh Ag3/Al2O3. Upon high-temperature aging treatment under 100% H2 at 

800 °C for 1 h, an XRD peak was observed at 38.1°; this was attributed to Ag metal (111)31 (Figure 

1a). Atomic Ag species were not observed in the HAADF-STEM images of sintered Ag3/Al2O3 

(Figure 2b). The size of the Ag metal NPs ranged from 10 to 52 nm. This demonstrates that high 

temperature (800 °C)-reduction of fresh Ag3/Al2O3 causes the isolated Ag(I) species to aggregate 

to Ag metal NPs. When sintered Ag3/Al2O3 was reoxidized by O2 or NO + O2 at 400 °C for 1 h, the 

intensity of the XRD peak of Ag metal decreased. XRD peaks due to silver oxides were not 

observed (Figure 1a). The HAADF-STEM images of Ag3/Al2O3 after oxidation by NO + O2 revealed 

atomically dispersed silver species and small clusters and NPs with diameters of 2–18 nm, 

indicating the oxidative dispersion of large (10–52 nm) Ag metal NPs to small (2–18 nm) NPs and 

atomic Ag species (Figure 2c). The XRD peak of the Ag metal was less intense after oxidation by 

NO + O2 than by O2. The XANES features and EXAFS results (1.2 Ag–O bonds at 2.00 Å) of re-

oxidized Ag3/Al2O3 are distinct from those of sintered Ag3/Al2O3 but similar to those of fresh 

Ag3/Al2O3. These results suggest that the atomically dispersed Ag(I) species are regenerated by 

the oxidative transformation of the Ag metal NPs, and the re-dispersion by O2 is promoted by NO. 

The Ag species of fresh Ag3/Al2O3 show high dispersion as monovalent Ag+ over the 

alumina support and high catalytic activity in H2–NH3–SCR. Previous studies21,24,31 have 

established that atomically dispersed Ag(I) species and small AgOx clusters are the dominant Ag 

species on the calcined Ag/Al2O3 catalysts with low Ag loading (typically below 2–3 wt%). The 

characterization results of the fresh (calcined) Ag3/Al2O3 are consistent with this structural model, 

as described above. 
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The above results suggest that the atomically dispersed Ag species, once converted to 10–

52 nm Ag metal particles by the reduction in H2 at 800 °C, can be regenerated by NO + O2 treatment. 

The deactivation and regeneration of the Ag3/Al2O3 catalyst for the De-NOx reaction were 

investigated by comparing the catalytic activity of the fresh, sintered, and regenerated Ag3/Al2O3 

in the H2–NH3–SCR. The sintered Ag3/Al2O3 catalyst showed lower NOx conversions than fresh 

catalyst for H2–NH3–SC (Figure S5). Steady-state rates of NO reduction (at 150–225 °C) are 

plotted in Figure 3. The results show that the catalytic activity of Ag3/Al2O3 decreased upon high-

temperature reduction-induced sintering of Ag but was recovered upon NO + O2 treatment. In 

combination with the structural analysis, the following conclusions can be drawn: the fresh 

Ag3/Al2O3 is deactivated by H2-reduction at 800 °C because the atomically dispersed Ag(I) species 

and Ag clusters, which are the active species of H2–NH3–SCR,13 are aggregated to large (10–52 

nm) Ag metal particles. The activity of the deactivated catalyst was recovered by re-oxidation under 

NO + O2 atmosphere at 400 °C because the Ag metal NPs were transformed to the atomically 

dispersed Ag(I) species, which were the active species in the H2–NH3–SCR. 

 

 

Table 1. Ag K-edge EXAFS Curve-fitting Analysis of Ag3/Al2O3 

Sample Shell CN a R b / Å  σ2 c / Å2  Rf
 d / %  

Fresh Ag3/Al2O3 Ag–O 3.7 2.09 0.019 2.2 

 Ag–Ag 2.6 2.94 0.030 2.8 

Sintered Ag3/Al2O3 Ag–Ag 10 2.94 0.021 2.8 

Re-oxidized Ag3/Al2O3 Ag–O 1.2 2.09 0.010 2.1 

a Coordination number. bBond distance. c Debye-Waller factor. d Residual factor.  

 

   

 
Figure 1 (a) XRD patterns, (b) XANES spectra, and (c) EXAFS Fourier transforms (FTs) of 

Ag3/Al2O3 after consecutive redox treatments: black, fresh (calcined); red, reduced (sintered) in H2 
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at 800 ˚C; green, re-oxidized in NO + O2; and blue, re-oxidized in O2 at 400 ˚C for 0.5 h. The 

XANES/EXAFS data of reduced and re-oxidized samples were acquired in situ at 400 ˚C.  

 

Figure 2 HAADF-STEM images of Ag3/Al2O3 after successive redox treatments: (a) fresh, (b) 

reduced (sintered) in H2 at 800 ˚C, and (c) re-oxidized in NO + O2 at 400 ˚C. 

 

 

Figure 3 Arrhenius plots for the H2–NH3–SCR by Ag3/Al2O3 after successive redox treatments: 

black, fresh; red, reduced (sintered) in H2 at 800 ˚C; and green, re-oxidized in NO + O2 at 400˚C. 
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Ex situ observation of reductive aggregation and oxidative dispersion  

Changes in the particle size distribution after reductive aggregation and oxidative re-

dispersion were monitored by ex situ microscopy. Representative TEM images and particle size 

distributions are shown in Figure 4. To improve the accuracy of the particle size analysis, we used 

a high loading (10 wt%) sample (Ag10/Al2O3). TEM was used to analyze the Ag metal NPs (> 3 

nm), while HAADF-STEM was used to observe the atomically dispersed Ag(I) species and the 

small Ag clusters. TEM images of the fresh Ag10/Al2O3 sample show Ag NPs with a diameter of 3-

30 nm and mean size of 10 ± 9 nm (Figure 4a). HAADF-STEM images of this sample show isolated 

Ag(I) species and small Ag clusters (Figure 4e). The reduction of Ag10/Al2O3 in H2 at 800 °C 

increased the mean size of the Ag NPs (60 ± 34 nm) and resulted in a broader size distribution (6-

188 nm) (Figure 4b). Isolated Ag(I) species were not observed by HAADF-STEM (Figure 4f). The 

XRD pattern of this sample shows an intense peak at 38.1° owing to the aggregated Ag metal 

(Figure 4i). The sintered sample was oxidized by NO and O2 at 400 °C for 135 s (followed by quick 

cooling of the sample to room temperature under NO and O2 flow), and this led to a decrease in 

the XRD peak intensity of the Ag metal. The mean size of the Ag NPs, as estimated from the TEM 

analysis, decreased from 60 ± 34 nm (Figure 4b) to 43 ± 21 nm (Figure 4c). HAADF-STEM images 

of this sample show small Ag NPs and isolated Ag(I) species. Interestingly, the isolated Ag(I) 

species were observed near the Ag metal NPs (Figure 4g). After the NO + O2 treatment for 1 h, 

the mean size of the Ag NPs (12 ± 8 nm) and the size distribution histogram (Figure 4d) were 

similar to those of the fresh Ag10/Al2O3 sample, and the isolated Ag(I) species were regenerated 

(Figure 4h). The XRD peak of Ag metal for the NO + O2 treated sample was similar to that of the 

fresh sample. This ex situ characterization reveals the oxidative dispersion of large (60 nm) Ag NPs 

to small Ag NPs, Ag clusters, and isolated Ag(I) species on Al2O3 upon NO + O2 treatment at 400 °C. 

An increase in the NO + O2 treatment time resulted in a decrease in the mean size of Ag NPs and 

the generation of a larger number of isolated Ag(I) species. The STEM images show that the 

remaining Ag NPs are surrounded by isolated Ag(I) species in the initial stage of the oxidative 

dispersion (Figure 4g), and the temporal evolution suggests that the dispersion is not driven by the 

migration of small Ag clusters or NPs but by the movement of atomic Ag species.   
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Figure 4 (a-d) TEM images and particle size distribution, (e-h) HAADF-STEM images, and (i) XRD 

patterns of the high loading (10 wt%) sample (Ag10/Al2O3) after successive redox treatments. 
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In situ kinetic study on oxidative dispersion  

Dynamic structural changes of the Ag species during oxidative dispersion were monitored 

by in situ time-resolved Ag K-edge XANES spectroscopy. The Ag3/Al2O3 sample pre-reduced 

under H2 at 800 °C shows XANES and EXAFS (10.1 Ag-Ag bonds at 2.91 Å; Table 1) features 

similar to those of a model compound for Ag metal (Figure 5). The XANES peak intensity of the 

Ag(I) species at 25516 eV56 increased with increasing NO + O2 treatment time at 400 °C (Figure 

5a). To quantify the species based on the in situ XANES spectra, LCF analysis of these spectra 

was carried out in the energy range 25480–25570 eV using the spectra of the two reference 

samples: Ag(I) ion-exchanged CHA zeolite for isolated Ag(I) species and Ag(10 wt%)-loaded low 

surface area α, θ-Al2O3 for Ag metal NPs. As shown in Figure 5b, the in situ XANES spectrum 

under NO + O2 flow at 400 °C is nearly consistent with the simulated spectrum, indicating that the 

Ag species on Al2O3 are Ag NPs and isolated Ag(I) species. The fraction of the isolated Ag(I) 

species increased with time while that of the metal NPs decreased, indicating the oxidative 

dispersion of Ag NPs to isolated Ag(I) species (Figure 5c). After the NO + O2 treatment for 1000 s, 

the Ag–Ag coordination of the EXAFS disappeared, accompanied by the appearance of Ag–O 

coordination (Figure 1c, Table 1). The fraction of the isolated Ag(I) species in the re-oxidized 

sample is much higher than that of the sintered catalyst but rather close to that of the fresh sample. 

Assuming that the isolated Ag(I) species is indispensable species for H2–NH3–SCR,31 the XANES 

result is consistent with the catalytic results in Figure 3.  

In situ diffuse reflectance UV-vis spectroscopy was used to characterize Ag clusters and 

small Ag NPs under redox conditions.31,55 The UV-vis spectrum of Ag3/Al2O3 after ex situ reduction 

under H2 at 800 °C, followed by in situ reduction under 1% H2/He at 400 °C, shows a broad band 

centered at 400 nm assignable to small Ag NPs (Figure 6). Then, the intensity of the UV-vis band 

at 400 nm was monitored as a function of the oxidation time under NO, O2, or NO + O2 atmosphere 

at 400 °C. The consumption rates of Ag NPs, as estimated by the initial slope of the kinetic curve 

(ΔKM/Δt), depend on the gas mixture; the rates of oxidative dispersion change in the order NO + 

O2 > O2 > NO. The initial rates of oxidative dispersion under O2 and NO + O2 atmospheres at 

different temperatures were also estimated in a similar manner. With prolonged dispersion (4000 

s) under NO + O2 or O2 atmosphere at 400 °C, the intensity of the UV-vis band at 400 nm assignable 

to the Ag NPs decreased. However, the extent of decrease was higher for the NO + O2 treatment 

than for the O2 treatment (Figure S6). Figure 7 shows the Arrhenius plots of the oxidative 

dispersion of the Ag NPs under NO + O2 and O2 atmospheres. The ΔKM/Δt values were −1.0 × 10-

3 under NO + O2 atmosphere and −2.8 × 10-4 under O2 atmosphere at 400 °C. At 300 °C, these 
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values were −5.0 × 10-4 under NO + O2 atmosphere and −5.4 × 10-5 under O2 atmosphere. Notably, 

the value of the initial slope in the UV-vis kinetic curve at 400 nm (ΔKM/Δt) indicates the rate of 

oxidative dispersion as well as the consumption rate of the Ag NPs. The rate of oxidative dispersion 

at 300 °C under NO + O2 was 10 times higher than that under O2. Below 450 °C, the apparent 

activation energy under NO + O2 (16 kJ mol-1) was lower than that under O2 (49 kJ mol-1). This 

indicates that the oxidative dispersion was significantly enhanced by NO, and in situ IR 

spectroscopy suggested that the formation of silver nitrate as the mobile Ag(I) species promoted 

the oxidative dispersion under NO. Similar sets of experiments were performed at 400 °C by 

changing the concentrations of NO and O2. The rates of oxidative dispersion under 500 ppm NO 

with different O2 concentrations and those under 10% O2 with different NO concentrations are 

plotted in Figure 8. The reaction orders with respect to NO and O2, as estimated from the slopes, 

were 0.47 and 0.26, respectively. The positive values suggest that both NO and O2 are involved in 

the kinetically important steps in the oxidative dispersion of Ag NPs into isolated Ag(I) species. The 

higher reaction order for NO suggests that NO is involved in the rate-limiting step.  

Figure 9a shows the time-resolved in situ IR spectra of the adsorbed species on the 

sintered Ag3/Al2O3 catalysts during the oxidative dispersion of Ag NPs under the NO + O2 

atmosphere at 400 °C. Exposure of the sintered Ag3/Al2O3 to NO + O2 for 300 s resulted in the 

formation of nitrate (NO3
-) species (as evident from the new peaks at 1630, 1545, 1290, 1245 cm-

1).20,28 The relative concentration of nitrates was estimated from the peak areas in the range of 

1470–1672 cm−1. The formation rate of nitrates corresponded to the initial slope of the IR peak area 

(Δarea/Δt) in this wavelength range. The values of Δarea/Δt were 2.5 × 10–2 and 2.5 × 10–3 for 

sintered Ag3/Al2O3 and fresh Ag3/Al2O3, respectively. Additionally, no formation of nitrate was in γ-

Al2O3. It is evident that the formation rate of nitrates for sintered Ag3/Al2O3 was 10 times higher 

than those for fresh Ag3/Al2O3 and γ-Al2O3 (Figure 9b). This indicates that the Ag metal NPs (major 

Ag species in sintered Ag3/Al2O3) promote the oxidation of NO to nitrates more efficiently than 

isolated Ag(I) species (major Ag species in fresh Ag3/Al2O3) and γ-Al2O3 alone. Generally, oxidation 

of NO on metal surfaces involves reductive activation of O2 by the surface metal sites.91 Based on 

the in situ XANES/EXAFS data and in situ UV-vis data for the oxidative dispersion of the Ag NPs 

under the NO + O2 atmosphere, the higher rate of nitrate formation by sintered Ag3/Al2O3 than by 

fresh Ag3/Al2O3 can be attributed to the higher activity of the Ag metal NPs for the reductive 

activation of O2 than the isolated Ag(I) sites. Kinetic analysis (Figure 8) suggests that both NO and 

O2 are involved in the key steps of the redispersion process, while in situ XANES results (Figure 

5c) suggest that metallic Ag0 species are directly converted to Ag(I) species and that the initial step 

of the redispersion process can be described as a stoichiometric reaction (12):  

Ag0 + NO + 1/2O2 → AgNO3       (12) 
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The AgNO3 species thus formed on the surface of the Ag metal NPs have a melting point of 212 °C, 

which is lower than the temperature of reoxidation, and hence, migrate to the surface of γ-Al2O3 

owing to the concentration gradient of AgNO3. Then, AgNO3 is anchored by the Al-OH site to form 

Al-OAg and HNO3 (reaction 13), following which HNO3 either evaporates or reacts with a Lewis 

acid-base pair (Al-O) site of γ-Al2O3 to form nitrates on γ-Al2O3 (reaction 14). The structure of the 

Al-OH site for anchoring Ag (I) is discussed in the following section. 

AgNO3 + Al-OH → Al-OAg + HNO3                       (13) 

HNO3 + Al-O → NO3
- Al-OH       (14) 

 

 

 

 

 

 

 

 

 

Figure 5 (a) In situ Ag K-edge XANES spectra of H2-reduced (sintered) Ag3/Al2O3 during reoxidation 

by NO + O2 at 400 ˚C. (b) LCF analysis after treatment in NO + O2 for 380 s. (c) Time course of the 

fractions of Ag metal NPs and isolated Ag+. EXAFS data at t = 0 s (sintered) and 1140 s (re-

oxidized) are shown in Figure 1c. Fractions of Ag metal NPs (red) and isolated Ag+ (blue) in the 

fresh Ag3/Al2O3 are shown as dashed lines. 

  

0 200 400 600 800
0

0.2

0.4

0.6

0.8

1

isolated Ag
+

Ag metal NPs

t (s)

F
ra

c
ti
o
n
 

(c)

25480 25500 25520 25540 25560

NO + O2

Energy (eV)

N
o
rm

a
liz

e
d
 m

(E
)

0 s

950 s
760 s
570 s
380 s
190 s

1140 s

(a)

25480 25500 25520 25540 25560

exp. (380 s)

simulated

residual

68% isolated Ag
+

32% Ag metal NPs

Energy (eV)

N
o
rm

a
liz

e
d
 m

(E
)

(b)



125 

 

 

 

Figure 6 (a) In situ UV-vis spectra of sintered Ag3/Al2O3 (difference spectrum after reduction by H2 

at 800 ˚C) and spectra after subsequent re-oxidation at 400 ˚C by 500 ppm NO + 10% O2 (800 s). 

(b) Time dependence of the UV-vis signal intensity due to Ag NPs during re-oxidation by (black) 

500 ppm NO, (blue) 10% O2, and (green) 500 ppm NO + 10% O2 at 400 ˚C. 

 

Figure 7 Arrhenius plots (300–500 ̊ C) for the consumption of Ag NPs during re-oxidation of sintered 

Ag3/Al2O3 (pre-reduced by H2 at 800 ˚C) by (blue) 10% O2 and (green) 500 ppm NO + 10% O2. 

The rate of Ag NPs consumption was estimated from the initial slope (-KM/t) of the kinetic curve 

(Figure 6b). 
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Figure 8 Rate of consumption of Ag NPs versus the partial pressure of (a) NO and (b) O2 during 

re-oxidation of sintered Ag3/Al2O3 under (a) 500 ppm NO + 1-20% O2 and (b) 500-4000 ppm NO + 

10% O2. 

 

 

 

 

 

 

Figure 9 (a) In situ IR spectra of the adsorbed species on sintered Ag3/Al2O3 under NO + O2 flow 

at 400 ˚C. (b) Kinetic curves for the formation of nitrates on γ-Al2O3 and fresh and sintered 

Ag3/Al2O3 under NO + O2 flow at 400 ˚C.  

 

Structure of the anchoring site  

Next, we shall discuss the structure of the anchoring sites of the atomically dispersed Ag(I) 

species on γ-Al2O3. Among the various metal anchoring sites on γ-Al2O3, significant attention has 

been paid recently on the penta-coordinated (AlV3+) ions as anchoring sites for various metal 

clusters, metal oxides, and isolated metal cations. Kwak et al.61,92 reported that the AlV3+ sites on 

the γ-Al2O3 surface interact strongly with atomic Pt (or small Pt oxide species), BaO, and La2O3, 

thereby inhibiting the sintering of the supported metal species in an oxidative environment. Some 

studies have also reported the interaction of unsaturated AlV3+ sites with WOx, PdO, and PtSn 

clusters supported on γ-Al2O3.64,93,94 These conclusions are based on the fact that the NMR signal 
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intensity of the AlV3+ center decreases with increased loading of the metal species on γ-Al2O3. 

However, Zeng et al.24 reported no change in the NMR signal of AlV3+ upon loading of Ag on γ-

Al2O3 and proposed that the anchoring sites for Ag(I) species are not AlV3+. Based on the changes 

in the 1H NMR and IR spectra upon Ag loading, they proposed that the terminal hydroxyl (OH) 

groups on the (100) γ-Al2O3 surface. These studies suggest that the anchoring sites on γ-Al2O3 

depend on the type of the metal species, and the specific anchoring sites should be determined 

based on multiple spectroscopic evidence assuming various candidates for anchoring sites. The 

aforementioned results indicate that the anchoring and de-anchoring of the isolated Ag(I) cations 

on γ-Al2O3 can be controlled by exposing Ag-loaded γ-Al2O3 under reductive and oxidative 

environments. Based on this, we hypothesized that the present system is suitable for investigating 

the anchoring sites of the Ag(I) species using multiple spectroscopic techniques. The candidates 

for the binding sites are the coordinatively unsaturated Al (surface Al3+ Lewis acid) sites such as 

AlV3+, tetra-coordinated Al3+ (AlIV3+) sites, and various OH groups. 

First, we investigated the 27Al NMR spectra of bare γ-Al2O3. Previous studies on 27Al NMR 

of γ-Al2O3 have established that AlV3+ ions are present only on the first surface layer.61 As shown in 

Figure S8, an 27Al NMR signal of AlV3+ centered around 33 ppm was observed for the γ-Al2O3 

sample dehydrated at 500 °C. The 27Al NMR signal of AlV3+ disappeared after exposure to ambient 

conditions for 1 h. This result is consistent with the previous conclusion that the AlV3+ ions are 

present on the first surface layer of γ-Al2O3 and that the coordination of water to the unsaturated 

AlV3+ sites on the surface yields hexacoordinated (octahedral) Al3+ (AlVI
3+) sites. Figure 10 shows 

the 27Al NMR spectra of γ-Al2O3 and fresh, sintered, and reoxidized Ag3/Al2O3, pre-dehydrated 

under N2 at 500 °C for 1 h. The peaks with chemical shifts centered at 10, 33, and 67 ppm were 

assigned to AlIV3+, AlV3+, and AlVI
3+, respectively. The intensity of the AlV3+ peak for the fresh 

Ag3/Al2O3 is lower than that of γ-Al2O3, indicating that some of the surface AlV3+ sites interact with 

the isolated Ag(I) species. After the sintering of the isolated Ag(I) species to the Ag NPs, the 

intensity of the AlV3+ peak reached that of γ-Al2O3. When the sintered Ag3/Al2O3 was oxidized by 

NO + O2 at 400 °C, the intensity of the AlV3+ peak decreased to that of fresh Ag3/Al2O3. The 

combined XANES, EXAFS, UV-vis spectroscopy, and NMR spectroscopy data indicate that free 

AlV3+ sites were recovered by the aggregation of the anchored Ag (I) species to Ag NPs (de-

anchoring), and after oxidation by NO + O2, the redispersed isolated Ag(I) ions interacted again 

with the AlV3+ sites. These results suggest that the surface AlV3+ sites of γ-Al2O3 may be one of the 

binding sites for the atomic Ag(I) species. However, the changes in the NMR signal corresponding 

to the AlV3+ sites are very minor; thus, we conclude that 27Al NMR is not the best method for 
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monitoring the dynamic changes in the anchoring sites for the Ag(I) species upon de-anchoring 

(sintering of Ag) and anchoring (re-dispersion of Ag(I)). Moreover, the 27Al NMR signal from 

tetrahedral Al3+ (AlIV3+) provides structural information on both surface and bulk alumina; 

accordingly, this method is not suitable for determining the role of the other low-coordinated Al3+ 

sites (AlIV3+) in the binding of metal species. In other words, the previous studies on 27Al NMR on 

metal anchoring sites have excluded the possible role of the AlIV3+ sites.  

To probe the interaction of the Ag species with various surface Al3+ sites, we carried out a 

conventional pyridine adsorption IR experiment. Previous IR studies have established that the 8a 

mode of pyridine coordinated to Al3+ Lewis acid sites is useful for identifying Al3+ Lewis acid sites 

in different coordination environments.67 Based on the fact that pyridine with a higher wavenumber 

of the 8a band desorbs at a higher temperature, Lennon et al. assigned the bands at 1595, 1613, 

and 1623 cm-1 to weak, medium, and strong Lewis acid sites, respectively.67 Figure 11 shows the 

IR spectra of pyridine adsorbed at 200 °C on γ-Al2O3 and the fresh, sintered, and re-dispersed 

Ag3/Al2O3 samples after redox treatment at 500 °C. It is to be noted that the redispersed catalyst 

was prepared by oxidization of the sintered catalyst with 10% O2 instead of using NO + O2, because 

IR bands due to nitrates were observed on the Ag3/Al2O3 sample prepared with NO + O2. A peak 

at 1613 cm-1 with a shoulder at 1621 cm-1 was observed for all the samples, indicating the presence 

of medium and weak Lewis acid sites. No shoulder peak at 1597 cm-1 was observed for γ-Al2O3 

and sintered Ag3/Al2O3 but was observed for fresh and re-oxidized (re-dispersed) Ag3/Al2O3. Since 

the XANES, EXAFS, and STEM analyses suggest that isolated Ag(I) species are present on fresh 

and re-oxidized Ag3/Al2O3 but not on γ-Al2O3 and sintered Ag3/Al2O3, it can be concluded that the 

weak Lewis acid sites (1597 cm-1) are related to the presence of Ag(I) ions on γ-Al2O3. Although 

the band at 1621 cm-1 can be assigned to the tricoordinated Al3+ (AlIII3+) site, the dehydration 

conditions of γ-Al2O3 in this study (500 °C under He flow for 1h), which is milder than the high-

temperature evacuation conditions required for the generation of AlIII3+ sites,59 suggest that the 

band at 1621 cm-1 can be assigned to the AlIV3+ sites. In summary, the bands at 1597, 1613, and 

1623 cm-1 can be assigned to weak, medium, and strong Lewis acid sites, respectively. The 

medium and strong Lewis acid sites corresponded to the surface AlVI
3+ and AlV3+ sites, 

respectively.71 The structure of the weak Lewis acid sites (1597 cm-1), related to the presence of 

Ag(I) on γ-Al2O3, was determined from the DFT calculations, as discussed in the following section. 

Upon adsorption of pyridine on the samples, a negative band at 3766 cm-1 appeared in the 

region of the OH groups of alumina, and the intensity of this negative band depended strongly on 

the conditions (γ-Al2O3 or sintered Ag3/Al2O3). Previous studies have shown that this OH group 
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corresponding to the peak at 3770 cm-1 is reactive toward both acidic and basic probe molecules, 

indicating that this OH group is both acidic and basic.70,73,95 Digne et al. conducted the DFT study 

on γ-Al2O3 and assigned the band at 3777 cm-1 to the on-top OH group on octahedral Al (HO-μ1-

AlVI).71 Based on this assignment, Zeng et al. recently showed that the 1H NMR and IR signal 

intensities of HO-μ1 decreased with increasing Ag loading on γ-Al2O3 and proposed that the HO-μ1 

site is the anchoring site for the isolated Ag(I) ions.24 This implies that the anchoring of Ag on γ-

Al2O3 is basically the cation exchange of the proton (H+) to Ag(I) cation on the surface of the HO-

μ1 group. The IR band intensity at 3770 cm-1 decreased upon Na+ loading on γ-Al2O3,66 indicating 

the high capacity of this OH group to exchange with monovalent metal cations. Liu et al. reported 

that the negative band of HO-μ1-AlVI (3766 cm-1) coincides with the positive band due to the pyridine 

adsorbed on the strong Lewis acid (AlIV3+) sites (1621 cm-1) and concluded that the HO-μ1-AlVI site 

is adjacent to the AlIV3+ site.71 The result in Figure 11c is consistent with this proposal; the intensity 

corresponding to the pyridine on the AlIV3+ (1621 cm-1) site increases with an increase in the 

intensity of the negative band from HO-μ1-AlVI (3766 cm-1). Based on the above discussion, we 

concluded that the negative band at 3766 cm-1 can be assigned to the HO-μ1-AlVI sites adjacent to 

the strong Lewis acid sites (unsaturated AlIV3+ sites). The poor correlation between the band 

intensities of the medium Lewis acid (AlV3+) sites (1613 cm-1) and the HO-μ1-AlVI site suggests that 

these sites are not related to each other. The number of weak Lewis acid sites (1597 cm-1), related 

to the presence of Ag(I) on γ-Al2O3, decreased with an increase in the intensity of the negative 

band due to HO-μ1-AlVI. In the following section, we present a DFT-based structural model of the 

Ag(I)-anchoring sites that is consistent with these IR observations.  

Based on the band assignments discussed above, the changes in the IR spectra in Figure 

11 support the following models of the anchoring sites of the Ag(I) species on γ-Al2O3. The negative 

band of HO-μ1-AlVI (3766 cm-1) for fresh Ag3/Al2O3 is less intense than that for γ-Al2O3, indicating 

that the isolated Ag (I) cations are exchanged with H+ of this OH group. The positive bands of 

pyridine on the strong Lewis acid (AlIV) sites (1621 cm-1) of fresh Ag3/Al2O3 are less intense than 

those on γ-Al2O3, suggesting that the exchanged Ag (I) cations decrease the Lewis acidity of the 

adjacent AlIV3+ sites, possibly due to the electronic effect of Ag(I). Considering that the cation 

exchange site, HO-μ1-AlVI, is adjacent to the AlIV3+ site, the most acceptable model is that in which 

the Ag (I) cations are exchanged with H+ of this OH group to yield anchored Ag(I) species, AgO-

μ1-AlVI, resulting in a decrease in the Lewis acidity of the adjacent strong Lewis acid (AlIV3+) sites. 

The negative band of HO-μ1-AlVI (3766 cm-1) for sintered Ag3/Al2O3 is more intense than that for 

fresh Ag3/Al2O3, indicating that the HO-μ1-AlVI sites are recovered upon de-anchoring of the 
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isolated Ag (I) cations (AgO-μ1-AlVI) during the reductive aggregation under H2, accompanied by 

the exchange of Ag+ to H+ (reaction 15).  

AgO-μ1-AlVI + 1/2 H2 → HO-μ1-AlVI + Ag0            (15) 

The negative band of HO-μ1-AlVI for re-oxidized Ag3/Al2O3 was less intense than that for sintered 

Ag3/Al2O3, indicating that the HO-μ1-AlVI sites were consumed again upon the oxidative 

redispersion of the Ag metal NPs to the isolated Ag (I) cations in the original anchoring site (reaction 

16). 

HO-μ1-AlVI + Ag0 + 1/4 O2 → AgO-μ1-AlVI + 1/2 H2O    (16) 

The IR band of pyridine on AlIV (1621 cm-1) for sintered Ag3/Al2O3 was more intense than that for 

fresh Ag3/Al2O3, and that for reoxidized Ag3/Al2O3 was less intense than that for sintered Ag3/Al2O3. 

This can be explained by the negative effect of the anchored Ag(I) species on the Lewis acidity of 

the AlIV3+ sites adjacent to the AgO-μ1-AlVI sites.  

 

 

Figure 10 27Al NMR spectra of γ-Al2O3 and fresh, sintered (H2, 800 ˚C), and re-oxidized (NO + O2, 

400 ˚C) Ag3/Al2O3 samples. The samples were dehydrated under N2 at 500 ˚C before the 

measurements. 

-40-20020406080100

ppm

In
te

n
s
it
y

-Al2O3

fresh Ag3/Al 2O3

sintered Ag3/Al 2O3

re-oxidized Ag3/Al 2O3

203040



131 

 

 

Figure 11 (a) OH stretching and (b) 8a (pyridine) regions in the IR spectra of pyridine adsorbed on 

γ-Al2O3 and Ag3/Al2O3 after successive redox treatments: (black) fresh Ag3/Al2O3, (red) Ag3/Al2O3 

reduced in H2 at 800 ˚C for 1 h (sintered Ag3/Al2O3), and (green) Ag3/Al2O3 re-oxidized in NO + O2 

at 400˚C for 0.5 h. (c) Intensities of the pyridinead bands for weak (1597 cm-1), medium (1613 cm-

1), and strong (1621 cm-1) Lewis acid sites versus the negative intensity of the on-top (μ1) OH group 

on AlVI (HO-μ1-AlVI). 

 

Reversibility of Ag dispersion over γ-Al2O3 

To verify the reversibility of the sintering/dispersion phenomena on Ag3/Al2O3 under 

reductive/oxidative environments, we carried out in situ diffuse reflectance UV-vis and in situ DRIFT 

experiments. By using identical in situ reactors for the diffuse reflectance UV-vis and IR 

experiments, the time dependence of the UV-vis and IR signals (Figure 12) could be directly 

compared. After in situ oxidation of fresh Ag3/Al2O3 under 10% O2 at 600 °C, the background data 

were recorded, and the reductive gas (1% H2; 300 s) and oxidative gas (500 ppm NO + 10% O2; 

300 s) were repeatedly fed to the sample in the in situ cell at 600 °C, while recording the reflectance 

at 400 nm (UV-vis) and IR spectra of the adsorbed species. The UV-vis intensity for the Ag metal 

NPs increased under H2 and then decreased upon NO + O2 treatment (Figure S9), and reversible 

changes were observed for 10 cycles. The results clearly demonstrate that the reductive 

aggregation of isolated Ag(I) to Ag metal NPs and the oxidative dispersion of the Ag NPs to isolated 

Ag(I) are reversible processes. The time-resolved in situ IR analysis under the same periodic 

conditions showed that the IR intensity (KM) for HO-μ1-AlVI (3766 cm-1) increased under H2 and 

then decreased upon NO + O2 treatment, while the IR intensity for bidentate nitrates (1548 cm-1) 
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increased upon NO + O2 treatment and then decreased under H2 (Figure S10). These phenomena 

were continuously observed for 10 cycles. Based on the UV-vis and IR spectroscopic analyses, a 

plausible mechanism of the reversible sintering/dispersion phenomena on Ag3/Al2O3 was proposed. 

Under a H2 atmosphere, isolated Ag(I) cations anchored as AgO-μ1-AlVI species aggregate to form 

Ag metal NPs and HO-μ1-AlVI sites on the supports (reaction (2)). When the gas is changed to NO 

+ O2, the surface Ag0 species, most likely at the interface of the Ag metal NPs, γ-Al2O3 surface, 

and gas phase, are oxidized by NO and O2 (reaction (1)) to yield monomeric AgNO3 species. The 

AgNO3 species at the boundary of the Ag NPs and γ-Al2O3 surface move across the support surface 

owing to the concentration gradient of the mobile AgNO3 species. The AgNO3 species react with 

the anchoring site, HO-μ1-AlVI, to yield the original AgO-μ1-AlVI species and HNO3, which then reacts 

with the alumina surface to yield the adsorbed nitrate species. 

AgNO3 + HO-μ1-AlVI → Ag-O-μ1-AlVI + HNO3     (17) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Dynamic changes in the (a) UV-vis intensity of Ag NPs (400 nm) and (b) in situ DRIFT 

signal intensity for HO-μ1-AlVI (3762 cm-1) and nitrates (1548 cm-1) under the periodic feed of 1% 

H2 and 500 ppm NO + 10% O2 for 10 cycles at 600˚C over Ag3/Al2O3.   
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DFT modeling of the anchoring sites over the γ-Al2O3 surface  

The aforementioned results suggest that during oxidative dispersion, the Ag+ cation is 

exchanged with H+ at the HO-μ1-AlVI site adjacent to AlIV3+, resulting in a decrease in the Lewis acid 

strength of the AlIV3+ site. To verify this, we performed DFT calculations to determine the vibrational 

frequency of the ω8a band of the pyridine adsorbed on γ-Al2O3 and Ag-loaded γ-Al2O3.  

The side view of the surface slab model of γ-Al2O3 used in this study is shown in Figure S1. 

Previous studies have shown that the (110) surface dominates γ-Al2O3, occupying approximately 

70% of the total area, followed by the (100) surface (∼20% of the total area).70,71,95 It is well 

established that the HO-μ1-AlVI sites are present only on the (100) surface, while strong Lewis acid 

(unsaturated AlIV) sites are present on the (110) or (111) surface.70 The proximity between the (100) 

and (110) or (111) surfaces is consistent with two types of step-edge models of γ-Al2O3 surfaces 

recently proposed by Batista et al.80 and Lee et al.72 In their models, the (100) and (110) surfaces 

are exposed alternately (the (100)–(110) step-edge model) or the (100) and (111) surfaces are 

exposed alternately (the (100)–(111) step-edge model). Based on our experimental results and the 

two step-edge models (Figure S1), DFT modeling of the Ag(I)-anchoring sites was attempted. 

Based on the OH coverage59 under our pretreatment conditions (600 °C), the OH groups were 

located at all the coordinatively unsaturated AlIII and AlIV sites of the bare γ-Al2O3 surfaces (edge, 

(110), and (111) surfaces) and at one of the AlV sites near the edge site on the (100) surface. The 

surface densities of the OH groups were 3.5 OH/nm2 in the (110)–(100) step-edge model and 3.4 

OH/nm2 in the (100)–(111) step-edge model. 

The side view of the γ-Al2O3 step-edge model after structural relaxation by dissociative 

adsorption of H2O is shown in Figure 13a and S2. In the (110)–(100) step-edge model, all the AlIII 

and AlIV sites in the supercell were occupied by the HO-μ1 groups because of the dissociative 

adsorption of the H2O molecules, and HO-μ3 groups were formed on the adjacent lattice oxygen 

(see Figure 13a). The HO-μ1-AlVI sites, which are anchor sites for the Ag+ cations, were formed on 

the (100) surface. In contrast, in the (100)–(111) step-edge model, the edge site structure collapsed 

during structure optimization owing to the dissociative adsorption of H2O, and the HO-μ1-AlVI site 

on the (100) surface changed to a HO-μ2-(AlVI)2 bridged structure (Figure S2). Therefore, the 

(100)–(111) step-edge model was not considered further in this study, and the (110)–(100) step-

edge model was used for Ag anchoring. On the Ag-anchored γ-Al2O3 (Figure 13b), one Ag+ cation 

is exchanged with H+ at the HO-μ1-AlVI site. As listed in Table S2, the Bader charge of the Ag atom 

on γ-Al2O3 (0.44) is close to that of Ag2O (0.41), indicating that the anchored Ag species exist as 

Ag(I) ions. To investigate whether Ag anchoring tends to occur near the edge site or not, the energy 
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change (ΔE) associated with Ag anchoring was calculated for the γ-Al2O3 (110)–(100) step-edge 

model and the γ-Al2O3 (100) slab model according to Eq. (13). The calculated ΔE (−4.03 eV) for 

the γ-Al2O3 (110)–(100) step-edge model was lower than ΔE (+0.27 eV) for the γ-Al2O3 (100) slab 

model, indicating that the AgO-μ1-AlVI species is more stable on the (110)–(100) step-edge than on 

the (100) plane. 

To understand the experimentally observed decrease in the Lewis acid strength of the AlIV 

sites caused by Ag(I) anchoring, the pyridine adsorption energies (Eads) and vibrational frequencies 

of the pyridine adsorbed on the AlIV edge sites were calculated for Ag-free and Ag-anchored γ-

Al2O3 (110)–(100) step-edge surfaces (Figure 13c, d, Table 1). The Ag anchoring changes the 

Eads value from −1.31 to −0.66 eV. In addition, the Al–N bond distance in γ-Al2O3 (2.02 Å) is shorter 

than that in Ag/γ-Al2O3 (2.05 Å), indicating that the exchange of Ag+ to H+ at the HO-μ1-AlVI site 

decreases the strength of the adjacent strong Lewis acid sites. The vibrational frequencies of the 

ω8a bands for the pyridine adsorbed onto the AlIV sites (1616 cm-1) on the Ag-free surface are 

consistent with the values calculated by Digne et al. (1617 cm-1)71 and are close to the experimental 

value (1621 cm-1; Figure 11). The vibrational frequency of the pyridine adsorbed on the AlIV edge 

site of the Ag-anchoring surface was calculated to be 1593 cm-1. This is consistent with the IR 

spectra shown in Figure 11b, which suggest that the anchoring and redispersion of Ag(I) on γ-

Al2O3 result in a decrease in the number of strong Lewis acid sites (1621 cm-1) as well as the 

appearance of a new band (1597 cm-1) due to the weak Lewis acid sites. The consistency in the 

experimental (IR) and DFT results strongly indicates that the exchange of Ag+ to H+ at the HO-μ1-

AlVI site decreases the strength of the adjacent strong Lewis acid (AlIV) sites. In other words, the 

anchoring sites of the isolated Ag(I) species on γ-Al2O3 are the HO-μ1-AlVI sites on the (100) surface 

adjacent to the strong Lewis acid (AlIV) sites on the (110) surface, that is, the (100)–(100) step-

edge sites. Despite the recent debate and proposal regarding the (surface) structure of γ-Al2O3,80,81 

we employed surface structures based on the bulk model proposed by Digne et al.71 to investigate 

the relative changes in the properties of the representative surface sites by anchoring Ag species. 
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Figure 13. Side view of (a) γ-Al2O3 (110)–(100) and (b) Ag/γ-Al2O3 (110)–(100) step-edge surfaces 

and side view of pyridine adsorption on (c) γ-Al2O3 (110)–(100) and (d) Ag/γ-Al2O3 (110)–(100) 

edge AlIV site (cyan: Ag atom, pink: Al atom, red: O atom, grey: C atom, blue: N atom, yellow: H 

atom in terminal hydroxyls, and white: H atom) 

 

Table 1. Computed vibrational stretching frequencies of a pyridine (Pyr) molecule adsorbed on γ-

Al2O3, adsorption energy (Eads) of Pyr, and bond lengths between N (Pyr) and Al atoms (AlIV sites). 

 d (N-Al) Eads ω8a ω8b ω19a ω19b 

 (Å) (eV) (cm-1) (cm-1) (cm-1) (cm-1) 

Isolated Pyr (calculated by DFT) - - 1580 1579 1465 1430 

Exp. - - 1581 1574 1482 1437 

γ-Al2O3 (110)–(100)       

Fig.13c: Pyr -- AlIV (edge site) 2.02  −1.31  1616  1577  1482  1445  

Ag anchored γ-Al2O3 (110)–(100)       

Fig.13d Pyr -- AlIV (edge site) 2.05  −0.66  1593  1565  1474  1438  
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Ab initio thermodynamic analysis for the stability of AgO-μ1-AlVI under redox conditions 

 The stability of the AgO-μ1-AlVI species at different temperatures and atmospheres was 

evaluated by ab initio thermodynamic analysis in reductive ((a) H2+H2O) and oxidative ((b) O2+H2O, 

(c) NO+O2+HNO3) atmospheres. Figure 14 shows the phase diagram of the chemical species with 

the lowest relative Gibbs free energy (ΔG). The temperature (K) was measured on the horizontal 

axis, while the partial pressures of the reaction gases were measured on the vertical axis on a log 

scale. In the H2 atmosphere, the aggregated Ag species (Ag NPs) were stable at all the 

temperatures and pressures (Figure 14a). This is in accordance with the fact that fresh Ag3/Al2O3 

is easily sintered upon H2 reduction. On the other hand, under an O2 atmosphere, the dispersed 

Ag species are stable in the high-temperature region above approximately 400 °C. Furthermore, in 

the presence of NO and O2, the dispersed species were stable except for the region where the NO 

partial pressure was low (less than 500 ppm) and the temperature was above 800 °C. Figure S11 

shows the conceptual model of dispersed and aggregated Ag species on the γ-Al2O3 (110)–(100) 

step-edge surface. The dispersed Ag is anchored by exchanging with H on the HO-μ1-AlVI site while 

the dispersed Ag can aggregate again with its de-anchoring and the HO-μ1-AlVI site regeneration. 

These results are in excellent agreement with our experimental observations, wherein O2 or NO + 

O2 treatment induced efficient dispersion of the Ag species. 

 

 

Figure 14. Partial pressure ((a) H2, (b) O2, and (c) NO) versus temperature plots for the species 

with the lowest relative Gibbs free energy (ΔG), as obtained by the ab initio thermodynamic analysis. 

H2O (fixed at 100 ppm) is present as a coexistent gas for (a) and (b) while O2 (fixed at 0.1%) and 

HNO3 (fixed at 100 ppm) are present as coexistent gases for (c).  
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5.4. Conclusions 

In summary, we have provided molecular-level insights into the reversible structural 

transformation between atomic Ag(I) and Ag metal NPs over γ-Al2O3 using in situ spectroscopy, 

electron microscopy, and DFT studies. The catalytic activity of fresh Ag3/Al2O3 decreased upon 

high temperature (800 ˚C) H2-reduction (sintering of Ag) and was recovered upon subsequent 

oxidation under NO + O2 (400 °C) flow due to the redispersion of the aggregated Ag NPs to the 

atomic Ag(I) species. The sintering and dispersion phenomena were reversible. The anchoring 

sites of the isolated Ag(I) species on γ-Al2O3 are the HO-μ1-AlVI sites on the (100) surface adjacent 

to the strong Lewis acid (AlIV) sites on the (110) surface; thus, the (100)–(100) step-edge sites are 

the most likely structure of the anchoring site. During the sintering of Ag under H2-reduction (de-

anchoring), the isolated AgO-μ1-AlVI species aggregate to form Ag metal NPs, thereby regenerating 

the HO-μ1-AlVI sites on γ-Al2O3. In the process of oxidative dispersion (anchoring), the Ag metal 

NPs are oxidized by NO and O2 to mobile AgNO3 species, which move across the γ-Al2O3 surface 

and react with the anchoring site, HO-μ1-AlVI, to yield the original AgO-μ1-AlVI species and HNO3; 

the latter reacts with the γ-Al2O3 surface to yield the adsorbed nitrate species. These findings 

provide molecular-level insights into the deactivation and reactivation of supported metal catalysts 

under reductive and oxidative conditions. 
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Supplementary Information 

 

Figure S1. Side view of optimized periodic models of γ-Al2O3 surface. (a) γ-Al2O3 (110)–(100) 

surface, (b) γ-Al2O3 (100)–(111) surface. (pink: Al atom, red: O atom) 

 

 

Figure S2. Side view of the optimized periodic model of a γ-Al2O3 surface with dissociative 

adsorbed H2O. (a) γ-Al2O3 (110)–(100) surface, (b) γ-Al2O3 (100)–(111) surface. (pink: Al atom, 

cyan: Ag atom, red: O atom, white: H atom, blue: H atom in terminal hydroxyls on γ-Al2O3 (100) 

surface, and yellow: H atom in doubly bridging hydroxyls on γ-Al2O3 (100) surface.) 
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Figure S3. Optimized periodic models of γ-Al2O3 surface. Side and top view of (a), (c) γ-Al2O3 (100) 

surface and (b), (d) Ag/γ-Al2O3 (100) surface. Relaxed layers are represented by balls and sticks, 

and fixed layers are represented by lines. (pink: Al atom, cyan: Ag atom, red: O atom, and white: 

H atom.) 
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Table S1. Compositional formula and lattice parameters of the γ-Al2O3 step-edge models. 

Step-edge model 
Composition 

formula 
a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

γ-Al2O3  

(110)–(100) 

(H2O)10/Al96O144 17.02  8.41  37.35  90.00  97.02  90.00  

γ-Al2O3  

(100)–(111)  

(H2O)14/Al96O144 18.66  11.17  36.40  89.48  88.08  90.26  

 

 

 

Figure S4. In situ UV-vis spectra of Ag3/Al2O3 after reduction by H2 at 800 ˚C (black lines) and 

subsequent re-oxidation at 400 ˚C (4000 s) by (a) 10% O2 and (b) 500 ppm NO + 10% O2. (c) Time 

dependence of the UV-vis signal intensity due to Ag NPs during re-oxidation.  
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Figure S5. Normalized 27Al NMR spectra of γ-Al2O3 dehydrated under N2 at 500 ˚C for 1 h (black), 

followed by rehydration under ambient conditions for 1 h (green). 

 

 

Figure S6. In situ UV-vis spectra (600 ˚C) of fresh Ag3/Al2O3 (black; in He), after 10 cycles under 

H2 (red), and subsequent exposure to NO + O2 (blue).   
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Figure S7. In situ DRIFT spectra (600 ˚C) of fresh Ag3/Al2O3 (black; in He), after 10 cycles under 

H2 (red), and subsequent exposure to NO + O2 (blue).   

 

Table S2. Bader charge of Ag, O, and H. 

Model Bader charge 

Ag H O 

Ag2O 0.41  -0.83 

γ-Al2O3 (110)  0.67 -1.49 

Ag on γ-Al2O3 (110) 0.44  -1.20 
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Figure S8. Surface structure models of (a) dispersed Ag species and (b) aggregated Ag species 

on a γ-Al2O3 (110)–(100) step-edge surface (cyan: Ag atom, pink: Al atom, red: O atom, yellow: H 

atom in terminal hydroxyls, and white: H atom). When Ag atoms aggregate, the H atoms of the 

terminal hydroxyl are regenerated. 
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Regeneration of Atomic Ag Sites over 

Commercial γ-Aluminas by Oxidative Dispersion 

of Ag Metal Particles 
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6.1. INTRODUCTION 

γ-Alumina-supported silver (Ag/Al2O3) catalysts have long been studied as promising 

catalysts for the selective catalytic reduction (SCR) of NOx by hydrocarbons (HC–SCR),1–5 H2-

assisted HC–SCR,6–13 and H2-assisted SCR by NH3 (H2–NH3–SCR).14–20 After a long debate on the 

active Ag species in HC–SCR reactions,1,6,13,20 it was concluded that isolated Ag(I) sites are 

indispensable for achieving high-performance Ag/Al2O3 catalysts for SCR.13 Hence, Ag/Al2O3 for 

HC–SCR can be regarded as a rare example of a commercialized single-atom catalyst (SAC). 

Small Agn
δ+ clusters generated from the in situ reduction of Ag(I) species by H2 or HCs during SCR 

promoted the reaction under certain conditions, whereas Ag metal nanoparticles (NPs) had an 

adverse effect on NOx conversion as they promoted the non-selective oxidation of reductants.17,20 

Our previous study on H2–NH3–SCR14–20 showed that isolated Ag(I) sites and small Agn
δ+ clusters, 

which coexist under the reaction conditions, play important roles. Previous reports have suggested 

that compared to other transition metals, supported single-atom Ag and small Ag clusters are more 

susceptible to sintering at lower temperatures.21–24 In commercial SCR systems, Ag/Al2O3 catalysts 

are exposed to high-temperature conditions, which could result in catalyst deactivation due to 

sintering of the isolated Ag(I) species to Ag metal NPs. Redispersion of the aggregated Ag NPs is 

a potential strategy for the regeneration of sintered Ag/Al2O3 catalysts. We previously reported the 

oxidative dispersion of large Ag metal NPs to isolated Ag(I) cations on θ-Al2O3.25 However, the 

precise dispersion mechanism and nature of the anchoring sites remain elusive. 

The structures of the metal anchoring sites on γ-Al2O3 were discussed.26,27 Among various 

sites, recent studies employing Al nuclear magnetic resonance (NMR) spectroscopy28–32 

exclusively proposed the penta-coordinated AlV3+ site as anchoring sites of various metal clusters. 

However, Al NMR is not a sufficient tool for complete characterization the of the anchoring sites as 

this technique is not suitable for identification of other sites such as surface octahedral (AlVI
3+) and 

tetrahedral Al (AlIV3+) sites and Al-OH sites. In this regard, infrared (IR) spectroscopy using basic 

probe molecules33–39 is useful for characterizing surface Al sites with different coordination 

environments (AlVI
3+, AlV3+, and AlIV3+) and different Al-OH groups.40,41 Based on NH3-IR study on 

Ag/γ-Al2O3 and γ-Al2O3, Zeng et al.13 proposed that the terminal hydroxyl (OH) groups on the (100) 

surface are the anchoring sites of the isolated Ag(I) cations, which act as catalytic sites for H2-

assisted HC–SCR. We recently studied the reversible structural transformation between atomic 

Ag(I) and large Ag metal NPs on a Ag/Al2O3 catalyst using various in situ spectroscopic techniques, 

ex situ microscopy, and theoretical calculations.42 The on-top OH group on octahedral Al (HO-μ1-

AlVI) adjacent to the unsaturated AlIV3+ site anchors isolated Ag+ in the form of AgO-μ1-AlVI, which 

can be converted to Ag metal NPs and HO-μ1-AlVI during sintering under H2. Thereafter, under NO 

+ O2, the Ag metal NPs and HO-μ1-AlVI react to regenerate dispersed single-atomic AgO-μ1-AlVI. 
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Because the SCR activity of Ag/Al2O3 depends strongly on the type of Al2O3 source,13 we 

hypothesized that the SCR activity of Ag/Al2O3 prepared with different alumina samples depends 

on the number of anchoring sites on the alumina samples. 

Herein, we prepare Ag/Al2O3 catalysts with four types of commercial alumina and 

investigate the relationships between the relative number of HO-μ1-AlVI sites and (1) the number of 

unsaturated AlIV3+ sites, (2) sintering resistance of Ag/Al2O3, (3) rate of Ag redispersion, and (4) 

catalytic activity of Ag/Al2O3. In situ X-ray absorption spectroscopy (XAS), ultraviolet-visible (UV-

vis) spectroscopy, and infrared (IR) spectroscopy are employed to quantify these properties. We 

propose that our anchoring site model, the HO-μ1-AlVI site adjacent to the unsaturated AlIV3+ site, is 

a universal model for different alumina samples, and that the SCR activity of Ag/Al2O3 increases 

with an increase in the number of anchoring sites. 
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6.2. Experimental methods 

Preparation and characterization of catalysts 

Ag/Al2O3 catalysts were prepared using the impregnation method, and four types of γ-

AlOOH (CTB, PUR, VGL, and CFF in Table 1) were impregnated with an aqueous solution of 

AgNO3, followed by evaporation to dryness at 60 °C, drying at 100 °C for 12 h, and calcination in 

air at 600 °C for 1 h. The Ag/Al2O3 catalysts are designated as Agx/Al2O3 or Agx/CTB, where x 

denotes the Ag loading amount (wt%). γ-Al2O3 was prepared by the calcination of γ-AlOOH at 

600 °C (1 h). 

X-ray diffraction (XRD) patterns were obtained using a Rigaku MiniFlex II/AP diffractometer 

with Cu-Kα radiation. Transmission electron microscopy (TEM) data were acquired using a JEOL 

JEM-2200FS electron microscope. 27Al magic-angle spinning (MAS) NMR (27Al-NMR) 

measurements were performed on a Bruker DSX-300 spectrometer operating at 300 MHz, with a 

4 mm rotor. The Brunauer-Emmett-Teller (BET) surface areas of the γ-Al2O3 samples were 

determined using N2 adsorption using AUTOSORB 6AG (Yuasa Ionics Co., Ltd., Japan). 

 

Table 1. Properties of commercially available alumina and investigated catalysts 

Sample Product name Manufacturer SBET a Phase b 
NO conversion in 
H2–NH3–SCR 
[%]c 

NO conversion 
in H2–C3H6–
SCR [%]c 

CTB CATAPAL® B Sasol 218  55 34 

PUR PURALOX® SBa 200 Sasol 200  38 30 

VGL Versal-Alumina VGL-15 UOP 166  13 17 

CFF CFF-NP005-50 chemPUR 135  ( ) d 

 

13 14 
aBET surface area (m2 g-1) of γ-Al2O3 after calcination at 600 °C. 

bCrystal phase of alumina estimated by XRD. 

cNO conversion (%) by Ag(3 wt%)-loaded Al2O3 (40 mg) for H2–NH3–SCR at 150 °C and H2–C3H6–

SCR at 400 °C. 

dγ-Al2O3 was the main phase, but XRD lines corresponding to θ and α-Al2O3 were observed as 

minor phases. 

 

In situ spectroscopy 

In situ diffuse reflectance UV-vis spectra were recorded on a JASCO V-750 UV-vis 

spectrometer. The sintered Ag3/Al2O3 (15 mg) catalyst powder was placed in a diffuse reflectance 

cell with a quartz window, connected to a gas flow system (100 mL min-1). The light source was 
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directed to the center of the integrating sphere through an optical fiber. BaSO4 was used to collect 

background spectra. The reflectance was converted to the Kubelka-Munk function. 

In situ diffuse reflectance infrared Fourier-transform (DRIFT) spectra of the OH stretching 

region of the powder sample (ca. 40 mg) were recorded on a JASCO FT/IR-4600 instrument 

(mercury cadmium telluride detector) equipped with an in situ flow cell with a CaF2 window. In situ 

IR spectra of the adsorbed pyridine were recorded in transmission mode using a JASCO FT/IR-

4600 spectrometer. A 40 mg self-supporting wafer sample (20 mm ) was mounted on a flow-type 

quartz IR cell (CaF2 windows) connected to a flow system (100 mL min-1). Twenty spectra were 

collected at a resolution of 4 cm-1 and averaged to obtain a spectrum. The spectrum of the catalyst 

wafer, acquired at the measurement temperature under He, was subtracted from each spectrum. 

Ag K-edge X-ray absorption spectra were recorded in transmission mode using the BL-

14B2 beamline at the SPring-8 synchrotron radiation facility (Harima, Japan). A Si(311) single 

crystal was used to obtain monochromatic X-ray beams. A self-supporting wafer of the sample 

(approximately 7 mm ) was placed in an in situ quartz cell under a flow of a gas mixture diluted 

with He (500 mL min-1) at atmospheric pressure. Normalization and linear combination fitting (LCF) 

analysis of the X-ray absorption near-edge structure (XANES) and curve-fitting analysis of the 

extended X-ray absorption fine structure (EXAFS) data were performed using the Athena software 

package.43 For the LCF analysis, Ag+-exchanged Ag-CHA (Si/Al = 11) and 10 wt% Ag-loaded low-

surface-area Al2O3 were used as reference compounds for the isolated Ag(I) and Ag metal NPs, 

respectively.42 Fourier-transformation of the k3-weighted EXAFS data was carried out over the k 

range of 3−7 Å−1 and R range of 1.05–3.2 Å−1. Curve-fitting analysis was performed using Artemis, 

and the parameters for each shell were provided by FEFF6. 

 

Catalytic reactions 

H2–NH3–SCR (H2 + NO + NH3 + O2) and H2–C3H6–SCR (H2 + NO + C3H6 + O2) were 

performed using Ag3/Al2O3 powder in a fixed-bed flow reactor (flow rate = 100 mL min-1). The 

composition of the feed gas, H2/NO/(NH3 or C3H6)/O2/He, was 1%/500 ppm/500 ppm/10%/balance. 

The concentrations of the feed gas and products were measured using an online IR spectrometer 

(JASCO FT/IR-4600 with a TGS detector) equipped with a custom-built gas cell. The 

concentrations of NO, NO2, N2O, C3H6, and NH3 were calculated based on calibration results. The 

reaction rates were estimated by changing the catalyst loading under conditions where the NO and 

NH3 conversions were below 30%. 
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6.3. Results and discussion 

SCR activity and structure of four Ag/Al2O3 catalysts 

Four commercial alumina sources (CTB, PUR, VGL, and CFF) with different characteristics 

were used (Table 1). Ag(3 wt%)-loaded on alumina (designated as Ag3/CTB) was prepared by the 

conventional impregnation method.42 The NO conversion (Table 1) achieved with these catalysts 

in the H2-assisted SCR of NO by NH3 and C3H6 was measured at 150 and 400 °C, respectively, 

using a flow reactor. For both reactions, the NO conversion of Ag-loaded alumina depended on the 

type of alumina and increased in the order: CTB > PUR > VGL  CFF. 

The Ag-loaded alumina catalysts were reduced under 2% H2 flow at 800 °C (0.5 h) to 

prepare the sintered catalysts. The size distribution of the Ag NPs after sintering was estimated 

using ex situ TEM (Figure 1). The mean diameter of the Ag metal NPs after the sintering treatment 

increased in the order: CTB < PUR < VGL < CFF. The results indicate that the resistance to Ag 

sintering under reductive conditions depends on the type of alumina, and the sintering resistance 

decreased in the order: CTB > PUR > VGL > CFF. This order is consistent with the order of the 

catalytic activity of Ag/Al2O3 for SCR (Table 1). 

 

Figure 1. Particle size distribution and TEM images of (a) Ag3/CTB, (b) Ag3/PUR, (c) Ag3/VGL, and 

(d) Ag3/CFF after sintering treatment (2% H2, 800 °C, 0.5 h). 

  

0 20 40 60 80 100
0

10

20

30

F
re

q
u
e
n
c
y
 (

%
)

Particle size (nm)

D = 19 ±16 nm

(a) Ag3/CTB

50 nm 

0 20 40 60 80 100
0

10

20

30

F
re

q
u
e
n
c
y
 (

%
)

Particle size (nm)

D = 32 ±14 nm

(c) Ag3/VGL

50 nm 

0 20 40 60 80 100
0

10

20

30

F
re

q
u
e
n
c
y
 (

%
)

Particle size (nm)

D = 38 ±15 nm

(d) Ag3/CFF

0 20 40 60 80 100
0

10

20

30

F
re

q
u
e
n
c
y
 (

%
)

Particle size (nm)

D = 26 ±18 nm

(b) Ag3/PUR

100 nm 



159 

 

Figure 2 shows the 27Al NMR spectra of the alumina and Ag-loaded alumina samples 

dehydrated at 500 °C. To enhance the changes in the spectra caused by the loading of Ag, high- 

loading (10 wt%) samples were prepared and tested for 27Al NMR measurements. The peaks with 

chemical shifts centered at 10, 33, and 67 ppm were assigned to AlIV3+, AlV3+, and AlVI
3+, respectively. 

Previous 27Al NMR studies of γ-Al2O3 have established that AlV3+ ions are present only on the first 

surface layer.29 Upon loading 10 wt% Ag on CTB, the AlV3+ peak of CTB almost disappeared, 

indicating that some of the surface AlV3+ sites interacted with the Ag species. However, loading 10 

wt% Ag on the other alumina samples (PUR, VGL, CFF) did not markedly change the intensity of 

the AlV3+ signals. These results demonstrate that 27Al NMR is not a powerful method for 

investigating the anchoring sites of Ag species. 

 

Figure 2. 27Al NMR spectra of γ-Al2O3 (black) and Ag(10 wt%)-loaded Al2O3 (blue): (a) CTB, (b) 

PUR, (c) VGL and (d) CFF. The samples were dehydrated under N2 at 500 °C before the 

measurements. 

 

Our previous study42 showed that the IR spectra of Ag/Al2O3 in the OH stretching region 

and 8a regions of pyridine adsorbed on Ag/Al2O3 and Al2O3 are useful for discussing the anchoring 

site of isolated Ag+ on Al2O3. In brief, when Ag was loaded on Al2O3, the IR peak at 3770 cm-1, 

assigned to the on-top OH group on octahedral Al (HO-μ1-AlVI)39
 became less intense, the intensity 

of the band at 1621 cm-1 due to strong Lewis acid sites (unsaturated AlIV3+ sites) also declined. 

Combined with STEM and DFT studies and a structural model of γ-Al2O3 in the literature, we 
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concluded that the anchoring sites of the isolated Ag(I) species on γ-Al2O3 are the HO-μ1-AlVI sites 

on the (100) surface adjacent to the strong Lewis acid (AlIV) sites on the (110) surface.42 Based on 

the consistent DFT and experimental IR data, it is concluded that the HO-μ1-AlVI site on the (100)–

(110) step edge is the anchoring site of Ag. After sintering, the isolated AgO-μ1-AlVI species 

aggregate to form Ag metal NPs to regenerate the HO-μ1-AlVI sites. In the subsequent oxidative 

treatment, the Ag metal NPs undergo redispersion to regenerate the original AgO-μ1-AlVI species.42 

In situ DRIFT analysis of the four Ag/Al2O3 samples after sintering treatment was used for in situ 

monitoring of the changes in the HO-μ1-AlVI sites during the oxidative redispersion process. First, 

the sample was reduced in 2% H2 at 500 °C (0.5 h), followed by He purging, and IR spectra of the 

reduced samples (black lines in Figure 3a) were obtained. The sample was then oxidized by 10% 

O2 at 500 °C (0.5 h), and the IR spectra (blue lines in Figure 3a) were obtained. For the four 

samples, a negative band centered around 3762 cm-1 appeared after re-oxidization by O2; the 

intensity of this negative band increased in the order: CTB > PUR > VGL > CFF. This order is 

consistent with the order of the catalytic activity (Table 1) and sintering resistance of supported Ag 

on alumina (Figure 1). 

In separate IR (transmission) experiments, pyridine adsorption on pre-oxidized IR disks of 

Al2O3 and Ag/Al2O3 was studied at 200 °C. For all samples, the band intensities of pyridine on the 

strong Lewis acid (AlIV) sites (1621 cm-1) of Ag/Al2O3 (red lines in Figure 3b) were markedly lower 

than those of Al2O3 (black lines in Figure 3b). This suggests that the Ag species in the form of AgO-

μ1-AlVI decreased the Lewis acidity of the adjacent AlIV3+ sites because of the electronic effect of 

the Ag species. Figure 4a presents a plot of the intensity of the strong Lewis acid (AlIV) sites (1621 

cm-1) of the Ag-free Al2O3 samples in (Figure 3b) versus the intensity of the negative band of HO-

μ1-AlVI (3762 cm-1) observed due to re-oxidation of the sintered Ag/Al2O3 samples (Figure 3a). A 

linear relationship was observed, providing additional evidence to support our previously reported 

conclusion42 that the anchoring sites of Ag on γ-Al2O3 are the HO-μ1-AlVI sites on the (100) surface 

adjacent to the strong Lewis acid (AlIV) sites on the (110) surface at the (100)–(110) step edge. 

Figure 4b presents a plot of the average sizes of the Ag NPs on the Ag/Al2O3 samples after 

sintering at 800 °C (Figure 1) versus the intensity of the negative band of HO-μ1-AlVI (Figure 3a). 

The size of the Ag metal NPs decreased with an increase in the number of HO-μ1-AlVI sites on the 

alumina surfaces, which demonstrates that the anchored Ag species in the form of AgO-μ1-AlVI play 

a significant role in the sintering resistance under reductive conditions at high temperatures. 
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Figure 3. (a) In situ DRIFT spectra of OH stretching on four types of Ag(3 wt%)-loaded Al2O3 after 

H2 (black) and O2 (blue) treatment at 500 °C. (b) In situ IR spectra of pyridine adsorbed on four 

types of γ-Al2O3 (black) and Ag3/Al2O3 (red) at 200 °C. 

 

 

Figure 4. (a) IR intensity of adsorbed pyridine (Figure 3b) and (b) average particle size of Ag NPs 

(Figure 1) versus IR intensity of negative peak due to HO-μ1-AlVI sites (Figure 3a) on Ag(3 wt%)-

loaded Al2O3. 

 

In situ observation of oxidative dispersion 

In situ time-resolved Ag K-edge XANES spectroscopy was used to characterize the 
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a relatively large amount (CTB) and a low number of HO-μ1-AlVI sites (VGL), Ag3/CTB and Ag3/VGL, 

pre-reduced by H2 (800 °C), were exposed to NO + O2 at 500 °C, while monitoring the XANES 

spectra as a function of time (Figure 5). The EXAFS features (Figure 5(a,b) and Table 2) of the 

sintered Ag3/CTB (9.3 Ag−Ag bonds at 2.78 Å) and Ag3/VGL (7.4 Ag−Ag bonds at 2.82 Å) show 
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the absence of Ag+ species on alumina and the presence of Ag metal NPs as major species. 

According to the method described in our previous study, 42 LCF analysis of the spectra was 

performed in the energy range of 25500–25650 eV using the spectra of the two reference samples: 

Ag+ ion-exchanged CHA zeolite for the isolated Ag(I) species and Ag(10 wt%)-loaded low surface 

area α, θ-Al2O3 for the Ag metal NPs. LCF analysis of the samples at t = 0 s shows that Ag metal 

NPs are the dominant Ag species in the sintered catalysts. With an increase in the time of oxidation 

by NO + O2, the fraction of Ag(I) species increased and that of Ag metal NPs decreased. This 

indicates that the Ag metal NPs undergo oxidative dispersion to form isolated Ag(I) species. Most 

of the Ag metal NPs on Ag3/CTB were converted to isolated Ag(I) species within 48 s, whereas the 

oxidative dispersion was completed in 96 s for Ag3/VGL. This indicates that oxidative redispersion 

of the Ag metal NPs is faster for alumina with a larger number of surface HO-μ1-AlVI sites (CTB). 

Oxidation by NO + O2 treatment for 300 s decreased the intensity of the Ag−Ag contribution to the 

EXAFS peak, accompanied by the appearance of peaks corresponding to Ag−O coordination 

(Figure 5(a),(b), and Table 2). The EXAFS results indicate that some of the Ag metal NPs were 

converted to isolated Ag(I) species bonded to alumina, which is consistent with the XANES results. 
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Figure 5 In situ Ag K-edge EXAFS (a, b) and XANES (c, d) profiles of (a) Ag3/CTB and (b) Ag3/VGL 

during re-oxidation by NO + O2 (300 s) at 500 °C. LCF fraction of Ag metal NPs and isolated Ag+ in 

(c) Ag3/CTB and (d) Ag3/VGL. Flow rate = 1000 mL min−1; sample weight = 136.8 mg. 

 

Table 2. Ag K-edge EXAFS curve-fitting analysis of Ag3/Al2O3 

Sample Shell CN a R b / Å  σ2 c / Å2  Rf
 d / %  

Sintered Ag3/CTB Ag-Ag 8.9 2.89 0.0237 2.9 

Re-oxidized Ag3/CTB Ag-O 1.1 2.25 0.0682 2.1 

 Ag-Ag 1.6 2.71 0.0208 2.4 

Sintered Ag3/VGL Ag-Ag 8.3 2.76 0.0247 2.9 

Re-oxidized Ag3/VGL Ag-O 1.1 2.22  0.0060 2.1 

 Ag-Ag 4.6 2.74 0.0382 2.4 

aCoordination number. bBond distance. cDebye-Waller factor. dResidual factor. 
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Similar experiments for the redispersion process were performed using in situ diffuse 

reflectance UV-vis spectroscopy.19,44 The UV-vis spectra of the four different Ag/Al2O3 samples pre-

reduced at 800 °C showed a broad band around 400–800 nm, assignable to the small Ag metal 

NPs (black lines in Figure 6). The intensity of the band at 750 nm was monitored as a function of 

time under NO + O2 at 400 °C (Figure 7a). Oxidation by NO + O2 for 0.5 h decreased the intensity 

of the band at 400–800 nm due to the Ag metal NPs (blue lines in Figure 6). Figure 8a presents a 

plot of the decrease in the intensity of the UV-vis band at 750 nm (relative amount of re-dispersed 

Ag NPs) versus the intensity of the negative peak in the IR profile arising from the HO-μ1-AlVI sites. 

Conversion of Ag the metal NPs to Ag(I) species increased with increasing the number of HO-μ1-

AlVI sites on alumina, indicating that the HO-μ1-AlVI sites act as anchoring sites for the dispersed 

Ag(I) species. 

The kinetic curves in Figure 7a were numerically differentiated to obtain the plots of the 

initial slope of the kinetic curve (ΔKM/Δt) versus time (Figure 7b). The maximum values of ΔKM/Δt 

in the initial period correspond to the initial rates for redispersion of the Ag metal NPs into Ag(I) 

species. The rates depend on the type of alumina support and changed in the order: CTB > PUR 

> VGL > CFF. This order is consistent with the order of the catalytic activity (Table 1) and sintering-

resistance of Ag supported on alumina (Figure 1). Figure 8a presents the plot of the initial rates 

for the redispersion of Ag metal NPs (Figure 7b) as a function of the intensity of the negative band 

of HO-μ1-AlVI. The rate of redispersion of the Ag metal NPs increased with an increase in the 

number of HO-μ1-AlVI sites, which shows that alumina with a larger number of HO-μ1-AlVI sites leads 

to more rapid redispersion under oxidative conditions. 

In the H2–NH3–SCR and H2–C3H6–SCR employing the Ag/Al2O3 catalysts, reductive 

aggregation (Ag+ → Ag metal) by H2 and oxidative dispersion (Ag metal → Ag+) by NO + O2 may 

compete with each other; hence, the relative amount of Ag metal and Ag(I) species depends on the 

number of HO-μ1-AlVI sites on the different alumina types. To quantitatively discuss the effect of the 

number of anchoring sites on the SCR activity of the Ag/Al2O3 catalysts, the NO conversion (Table 

1) in the H2–NH3–SCR at 150 °C and H2–C3H6–SCR at 400 °C was plotted versus the IR intensity 

of the negative peak due to the HO-μ1-AlVI sites (Figure 9). For both reactions, the NO conversion 

increased with increasing number of HO-μ1-AlVI sites, which clearly indicates that Al2O3 with a larger 

number of surface HO-μ1-AlVI sites is preferable as a support material for the H2-assisted SCR 

promoted by Ag/Al2O3 catalysts. A larger number of anchoring sites should lead to a higher fraction 

of highly dispersed Ag(I) species as active species for the SCR, rather than Ag metal NPs, resulting 
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in higher NO conversion. 

 

 

Figure 6. (a) In situ UV spectra of (a) Ag3/CTB, (b) Ag3/PUR, (c) Ag3/VGL, and (d) Ag3/CFF after 

sintering treatment (black), followed by NO + O2 treatment at 400 °C for 0.5 h (blue). 

 

 

Figure 7. (a) Time-dependence of relative amount of Ag NPs (UV-vis intensity (KM) at 750 nm) on 

Ag3/Al2O3 samples under NO + O2 at 400 °C and (b) redispersion rate of Ag NPs, estimated by 

numerical differentiation (ΔKM/Δt) of the kinetic curves vs. time. 
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Figure 8. Initial rate of Ag NP redispersion (maximum ΔKM/Δt value in Figure 7b) versus IR 

intensity of negative peak due to HO-μ1-AlVI sites (Figure 3a) for Ag3/Al2O3 samples. 

 

 

Figure 9. NO conversion (from Table 1) for H2–NH3–SCR at 150 °C and H2–C3H6–SCR at 400 °C 

versus IR intensity of negative peak due to HO-μ1-AlVI sites (Figure 3a) for Ag3/Al2O3 samples. 

Flow rate = 100 mL min−1; sample weight = 15 mg. 
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6.4. Conclusions 

Ag/Al2O3 catalysts were prepared using four types of commercial alumina sources. The effect of 

the relative amount of on-top OH groups on octahedral Al (HO-μ1-AlVI) on (1) the amount of 

unsaturated AlIV3+ sites, (2) sintering resistance of Ag/Al2O3, (3) rate of Ag redispersion, and (4) 

catalytic activity of Ag/Al2O3 was investigated. The number of strong Lewis acid (unsaturated AlIV3+) 

sites on the Ag-free γ-Al2O3 supports increased with an increase in the number of HO-μ1-AlVI sites. 

Combined with the results in our previous report,42 the data demonstrate that the HO-μ1-AlVI site on 

the (100) surface adjacent to the unsaturated AlIV3+ site on the (110) surface at the (100)–(110) step 

edge is a general model for the anchoring sites of Ag on γ-Al2O3. The anchored Ag species, AgO-

μ1-AlVI, underwent sintering to yield Ag metal NPs after H2-reduction at 800 °C. The mean size of 

the Ag metal NPs after sintering decreased with an increase in the number of anchoring sites on 

the alumina surface. Under NO + O2, the sintered Ag/Al2O3 catalysts undergo oxidative redispersion 

to regenerate the AgO-μ1-AlVI sites. The amount of re-dispersed Ag metal and the initial rate of the 

redispersion process increase with the number of HO-μ1-AlVI sites, which demonstrates that the 

anchored Ag species are in the form of AgO-μ1-AlVI. These results show that the HO-μ1-AlVI site 

adjacent to the unsaturated AlIV3+ site on γ-Al2O3 (anchoring site of Ag) plays an important role in 

the sintering resistance and redispersion of the supported Ag species. The activity of these 

catalysts for H2-assisted SCR of NO by NH3 or C3H6 increased with an increase in the number of 

HO-μ1-AlVI sites. In summary, the present results provide a simple concept for designing sintering-

resistant Ag/Al2O3 catalysts for SCR; γ-Al2O3 with a larger amount of surface HO-μ1-AlVI sites is a 

preferable support for H2-assisted SCR by Ag/Al2O3 catalysts because the support with a larger 

number of anchoring sites provides a larger number of AgO-μ1-AlVI sites, as active sites for H2-

assisted SCR, possibly via dynamic sintering/redispersion cycles. 
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Chapter 7 

General Conclusion 
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In this research, I focused on selective catalytic reduction of nitrogen oxides (NOx) using 

NH3 as the reducing agent (NH3–SCR) is commercially utilized to control the NOx emissions from 

exhausts in the presence of O2. 

 

Chapters 2 conclude that In situ/operando IR, UV–vis, and XAS experiments were performed on 

the V(V) V(IV) and Cu(II) Cu(I) redox cycles with V- and Cu-based NH3–SCR catalysts under 

similarly transient reaction conditions. The results provide comprehensive evidence for a general 

mechanism of NH3–SCR that is common to V and Cu catalysts. Under transient conditions, B-NH3 

was confirmed to be a reservoir of NH3 that migrates to the metal cation sites and participates in 

the second reduction half-cycle.  

Chapters 3 conclude that steady-state kinetics shows that the SCR of NO2 or NO/NO2 mixture is 

more than two orders of magnitude faster than the SCR of NO over H-AFX zeolite. For NO2 involved 

SCR over H-AFX, Brønsted acid sites (BAS) play an essential role, which promote the reaction of 

the adsorbed NH3 with NO2 to yield N2, H2O, and adsorbed NH4NO3 at low temperatures (50–150 

˚C). 

Chapters 4 conclude that the reduction/oxidation half-cycles in the NH3–SCR over WO3/CeO2. 

Ce4+ species is reduced by NO + NH3 to yield N2 and Ce3+ species (reduction half cycle), which is 

then is reoxidized by O2 (oxidation half cycle). The oxidation state of W6+ species remains 

unchanged under the redox conditions. Reduction half cycle and oxidation half cycle over 

WO3/CeO2 under transient reaction conditions were studied using time-resolved operando IR, UV-

vis, and XAS in combination with the observation of gas-phase products. IR and theoretical results 

suggest that the reduction half cycle starts with the reaction of W6+-OH and adjacent Ce4+-O with 

NO to afford Ce3+ species and a gaseous HONO, which is converted to NO+ species on the catalyst. 

The NO+ species reacts with NH3 to yield N2. 

Chapters 5,6 concludes that reversible structural changes between atomic Ag(I) and large Ag 

metal nanoparticles (NPs) on γ-Al2O3-supported Ag (Ag/Al2O3) catalysts and anchoring mechanism 

of Ag species over γ-Al2O3 using in situ/operando spectroscopies, electron microscopes, DFT and 

ab initio thermodynamics studies. Sintering and regeneration of the atomic Ag(I) species are 

reversibly and leading to recovering of catalytic activity for H2-assisted NOx selective catalytic 

reduction SCR by NH3 (H2–NH3–SCR). We have found that the catalytic activity in H2–NH3–SCR is 

depended on the reversibly degree of dispersion of Ag NPs. The sintering/dispersion phenomena 

were reversibly observed of redox repeating H2   NO + O2 treatments. we report the relationships 

between the relative number of anchoring sites (HO-μ1-AlVI) of Ag/Al2O3 and (1) the number of 

unsaturated AlIV3+ sites, (2) sintering resistance of Ag/Al2O3, (3) rate of Ag redispersion, and (4) 
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catalytic activity of Ag/Al2O3 which prepared by four types of commercial alumina sources (CTB, 

PUR, VGL, and CFF). Combined with the two results, the data demonstrate that the HO-μ1-AlVI site 

on the (100) surface adjacent to the unsaturated AlIV3+ site on the (110) surface at the (100)–(110) 

step edge is a general model for the anchoring sites of Ag on γ-Al2O3. 

 

 In summary, using operando spectroscopy and computational science, this thesis provides 

a molecular-level insight into the NH3-SCR mechanism of lean de-NOx catalysts and the 

regeneration mechanism of isolated metal species on the catalyst surface. This thesis proposes a 

new guideline for the design of reaction fields at the molecular level in the field and makes a 

significant contribution to catalytic chemistry. 
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