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Chapter 1 

General Introduction 
  



1.1 Environmental issues for NOx and N2O 
The major anthropogenic source of nitrogen oxides (NOx) is the combustion of 
fossil fuels, such as petroleum in vehicle engines and coke in thermal power 
plants. NOx is emitted mainly as NO and NO2, together with N2O.1–5 Although 
internal-combustion engines and large-scale power generation are indispensable 
for modern society, the associated NOx emissions cause serious air-quality 
problems and adverse effects on human health and ecosystems. Consequently, 
effective NOx abatement has become essential. At the same time, the global 
vehicle fleet continues to expand every year, while emission regulations become 
increasingly stringent (Figure 1, https://www.ascea.auto/figure/nox-emissions-
from-the-eu-heavy-truck-fleet-by-euro-classes/). Exhaust-gas regulations for 
automobiles were first introduced in 1974, and international awareness of 
environmental issues has since intensified, as exemplified by the adoption of the 
Sustainable Development Goals (SDGs) in 2015. In Europe, the current 
standards “Euro 7” for light-duty vehicles stays at the same level as Euro 6, but 
“Euro VII” for heavy-duty vehicles, especially diesel engines, has further tighten 
these limits on NOx emission.6–8 To comply with such regulations, denitrification 
(deNOx) technologies based on lean-burn deNOx catalysts have become the 
mainstream approach for removing NOx from exhaust gases.  

 
Figure 1 Aggregated fleet and NOx emissions from the EU heavy truck fleet, by 
Euro classes. 
 



1.2 Selective catalytic reduction (SCR) system for DeNOx  
Among these, selective catalytic reduction of NOx with NH3 (NH3-SCR) is widely 
implemented for both mobile9–14 and stationary sources14–18 that rely on thermal 
energy produced by fossil-fuel combustion. In the NH3-SCR process, NOx is 
selectively converted into N2 and H2O according to Eq. (1-1): 
 
4NH3 + 4NO + O2 → 4N2 + 6H2O           (1-1) 
Vanadium-based catalysts such as V2O5–WO3/TiO2 are typically employed in 
stationary deNOx systems for power plants and waste-treatment facilities, 
whereas Cu-exchanged CHA-type zeolites (Cu-CHA) are key components in 
urea-SCR systems for diesel vehicles. Despite their commercial success, these 
industrial catalysts were introduced with limited mechanistic understanding, and 
further insight into their structure–reactivity relationships is required to guide the 
development of next-generation deNOx technologies. 
 
Diesel engines are widely used in automobiles and industrial machinery because 
of their high thermal efficiency and excellent torque characteristics. However, 
direct injection of diesel fuel leads to high emissions of particulate matter (PM) 
and NOx. Modern diesel emission control systems therefore employ a 
combination of a diesel oxidation catalyst (DOC), a diesel particulate filter (DPF), 
an NH3-SCR catalyst, and an ammonia slip catalyst (ASC). The DOC oxidizes 
hydrocarbons (HC) and CO and converts part of the NO to NO2, which strongly 
affects the efficiency of the downstream SCR step.19 The first commercial 
application of SCR in automobiles around 2005 relied on urea-SCR and required 
substantial on-board urea storage. Although urea-SCR can provide high NOx 
removal efficiency, it also introduces challenges such as incomplete urea 
decomposition and potential secondary emissions (e.g., isocyanic acid). 
Consequently, NH3-SCR systems have been intensively studied and optimized 
and are now installed in both heavy-duty vehicles and passenger cars. Cu-
exchanged SSZ-13 with CHA topology is the benchmark catalyst in these 
systems. SSZ-13 is a small-pore zeolite (maximum ring size ≈ 3.8 Å) composed 
of double six-ring (d6r) units and chabazite cages. Screening studies by the 
Research Association of Automotive Internal Combustion Engines (AICE) 
demonstrated that zeolites containing d6r cages, such as CHA and AFX, show 
outstanding SCR activity and hydrothermal stability when exchanged with Cu, 
leading to their widespread adoption as diesel-deNOx catalysts.9–12 In the 



presence of equimolar NO and NO2, the so-called fast SCR reaction (Eq. (1-2)) 
markedly enhances low-temperature activity:11,17,19 
 
2NH3 + NO + NO2 → 2N2 + 3H2O           (1-2) 
At low temperatures and under NO2-rich conditions, the behavior of Brønsted acid 
sites and the rapid formation of ammonium nitrate are particularly important, 
because these species can control N2 selectivity and overall deNOx performance. 
 
Similar deNOx concepts are applied to stationary sources. In thermal power 
plants, fuel is burnt in boilers to generate electricity, and the resulting flue gas 
contains NOx, SOx, and particulate matter (fly ash). This flue gas is treated by a 
series of environmental control units before release to the atmosphere. Typically, 
the exhaust gas passes through a denitration unit, where NOx is reduced in an 
SCR reactor, then an air preheater for heat recovery, an electrostatic precipitator 
for dust removal, and finally a desulfurization unit for SOx abatement before 
discharge through the stack. Supported vanadium(V) oxide catalysts, such as 
V2O5/TiO2 and V2O5–WO3/TiO2, have been successfully employed for decades in 
these stationary SCR applications and remain industrial workhorses because of 
their robustness and tolerance to typical flue-gas compositions. 14,17,20–22 
For nitrous oxide (N2O) is a potent greenhouse gas with a long atmospheric 
lifetime, making its mitigation an urgent environmental challenge across 
agriculture, transportation, and chemical industries. Catalytic approaches for 
controlling N2O emissions from diesel exhaust include direct decomposition and 
selective catalytic reduction (SCR). Although Rh-based catalysts are highly active 
for N2O decomposition, they require high temperatures and suffer strong 
inhibition by excess O2, limiting their practical use and motivating the search for 
non-PGM alternatives. Fe-containing zeolites have emerged as effective 
catalysts for the SCR of N2O with CO, CH4, hydrocarbons, or NH3 and have been 
widely studied as model systems for N2O reduction. Among the few reports on 
CO-SCR, Fe-ß enables N2O conversion at relatively low temperatures, while Fe-
MFI with cationic Fe species shows higher O2 tolerance owing to preferential 
activation of N2O over O2 at α-Fe sites.23–25  
As emission regulations continue to tighten for both mobile and stationary 
sources, detailed elucidation of the NH3-SCR reaction mechanism on these 
catalysts, and the development of new materials capable of high activity and 
selectivity under increasingly demanding operating conditions (e.g., cold start, 



low-temperature operation, and high sulfur tolerance), are crucial for the rational 
design of future deNOx technologies.  
 
1.2  In situ/operando spectroscopic study 
Understanding how a catalyst functions requires access to its real-time structure, 
surface chemistry, and electronic state under working conditions. Conventional 
ex situ characterization often fails to capture these transient features because 
catalysts can restructure, change oxidation state, or form short-lived 
intermediates only during reaction. For this reason, in situ/operando 
spectroscopies have become indispensable tools for elucidating catalytic reaction 
mechanisms.11,24,26–31 
Through tons of research papers within catalysts filed, in situ spectroscopies have 
been applied to various of different heterogeneous catalysis researches. Under 
real reaction conditions, monitoring adsorption and desorption is now becoming 
a trend in heterogeneous catalysis research. Researchers are trying to relate the 
reactive species with the reactivity directly to illustrate that the superior activity is 
due to larger number of reactive intermediates. The problems, that there being 
weak or few direct evidence for supporting the relation between reactive 
intermediates and final products, arise when lacking operando results.  
When it comes to the products monitoring, few efforts have been devoted to it. 
The operando measurements give a clear insight into the reaction itself and what 
is happening over catalysts. People spent years applying in situ spectroscopies 
to tracking the possible intermediates under reaction conditions. It is also 
important to know how the intermediates turn into the products. Thus, operando, 
which allows people to measure spectroscopies and reaction simultaneously, 
become crucial for figuring out how reaction occurs over catalysts surface and is 
still insufficient.32,33 
By monitoring catalysts under realistic gas-phase environments, these 
techniques provide time-resolved insight into the dynamic interplay between 
structure and reactivity. Our group has utilized in situ/operando approach, 
especially with FTIR, to reveal reaction mechanisms and design novel catalysts. 
In our previous study, in situ/operando FTIR was applied to revel the NH3―SCR 
over Fe-zeolite. The key intermediate, NO+, was formed via HONO utilizing Fe3+-
OH and Bronsted acid sites. The formed NO+ reacts with NH3 to produce 
nitrosamide (H2NNO), which is observed by in situ FTIR, and its decomposition 
into N2 and H2O monitored by mass spectrometry (MS).26 Similar studies were 



conducted over H-CHA, Cu-CHA, Rh-BEA, WOx/CeO2 and P/CeO2.11,27,29,31–35 
Moreover, in situ/operando spectroscopy can relate the states of redox center 
with the products. Our group recently applied XAS and UV-Vis to figure out the 
relationship between redox center and reactivity. This approach gives the redox 
cycle of P/CeO2 between Ce4+ and Ce3+, showing that the NO + NH3 are reducing 
Ce4+, giving Ce3+ and NO+, which then turned into NH4NO2. And the N2 formation 
is observed as Ce4+ is being reduced.32 
Combing various means of spectroscopies, in situ/operando measurements can 
give not only fundamental reactions of adsorbed intermediates but also the 
dynamic change of active sites. These reported studies emphasize importance 
of developing in situ/operando spectroscopies and it potential of unraveling the 
indeterminate reaction mechanisms. Thus, there is an urgent need for further 
development and wider application of in situ/operando spectroscopies for variety 
of catalytic reaction. 
When these operando observations are integrated with density functional theory 
(DFT) calculations and ab initio thermodynamics, the experimental signatures 
can be assigned to specific molecular structures and elementary steps, providing 
a coherent and mechanistic picture of the reaction network. 
Together, these in situ/operando approaches enable researchers to uncover how 
catalysts respond to their environment, which intermediates control activity, and 
which structural motifs govern selectivity—insights that are inaccessible by static, 
ex situ characterization. As such, they play a critical role in guiding the rational 
design of next-generation catalytic materials. 
 
1.3 Modulation excitation spectroscopies 
Among the in situ/operando method, the reaction conditions, however, make it 
hard to observe the adsorption, desorption and products formation 
simultaneously, causing the crowded spectra which is hard to interpret. 
Meanwhile, the active species are usually generated in small quantities, making 
it even harder to observe. Therefore, a new, powerful, highly sensitive 
spectroscopic tools should be developed and utilized for heterogeneous catalyst 
researches.36,37 



 
Figure 2 Scheme of modulation excitation spectroscopy (MES) used in this thesis. 
 
Modulation Excitation (ME) spectroscopy (Figure 2) is a powerful method for 
probing the dynamic behavior of reactive intermediates involved in catalytic 
processes. By periodically perturbing the reaction environment—such as by 
alternating reactant concentrations—ME highlights species that respond 
synchronously to the stimulus. When combined with diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS), the resulting ME-DRIFTS technique 
makes it possible to selectively extract the spectral features of active, reaction-
coupled species, while suppressing signals from spectator or inactive surface 
species.37–44 
Phase-sensitive detection (PSD) converts the time-domain response into phase-
resolved spectra, isolating bands that track the imposed modulation. This greatly 
enhances the visibility of short-lived intermediates and transient surface species, 
offering insight that is difficult to obtain from steady-state measurements alone. 
ME-DRIFTS has been widely applied to a variety of catalytic systems to monitor 
intermediate formation, transformation, and decay under realistic conditions, 
demonstrating its utility as a general tool for unraveling the mechanistic steps of 
heterogeneous reactions. 
Although, the combination of ME and DRIFTS has been introduced and applied 
for a while. The researches that apply ME-DRIFTS is still minority among millions 
of in situ spectroscopic studies.36,43 Our group has published 2 papers that use 
modulation excitation spectroscopies.18,33 For WOx/CeO2, with the help of ME-
DRIFTS, the covered intermediate, NO+, is directly observed and the formation 



sequence of reactive intermediate is also revealed. The results indicate clearer 
and more detailed reaction mechanisms by ME-DRIFTS than normal in situ 
spectroscopies. But still, these papers all focused on ME-DRIFTS. The need to 
develop new MES approaches arise as for heterogeneous catalysis, the 
characterization method varies when studying different materials. Hence, this 
research will continue expanding the application of ME for different 
spectroscopies such as UV-Vis and X-ray adsorption. 
 
 
1.4 Outline of thesis 
Combing the issue of NOx and N2O with in situ/operando spectroscopies together, 
this emphasizes the necessity and possibility of mechanistic studies for SCR of 
NO and N2O utilizing cutting-edge in situ/operando and modulation excitation 
spectroscopies. 
Therefore, this thesis aims at the mechanistic study of SCR for 1) NO over Cu-
CHA with O3 assistance, 2) NO over CeO2 supported sulfur catalyst and 3) N2O 
over Fe-ß catalyst with CO utilizing in situ/operando spectroscopies and 
modulation excitation spectroscopies. 
 
Chapter 2 presents the transient reduction of NOx with NH3 over Cu-exchanged 
CHA zeolite (Cu-CHA) assisted by the catalyst-free oxidation of NO by O3 
investigated by applying in situ/operando spectroscopies to enhance the low 
temperature reactivity of Cu-CHA. The room-temperature catalyst-free oxidation 
of NO by O3 yielded NO2 at low O3/NO ratio and N2O5 as the main product at 
higher ratios. DFT calculations verified the reaction of NO2 + O3 to N2O5 
proceeding with low activation energies. Transient operando IR measurements 
demonstrated that Cu-CHA exposure to NO + O3 at 100 °C resulted in the storage 
of NOx as NO3− on the Cu2+ site. The stored NOx reacted with NH3 to yield N2 
and NH4NO3. Preabsorbed NH3 on Cu-CHA was oxidized by O3 to yield N2 and 
N2O. The reaction of preabsorbed NH3 with NO+O3 caused the selective 
formation of N2. The obtained results may aid in developing a new O3-assisted 
unsteady-state lean De-NOx process involving reactions of captured NOx with 
NH3 or reduction of NOx with stored NH3. 
 
Chapter 3 presents a comprehensive investigation into the active sites and 
reaction mechanism of the selective catalytic reduction of NO by NH3 (NH3−SCR) 



over sulfate-loaded ceria (S1/CeO2) utilizing in situ/operando spectroscopies and 
modulation excitation spectroscopies along with computational methods. Catalyst 
characterization and density functional theory (DFT) calculations reveal that 
SO42- and S2O72-species are the dominant sulfate species on the S1/CeO2 
catalysts under the experimental conditions. The reduction/oxidation half-cycles 
(RHC/OHC) were investigated using modulation excitation in situ X-ray 
absorption near-edge structure (XANES) at the Ce L3-edge, ultraviolet-visible 
(UV-Vis), and infrared (IR) spectroscopies, along with online analysis of outlet 
products (operando spectroscopy). The Ce4+(OH-) species, possibly located 
adjacent to sulfate species, are reduced by NO + NH3 to produce N2, H2O, and 
Ce3+ species through an NO+ intermediate (RHC). The Ce3+ species are 
subsequently reoxidized by O2 (OHC). The results from IR spectroscopy suggest 
that the RHC begins with the reaction between NO and Ce4+(OH-), initially 
generating NO+, followed by the formation of Ce3+ and gaseous HONO. The 
HONO then reacts with NH3 to produce N2 and H2O via NH4NO2 intermediates. 
 
Chapter 4 presents that selective reduction of N2O by CO under excess O2 was 
effectively catalyzed by Fe(0.9 wt%)-exchanged ß zeolite (Fe0.9ß) in the 
temperature range of 250–500 °C. Kinetic experiments showed that the activation 
energy for N2O reduction with CO was lower than that for the direct N2O 
decomposition, and the rate of N2O reduction with CO at 300 °C was 16 times 
higher than that for direct N2O decomposition. Reaction order analyses showed 
that CO and N2O were involved in the kinetically important step, while O2 was not 
involved in the important step. At 300 °C, the rate of CO oxidation with 0.1% N2O 
was two times higher than that of CO oxidation with 10% O2. This quantitatively 
demonstrates the preferential oxidation of CO by N2O under excess O2 over 
Fe0.9ß. Operando/in-situ diffuse reflectance UV-vis spectroscopy showed a 
redox-based catalytic cycle; α-Fe-O species are reduced by CO to give CO2 and 
reduced Fe species, which are then re-oxidized by N2O to regenerate the α-Fe-
O species. The initial rate for the regeneration of α-Fe-O species under 0.1% N2O 
was four times higher than that under 10% O2. This result shows quantitative 
evidence on the higher reactivity of N2O than O2 for the regeneration of α-Fe-O 
intermediates, providing a fundamental reason why the Fe0.9ß catalyst 
selectively promotes the CO + N2O reaction under excess O2 rather than the 
undesired side reaction of CO + O2. The mechanistic model was verified by the 
results of in-situ Fe K-edge X-ray absorption spectroscopy. 



 
Chapter 5 is the general summary. Throughout the thesis, I have developed and utilized 
rational design of deNOx catalysts based on the mechanistic study from in situ/operando 
and modulation excitation spectroscopies combined with DFT calculations. This set of 
mechanistic study allows me to get a molecular level insights into the SCR reaction 
mechanism and gives essential and important guidance for the design and development 
of novel catalysts. 
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Chapter 2 

Low-temperature NOx capture and reduction 

via NO oxidation by O3 on Cu-CHA 
  



2.1 Introduction 
The ammonia selective catalytic reduction (NH3–SCR) of nitrogen oxides (NOx) 
using Cu-exchanged chabazite (Cu-CHA) catalysts is widely used for NOx 
removal in diesel emission control systems 1–7. A commercial NH3–SCR system 
with Cu-CHA exhibits low NOX conversion under engine cold start conditions 
(<150 °C)8,9. The reduction of a NO2/NO (1/1) mixture by NH3, known as fast SCR, 
can provide high NOx conversion at low temperatures. Further, new NH3–SCR 
technologies combined with NOx adsorbers, such as passive NOx adsorbers 
(PNAs) 10, adsorption+SCR (AdSCR) 11,12, and NOx storage and reduction (NSR) 
coupled with SCR (NSR–SCR) 13–16, have been studied for low-temperature 
diesel NOx reduction below 150 °C. However, the conversion efficiency of NOx 
is low below 100 °C, which results in high NOx emissions, particularly under cold 
start conditions. To improve NOx conversion under transient cold start conditions, 
a new NOx adsorption-assisted SCR system that can reduce (or capture) NOx 
below 100 °C must be developed. However, this is a challenging research 
objective. 

Numerous studies have comprehensively investigated the reaction 
mechanism of NH3–SCR over Cu-CHA17. In previous studies, the mechanism of 
NH3–SCR was investigated in depth by in situ/operando spectroscopy. The 
standard SCR mechanism is composed of a reduction half-cycle (RHC) and an 
oxidation half-cycle (OHC). Cu2+ is reduced by NO+NH3 to yield Cu+, N2, and H2O 
in the RHC, which is followed by the re-oxidation of Cu+ to Cu2+ in the OHC 18,19. 
Our group employed in situ/operando IR spectroscopy and density functional 
theory (DFT) calculations to reveal the mechanism of standard 20,21 and fast SCR 
22 reactions on Cu-CHA and reported low-temperature (<100 °C) N2 formation via 
transient reactions of adsorbed NO2 with NH3. NO is oxidized by ozone (O3) under 
catalyst-free conditions at room temperature 23–28. Previously, in the presence of 
metal oxides under flowing NO+O3, the oxidation of NO by O3 allowed for the 
preparation of mixtures with variable concentrations of NO, NO2, and N2O5, which 
were then adsorbed onto the catalyst 29. 

Based on this background, we hypothesize that a new transient De-NOx 
system could be developed by combining gas-phase NO oxidation by O3 and the 
transient reaction of adsorbed NOx on Cu-CHA below 100 °C. Herein, we report 
the results of an in situ/operando IR spectroscopic study conducted on the 
formation of adsorbed NOx species on Cu-CHA under NO+O3. The thermal 
desorption and reaction of the adsorbed NOx species with NH3 and the reaction 



of adsorbed NH3 with O3 or NO+O3 were also studied. The results of this study 
suggest the feasibility of O3-assisted unsteady-state SCR using Cu-CHA 
catalysts. 
 
2.2  Experimental Section 
2.2.1 Catalyst preparation 
H+-form CHA (H-CHA) was prepared by calcining (600 °C, 3 h, air) NH4 +-form 
CHA (Tosoh, Si/Al = 12.8). The method used to prepare Cu-exchanged CHA with 
a Cu/Al ratio of 0.42 (Si/Al = 12.8) is detailed in our previous report 19. 
2.2.2 In situ/operando FTIR spectroscopic experiments 
In situ/operando IR spectra were recorded in the transmission mode using a 
JASCO FT/IR-4100 spectrometer (TGS, accumulating 20 scans at a resolution 
of 4 cm−1). Cu-CHA powder was pelletized into a 40 mg self-supporting thin wafer 
and placed inside a quartz IR cell (CaF2 window) connected to a flow system 
(total flow: 100 mL min−1). The standard gas composition was 0.1% NO, 0.1% 
NH3, and 10% O2 under a He flow. O3 was fed to the system by passing the O2 
flow through an ozonizer (F0G-AC5G, EcoDesign Inc.) placed before the 
mainstream. A reference spectrum of the Cu-CHA wafer pretreated under 10% 
O2 at 500 °C was recorded under He at the temperature of in situ measurements. 
The difference spectra of the adsorbed species were recorded as functions of the 
reaction time. The concentrations of NO, NO2, NH3, N2O, and O3 in the outlet gas 
line were monitored using an online IR spectrometer (JASCO FT/IR-4100 with a 
gas cell). N2 (m/z = 28) was monitored using a mass spectrometer (JMS-
Q1500GS, JEOL Ltd.). The gas cell (IR) sensitivity of O3 was calibrated using an 
O3 analyzer (EG-550, EcoDesign Inc.). 
 
2.2.3 Computational details 
Reaction route mapping was conducted using the SC-AFIR method implemented 
in the GRRM17 program 30. A model collision energy parameter of 1000 kJ mol−1 
was used to explore the reaction route. Path top (PT) points were obtained using 
the locally updated plane (LUP) method and subsequently re-optimized by the 
following intrinsic reaction coordinate (IRC) calculation to determine the transition 
state (TS) structures and their connectivity31. All atoms in the system were treated 
as target atoms. First, geometry optimization was performed using the GFN2-xTB 
method 32 with an electronic temperature of 1000 K, an integral cutoff of 0.25 × 
102, an SCF convergence of 0.1 × 10−5 Ha, and a wavefunction convergence of 



0.1 × 10−3 e to obtain a rough reaction map. Subsequently, the “RePATH” keyword 
in the GRRM17 program was used to refine the obtained reaction route by the 
Gaussian16 program 33 and improve the accuracy of the geometry optimization. 
The stability of the molecular orbital was checked using the “Stable = Opt” 
keyword in the GRRM17 program. Spin-unrestricted DFT calculations were 
performed using the B3LYP functional 34,35 with the 6-311G** basis set. The spin 
multiplicity of the system was set to be a singlet. The obtained reaction route was 
determined using Cytoscape software 36. 
 
 
2.3  Results and Discussion 
2.3.1 Gas-phase reaction 

Following previous reports on the gas-phase oxidation of NO by O3 23–26,37, we 
first performed gas cell (IR) analysis on the gas-phase product for the oxidation 
of 0.2% NO by O3 at different concentrations (0.1%, 0.2%, 0.3%, and 0.5%) under 
catalyst-free conditions at room temperature (25 °C). 

 

Figure 1. IR spectra (left) of gas-phase products under different NO/O3 ratios for 
the gas-phase (catalyst-free) oxidation of NO (0.2%) by O3 (0.1%, 0.2%, 0.3%, 
and 0.5%) (total flow: 100 mL min−1). Concentrations of NO, NO2, and O3 and the 
IR peak area of N2O5 versus the O3/NO ratio (right). 

 

As shown in Figure 1, the amounts of NO2 and N2O5 produced depend on the 
O3/NO ratio. The O3/NO ratio of 0.5 produced the highest NO2 concentration. At 
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higher O3/NO ratios, N2O5 is the main product38. NO2 formation is described by 
reaction (1). 

NO + O! → NO" + O"    (1) 

Our previous DFT study 39 showed that reaction (1) is a barrierless 
process, indicating that the gas-phase (catalyst-free) oxidation of NO with O3 can 
occur even at room temperature. To investigate the mechanism of N2O5 formation 
in the presence of O3, we performed DFT calculations using the SC-AFIR method. 
As shown in Figure 2, NO2 can react with O3 to produce N2O5 with a low barrier, 
in accordance with our experimental observations. The plausible reactions are as 
follows. 

2NO" + O! → NO" + NO! + O"  (2) 

NO" + NO! + O" → N"O# + O"  (3) 

 

 

Figure 2. (a) Reaction route network for 2NO2+O3 without the catalyst. Nodes and 
edges describe obtained structures and paths connecting them (TS and PT, 
determined by GRRM program). The node and edge colors describe the relative 
energy (the color bar is shown on the left side). The structures of plausible 
reaction routes for (b) 2NO2 + O3 → NO2 + NO3 + O2 and (c) NO2 + NO3 + O2 → 
N2O5 + O2. 

 



As shown in Figure 2b, the activation energies of reactions (2) and (3) are below 
2 kJ mol−1, which is considerably lower than those of other possible reactions, 
such as 2NO2 + O3 → NO2 + NO + 2O2 (60 kJ mol−1) and 2NO2 + O3 → N2O4 + 
O3 (12 kJ mol−1). Figure 2c shows a barrierless way of forming N2O5 from NO2 
and NO3. The entire reaction route from NO2 to N2O5 requires very low energy to 
overcome these barriers. The gas-phase reaction of NO2 with excess O3 resulted 
in the formation of N2O5 via the NO3 intermediate. 
2.3.2 Identification of adsorbed NOx species under NO+O3 
To identify the adsorbed NOx species on Cu-CHA under flowing NO+O3, the IR 
spectrum of adsorbed species was obtained after exposure of the IR disk to a 
flow of 0.1% NO + 0.7% O3 + 10% O2 at 100 °C for 4000 s. The spectrum (blue 
line in Figure 3A) shows a strong band at 1610–1625 cm−1 and a peak at 
1570 cm−1 attributed to chelating bidentate nitrate (NO3−) on Cu2+ sites 40. A band 
at 1674 cm−1 assignable to adsorbed HNO3 (HNO3ad) and another at 1320 cm−1 
ascribed to monodentate NO3− are also observed. Note that bands around 
2220 cm−1 originating from NO+ species were not observed (the result is not 
shown). These results indicate the formation of NO3− on Cu2+ sites as the main 
NOx species and HNO3ad as a minor species. Subsequently, after purging with 
10% O2 (600 s), we conducted temperature-programmed desorption (TPD) 
experiments (temperature ramping rate = 20 °C min−1) from 30 °C under 10% O2. 
Simultaneously, we monitored the in situ IR spectra of adsorbed species and 
concentrations of NO and NO2 in the effluent gas mixture by another IR with a 
gas cell at the downstream (operando IR measurement). Representative IR 
spectra are shown in Figure 3A, and the temperature dependence of the relative 
amounts of adsorbed species (NO3− and HNO3ad) and TPD profiles for desorbed 
NO/NO2 are illustrated in Figure 3B. The HNO3ad species decomposed below 
150 °C, whereas NO3− on the Cu2+ sites was stable below 250 °C. Above 350 °C, 
the amount of NO3− species decreased with temperature, accompanying the 
formation of NO2. This indicates that the decomposition of NO3− on the Cu2+ sites 
resulted in the formation of NO2. 



 
Figure 3. TPD of adsorbed NOx species on Cu-CHA under 10% O2: (A), (C) IR 
spectra of adsorbed species and (B), (D) temperature dependence of the IR peak 
height and TPD curves for disorbed NO/NO2. The IR disk was pre-exposed to (A), 
(B) 0.1% NO + 0.7% O3 + 10% O2 or (C), (D) 0.1% NO + 0.7% O3 + 10% O2 + 1% 
H2O at 100 °C (4000 s), followed by purging with 10% O2 (600 s). 
 

The same experiment was conducted in the presence of 1% H2O during 
the NOx storage period under NO+O3, which was followed by the TPD of 
adsorbed NOx under dry conditions. The IR spectrum after flowing NO+O3 for 
4000 s (blue line in Figure 3C) shows bands assignable to chelating bidentate 
nitrate (NO3−) on Cu2+ sites (1625 and 1570 cm−1) and a band assignable to 
HNO3ad (1674 cm−1). Results of the TPD experiment (Figure 3D) show that there 
is a decrease at the peak height of 1625 cm−1, which may have originated from 
the desorption of H2O rather than NO3− decomposition. Over 300 °C, NO3− on 

!"##!$##!%##!&##!'##!(##!)##

!"
#A
B"
C'
()
*

HCI)'-.")B*/(.0NO

!*/A3O
N44

4RN

!&
'$
*H,
-
.
"/
0

N6
78
9*W
;
<0

744
<44
=44

!

-'>)B*W;?; <
/@B)AB)CA.)'AO

!## N## "## $## %##
#

N##

$##

&##

(##

!###

#

#ON

#O$

#O&

#O(

!

!*/A3O

;
-A
B)
A*C
C#
*(
A'
()
'A
BC
AaA
'*
/@
@.
O

-."
3

bc
*@
)C
d*
e)
aC
eA
*A
f

C>
#A
B"
)>
*#
@)
(a
)#
*C
'>
*g
W
; <

-.

,-."/0

W;7

,-."

h

N8
4A
3

!"##!$##!%##!C##!'##!(##!)##

!"
#A
%"
CD
()
*

HCI)D-.")%*/(.0NO

!*H,-.
!##

34N

!C
'$
/*0
N
O
"3
4

NR
67
8*9
W
;0

633
"##
<33

=

-D>)%*9W?W ;?@6W
/A%)B%)CB.)DBO

!## 5## "## $## %##
#

5##

$##

C##

(##

!###

#

#65

#6$

#6C

#6(

!

!*/A=O

W
-B
C)
B*a
C#
*(
AD
()
DB
%C
BbA
D*
/A
A.
O

NO"
7

cd
*A
)C
e*
f)
ba
fB
*A
g

C>
#A
%"
)>
*#
A)
(b
)#
*C
D>
*@
9
W ;

NO

0NO"34
9W6

0NO"

h

N7
3A
=



Cu2+ decreases with increasing temperature, accompanying the formation of NO2. 
However, the amount of NO2 produced is considerably lower than that produced 
under dry conditions. This indicates that compared with the NO+O3+H2O 
condition, the NO+O3 condition has a higher NOx storage amount and releases 
more NO2 when heated. Thus, we selected NO+O3 as the standard condition for 
the following experiments. 
The low-temperature adsorption of NOx on Cu-CHA and its desorption at high 
temperatures could be applied to unsteady-state lean De-NOx. NOx, which is 
adsorbed onto Cu-CHA at low temperatures, is desorbed at high temperatures, 
where the Cu-CHA catalyst can reduce the released NOx in the presence of NH3 
(NH3–SCR). 

 
2.3.3 Reaction of stored NOx species with NH3 
The reactions of the adsorbed NOx species, formed by the NO+O3 reaction, with 
NH3 were investigated via in situ IR combined with gas-phase analysis by mass 
spectrometry (MS). At 100 °C, the IR disk of Cu-CHA was first subjected to a flow 
of 0.16% NO + 0.08% O3 for 15 min, which was followed by purging with He for 
15 min. Thereafter, a flow of 0.1% NH3 was introduced into the IR cell while 
monitoring the IR spectra of the adsorbed species and the outlet gas components 
(N2 by MS and N2O by IR with a gas cell (Figure 4)). After subjecting the catalyst 
to NH3 for 200 s, the IR peak originating from NO3− (1625 cm−1) decreased, and 
the IR band at 1450 cm−1 originating from NH3 adsorbed on the Brønsted acid 
sites (BASs), NH4+ 41–43, appeared. The evolution of N2 was accompanied by the 
consumption of adsorbed NO3−. Peaks of NO3− and NH4+ were observed after N2 
generation. The results show that the NO3− species reacts with NH3 to yield N2, 
according to reaction (4). 
2NH! + 2NO" →	N" + H"O + NH$NO!  (4) 



 
Figure 4. Concentration of outlet N2 and N2O on Cu-CHA at 100 °C under 0.1% 
NH3; IR peak height of adsorbed NO3− (left) and IR spectra of adsorbed species 
(right). The IR disk was pre-exposed to 0.16% NO + 0.08% O3 (900 s) at 100 °C. 
 
NO and NO2 desorption was not observed under NH3 flow, indicating that the 
captured NOx on Cu-CHA was selectively converted to N2 and ammonium nitrate 
(NH4NO3) without NOx desorption. N2O was not observed, indicating that the 
oxidation of NH3 to N2O did not occur 44. The temperature-programmed surface 
reaction (TPSR) of the adsorbed NO3− under NH3 was also conducted after 
exposure of Cu-CHA to NO+O3 (Figure 5). Two N2 formation peaks at 160 °C (in 
the range of 60–210 °C) and 330 °C (in the range of 260–440 °C), accompanied 
by a decrease in the NO3− IR peak intensity, can be observed. The first N2 
generation peak at 160 °C, only minor NO3− truing into NO2, can be attributed to 
reaction (4), where NO3− primarily reacts with NH3 to yield NH4NO3. The second 
peak, accompanied by N2O formation, might be attributable to the decomposition 
of NH4NO3 45. 
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Figure 5. TPSR of adsorbed NOx (20 °C min−1) (from 30 °C) under 0.1% NH3 

over Cu-CHA; TPSR profile (left) and IR spectra of adsorbed species (right). The 
IR disk was pre-exposed to 0.16% NO and 0.08% O3 (900 s) at 100 °C. 
 
2.3.4 Reaction of NH4NO3 with NO over Cu-CHA 
The IR disk of Cu-CHA was exposed to 0.16% NO + 0.08% O3 (900 s) and then 
to He and 0.1% NH3 (900 s) and He (600 s) at 50 °C. IR peaks corresponding to 
adsorbed NO3− and NH4+ were observed. The relatively strong intensity of the 
band due to NH4+ suggests that NH4NO3 and NH4+ were present in the Cu-CHA. 
These IR peaks were stable during purging with He, suggesting that the NH4NO3 
and NH4+ species were stable. Based on our previous observations of NH4NO3 
in Cu-CHA reacting with NO to produce N2 (reaction (5)) 22 and NH4+ in Cu-CHA 
reacting with NO to yield N2 (reaction (6)) 19, we conducted the TPSR of adsorbed 
species under NO. 
NH$NO! + NO →	N" + NO" + 2H"O (5) 
NH!%& + NO + Cu'' − OH → N" + 2H"O + Cu'   (6) 
The TPSR profile of the NH4NO3+NO reaction is shown in Figure 6 (top) with 
representative IR spectra at different temperatures. The accumulated NH4NO3, 
NH4+, and gas-phase NO were consumed in the range of 100–400 °C 
accompanied by N2 generation. A similar TPSR experiment of accumulated 
NH4NO3 and NH4+ was conducted under He. A comparison between the TPSR 
results under NO (Figure 6, top) and He (Figure 6, bottom) shows larger N2 
formation under NO and larger N2O formation under He. 
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Figure 6. TPSR (20 °C min−1) of adsorbed species on Cu-CHA under 1000 ppm 
NO (top) or He (bottom) (20 °C min−1) (from 30 °C) and IR spectra of adsorbed 
species. The IR disk was pre-exposed to 0.16% ppm NO + 0.08% O3 (900 s), 
which was followed by purging with He (900 s) and by flowing 0.1% NH3 (900 s) 
at 50 °C. 
 
The larger N2 formation under NO indicates that NH4NO3 and NH4+ in Cu-CHA 
react with NO to yield N2, according to reactions (5) and (6). The larger N2O 
formation under He indicates N2O formation via thermal decomposition of 
NH4NO3 (reaction (7)) 22. 
NH$NO! →N"O + 2H"O (7) 
N2 formation under He could be ascribed to the thermal decomposition of NO3− 
to NO and its subsequent reaction with NH4+ (reaction (6)). 
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2.3.5 Reaction of adsorbed NH3 under O3 and NO+O3 
Next, we examined the reaction of NH3 adsorbed on Cu-CHA under 0.7% O3 flow 
at 100 (Figure 7A) and 150 °C (Figure 7B). The IR disk of Cu-CHA was pre-
exposed to 0.1% NH3 for 900 s, which was followed by purging with He and 12% 
O2 (900 s). Thereafter, 0.7% O3 was added to the sample. After introducing O3, 
N2 was observed by MS, N2O was observed by IR with the gas cell at the outlet, 
and NH4+ consumption was observed by IR. The amount of N2 generated and the 
rate of NH4+ consumption (slope of the kinetic curve) were higher at higher 
temperatures; however, the initial rate of N2O formation (peak height of N2O 
formation) was higher at lower temperatures 44. To investigate the roles of H+ and 
Cu2+ sites in the transient reaction, the same transient reaction at 150 °C was 
conducted with Cu-free H-CHA (Figure 7C). 
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Figure 7. Concentration of outlet N2 and N2O (left) and IR spectra of adsorbed 
species (right) on (A) Cu-CHA at 100 °C under flowing 0.7% O3. (B) Cu-CHA and 
(C) H-CHA at 150 °C. The samples were pre-exposed to 0.1% NH3 at 100 °C 
(900 s), followed by purging with He and 12% O2 (900 s). 

 
NH4+ consumption and N2 generation were also observed over H-CHA; however, 
the amount of N2 generated and the rate of NH4+ consumption over H-CHA were 
lower than those over Cu-CHA, indicating that in the Cu2+ site, the oxidation of 
adsorbed NH3 with O3 to yield N2 (reaction (8)) was promoted by both H+ and 
Cu2+ sites, and the Cu2+ site enhanced the reaction. 
2NH!%& + 3O! → N" + 3H"O + 3O"    (8) 
N2O formation over H-CHA was significantly lower than that over Cu-CHA, 
indicating that the Cu2+ site was the main active site for the oxidation of NH3 with 
O3 to yield N2O (reaction (9)). 
2NH!%& + 2O! → N"O + 3H"O + O"    (9) 

The same experiment for Cu-CHA at 150 °C was carried out under low-
concentration O3 (0.08%). The results (Figure 8) show that the initial rates of N2 
formation (height of the N2 kinetic curve), N2O formation, and NH4+ consumption 
(slope of the NH4+ kinetic curve) under 0.08% O3 are lower than those under 0.7% 
O3. The results demonstrate that the reaction rates of adsorbed NH3 with O3 to 
yield N2 (reaction (8)) and N2O (reaction (9)) are lower under lower concentrations 
of O3. 
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Figure 8. Concentration of outlet N2, N2O and O3 (left) and IR spectra of adsorbed 
species (right) on Cu-CHA at 150℃ under 0.08% O3. The IR disk was pre-
exposed to 0.1% NH3 (900 s) at 150 °C. 
 
 The TPSR of adsorbed NH3 under 0.7% O3 over Cu-CHA and H-CHA 
was performed to obtain further information on the reactivity of NH4+ with O3 
(Figure 9). The heights of N2 and N2O formation peaks below 200 °C are higher 
for Cu-CHA, indicating that the Cu2+ site is more active than the H+ site for the O3 
oxidation of adsorbed NH3 by reactions (8) and (9). However, H-CHA showed a 
larger N2O formation peak in the range of 200–350 °C. Considering that the 
thermal decomposition of adsorbed NH4NO3 on H-CHA results in N2O formation 
in the range of 200–350 °C 20, the large N2O peak over H-CHA can be explained 
by the O3 oxidation of adsorbed NH3 to yield NO2 (reaction (10)) followed by its 
reaction with adsorbed NH3 to form NH4NO3 and by the decomposition of NH4NO3 
to yield N2O. 
2NH!%& + 3O! → 2NO" + 3H"O + O"    (10) 
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Figure 9. TPSR of adsorbed NH3 (20 °C min−1) (from 30 °C) under 0.7% O3 over 
(top) Cu-CHA and (bottom) H-CHA; TPSR profiles (left) and IR spectra of 
adsorbed species (right). The IR disk was pre-exposed to 0.1% NH3 (900 s) at 
50 °C. 
 

To study the effect of NO co-fed with O3 over NH3-preadsorbed Cu-CHA, 
we conducted the reaction of adsorbed NH3 under 0.16% NO + 0.08% O3 flow 
over Cu-CHA at three different temperatures (50, 100, and 150 °C), as shown in 
Figure 10. 
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Figure 10. Concentration of outlet N2, N2O, NO, NO2, and O3(left) and IR spectra 
of adsorbed species (right) on Cu-CHA at (A) 50 °C, (B) 100 °C, and (C) 150 °C 
under 0.16% NO + 0.08% O3. The IR disk was pre-exposed to 0.1% NH3 (900 s) 
at each temperature. 
 
The reaction at 50 °C increased the IR peak heights at 1575 and 1320 cm−1. 
Considering that NO3− and NH4+ can show IR absorption in this region 20, this 
result indicates that NO3− accumulated on the surface, possibly as NH4NO3. N2 
formation can be caused by the reaction of NO2 with adsorbed NH3 by reaction 
(4). At higher temperatures (100 and 150 °C), the IR peak height for NH4+ 
decreased with the time of NO+O3 flow accompanying the N2 formation, 
indicating that the adsorbed NH3 (NH4+) reacted with NO2 to yield N2 via reaction 
(4). In contrast to the reaction of the adsorbed NH3 under O3 (Figure 9), in the 
reaction under NO+O3, N2O formation was not observed. Considering that O3 is 
fully converted by the gas-phase reaction of NO+O3 under low-O3-concentration 
conditions (O3/NO = 0.5), as shown in Figure 1, the absence of N2O can be 
explained by the absence of O3 in the feed due to complete consumption by the 
gas-phase NO+O3 reaction before arriving at the Cu-CHA surface. 

 
2.4  Conclusions 

The catalyst-free oxidation of NO by O3 at room temperature yielded NO2 at an 
O3/NO ratio of 0.5, while N2O5 was the main product at higher O3/NO ratios (>0.5). 
DFT calculations verified the reaction route of NO2 to N2O5 with low activation 
energies (2 kJ mol−1), which is consistent with the experimental results. The 
exposure of Cu-CHA to a flow of 0.16% NO + 0.08% O3 at 100 °C resulted in the 
storage of NOX as NO3− on Cu2+ sites. The captured NOX was desorbed as NO2 
upon heating at >300 °C. At 100 °C, the captured NOX reacted with NH3 to yield 
N2 and NH4NO3. At >200 °C, NH4NO3 reacted with NO to yield N2. NH3 adsorbed 
on Cu-CHA was oxidized by excess O3 (0.7%) to produce N2 and N2O at low 
temperatures (<150 °C) in a N2O/N2 ratio of 0.75. The rates of NH3 oxidation by 
O3 to N2 and N2O were lower (below 100 ppm) at lower O3 concentrations (0.08%). 
Oxidation of the NH3 adsorbed on Cu-CHA by NO+O3 resulted in the selective 
formation of N2 at low temperatures (<150 °C). The aforementioned results may 
aid in designing unsteady-state lean De-NOx via the desorption/reaction of 
captured NOx with NH3 or reduction of NOx with captured NH3. 
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Chapter3 
Redox-Half-Cycle Dynamics of NH3–SCR 

on Sulfate-Modified CeO2 Revealed by 
Modulation-Excitation Spectroscopy 
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3.1 Introduction 
The selective catalytic reduction of NOx using NH3 (NH3–SCR) by Cu-exchanged 

zeolites has been employed for NOx removal from diesel exhausts.1,2 V2O5–

WO3/TiO2 has long been commercially utilized to control NOx emissions from 

stationary sources.3 After numerous studies aimed at developing alternative NH3–

SCR catalysts, tungstate-modified CeO2 (W/CeO2) catalysts have been 

developed.4–6 Fundamental studies revealed that the high performance of 

W/CeO2 is caused by cooperation between redox property of CeO2 and surface 

acidity caused by the acidic additive (tungstate). Later, CeO2-based catalysts 

modified by typical metal acidic salts, sulfate-, phosphate, and arsenate-loaded 

CeO2 (S/CeO2,7–10 P/CeO2,4,11–13 As/CeO214–16) have been reported to show 

higher NOx conversions than pristine CeO2. Among them, S/CeO2 catalysts are 

promising alternative NH3–SCR catalysts because of their high NOx conversions, 

high tolerance to sulfur poisoning, and high hydrothermal stability.17 Despite the 

high impact of S/CeO2 as a promising catalyst for NH3–SCR, the catalytic 

mechanism of this system and mechanistic role of the sulfate species are still 

under debate. 7–10 
A large number of papers have studied the NH3–SCR mechanisms over Cu-CHA 

and V-oxide catalysts. It is well established that NH3–SCR over Cu-CHA catalysts 

is based on the Cu2+/Cu+ redox and so called the reduction half-cycle (RHC) and 

oxidation half-cycle (OHC). In the RHC, Cu2+(OH-) is reduced by NO + NH3 to 

produce N2, H2O, and Cu+. In the subsequent OHC, Cu+ is oxidized by O2 

followed by hydration to regenerate the Cu2+(OH-) species. Based on operando 

spectroscopic results, we have recently demonstrated the common mechanistic 

features of Cu-zeolites and V-oxides catalysts in NH3–SCR. 2,12,18–24 We proposed 

that NH3–SCR mechanism for V2O5/TiO2 and WO3-V2O5 catalysts is also based 

on the V5+/V4+ redox including RHC and OHC. Recently, our operando 

spectroscopic strategy has been extended to tungstate- and phosphate-loaded 

ceria catalysts (W/CeO2, P/CeO2). 6,13 We proposed that NH3–SCR over W/CeO2 

and P/CeO2 is based on the Ce4+/Ce3+ redox mechanism including RHC and 

OHC; Ce4+(OH-) is reduced by NO + NH3 to produce N2, H2O, and Ce3+, which is 

oxidized by O2 followed regenerate the Ce4+(OH-) species. We have also studied 

the detailed mechanism of RHC over W/CeO2 and P/CeO2. The RHC is divided 

into three elementary steps; first, Ce4+(OH-) is reduced by NO to produce Ce3+ 

and nitrous acid (HONO), which reacts with NH3 to yield ammonium nitrite 

(NH4NO2), and thermal decomposition of NH4NO2 gives N2 and H2O. The reaction 

of HONO with acidic OH groups on the catalyst surface can give NO+ adsorbed 

on the anionic oxygen site and water. The mechanism via the HONO or NO+ 

intermediates has been recently reported by for NH3–SCR over Cu-zeolites, 

20,23,25 Fe-zeolites,26 and V2O5/CeO2. 22 
Modulation Excitation (ME) Spectroscopy is utilized to reveal the dynamic 

changes of intermediates involved in catalytic reactions.27–32 The reactive species 
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on the catalyst surface can be observed by combining diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) with ME spectroscopy. This technique, 

known as ME-DRIFTS, enables the removal of IR bands corresponding to 

spectator species that are not directly involved in the catalytic cycle. Phase-

sensitive detection (PSD) analysis transforms the time-domain spectra into 

phase-domain spectra isolating signals that respond specifically to periodic 

perturbations. Several studies have utilized ME-DRIFTS to monitor the dynamics 

of intermediates during NH3-SCR over tungsten-based,32 V-based31,33 and Cu-

zeolite34 catalysts. These reports have provided direct spectroscopic evidences 

on key intermediates with short lifetime. 
Herein, we report a comprehensive investigation into the NH3−SCR mechanism 

over S/CeO2 catalysts. First, Ce4+ ↔ Ce3+ redox cycles (RHC/OHC) under 

unsteady-state NH3−SCR conditions are studied using in situ/operando infrared 

(IR), ultraviolet-visible (UV−vis), and X-ray absorption near-edge structure 

(XANES) in combination with gas-phase analyses combining with modulation 

excitation (ME) method. Then, the density functional theory (DFT) calculations 

are presented to propose the molecular structure of the sulfate species on CeO2 

together with EPR spectra. Then considering the proposed mechanism in the 

literature, a detailed mechanisms of NH3–SCR over S1/CeO2 are discussed. 

3.2 Experimental Section 
3.2.1 Catalyst preparation 
CeO2 (Type B) was supplied by Daiichi Kigenso Kagaku Kogyo Co., Ltd. S loaded 

CeO2/B loaded CeO2 catalysts were prepared by impregnating CeO2 with an 

aqueous solution of (NH4)2SO4 or H3BO3, followed by evaporation to dryness, 

drying at 100 °C for 12 h, and calcination at 600 °C for 3 h. For comparison, the 

CeO2 without loading any elements was also calcinated at 600 °C for 3h. 
3.2.2 Catalytic tests 
Catalytic tests were performed with the catalysts (typically 40 mg) in a fixed-bed 

flow reactor under several flowing gas mixtures (total flow rate of 100 mL/min): 

0.1% NO/0.1% NH3/10%O2/He. The concentrations of NO and NH3 were 

analyzed using an IR spectrometer (JASCO FT/IR-4100 with a gas cell) based 

on calibration standards. The N2 formation was monitored by a mass 

spectrometry (JMS-Q1500GS, JEOL Ltd.). 
3.2.3 In situ/operando UV-Vis 
Operando/in situ diffuse reflectance UV-vis spectra were recorded in an in situ 

flow diffuse reflectance cell using a JASCO V750 spectrometer. The catalyst 

powder (40 mg) was placed in a diffuse reflectance cell (JASCO HISV-728) with 

a quartz window connected to a gas-flow system (total flow rate of 100 mL min−1). 

The center of the smooth sample and spectrometer were connected by an optical 

fiber. The baseline was obtained with BaSO4 at room temperature. The spectra 

were measured in a range 300–800 nm. The reflectance was converted to 

Kubelka–Munk (KM) intensity. For operando UV-vis measurement, 0.1% NO 
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(0.1% NH3) or 10% O2 (balanced with He) was introduced to the cell at 350 °C. 

The formation of N2 (m/z = 28) under 0.1%NH3 + 0.1%NO was analyzed using 

online mass spectrometry (JMS-Q1500GS, JEOL Ltd.), the formation of NO2 was 

monitored by FTIR with home-made gas cell connected with the outlet of UV-Vis 

cell.  

3.2.4 Modulation excitation spectroscopy with a Phase-Sensitive 
Detection Analysis 

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were collected 

from 4000 to 900 cm−1 at a resolution of 4 cm−1 using a FT/IR-4600 spectrometer 

(JASCO) equipped with an MCT detector and DRIFTS cell (DR-600Ai, JASCO). 

The sample and background spectra were taken by coadding 5 and 15 scans, 

respectively. Approximately 40 mg of each sample was loaded into the DR-600Ai 

spectroscopic cell, which was equipped with a 2-mm-thick zinc selenide window 

(Pie Optics Co., Ltd. Japan). Prior to each experiment, the sample was 

dehydrated under 10 vol% O2/He at 500 °C for 330 min. For the operando 

experiments, various mixtures of 0.1% NO, 0.1% NH3, and 10% O2 in He balance 

were admitted to the cell. The total flow rate for all experiments was fixed at 100 

mL min−1. A JMS-Q1500GS mass spectrometer (JEOL Ltd.) was connected at 

the outlet of the cell to monitor m/z = 17 (NH3), 18 (H2O), 28 (N2), 30 (NO), and 

32 (O2). 
Concentration modulation experiments were carried out by alternately pulsing NO 

in O2, and NH3 + NO in 10 vol% O2 for 300 s (half-cycle) with 15 cycles. Pulses 

were achieved using two solenoid valves (GL Science) attached to the main line 

to the spectroscopy cell. The time-resolved DRIFT spectra from at least five 

modulation cycles were converted into phase-resolved spectra using the 

following equation: 

!"φPSD#= 
2
T

 ∫ A (t) sin"ωt+ φ
PSD# dt

T
0                                      (Eq.1) 

where A"φPSD#  is the absorbance in the phase-resolved spectra, T  is the 

modulation period, A (t) is the absorbance in the time-resolved spectra, ω is the 

demodulation index, and φ
PSD

 is the phase angle. Only the fundamental 

frequency, k=1 was used for the analysis. 
Ce L3-edge X-ray absorption near-edge structure (XANES) spectra were 

collected in the transmission mode using the BL07 beamline at SAGA-LS (Saga, 

Japan). The storage ring was operated at 8 GeV. A Si(111) double-crystal 

monochromator was used to obtain monochromatic X-ray beams. A sample pellet 

prepared using 1.13 mg of the S1/CeO2 catalyst diluted in boron nitride 21 mg (φ: 

7 mm) was introduced into a quartz in situ cell equipped with Kapton film windows. 

The temperature of the sample was controlled by an electric heating jacket 

surrounding the quartz tube. The inlet gas feed to the cell was controlled by a 

VICI 4-port switching valve to introduce periodic concentration modulations 
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between 5% O2/He and 1% NO/He, each at a total flow rate of 200 mL/min. In an 

ME-XAS experiment, 5 cycles were performed with a period T of 600s. During 

each cycle, 10 XANES spectra were collected from 5.55 to 6.01keV with a 0.4 eV 

step. XANES analysis was conducted using Athena software ver. 0.9.26, which 

is included in the Demeter package.35  
The output results of each spectroscopic measurement were fed to a homemade 

MES-PSD analysis code utilizing the FFTW library.  
3.2.5 Computational methods 
Periodic DFT calculations were performed using the Vienna ab initio simulation 

package (VASP, version 5.4.4).36,37 For VASP, the Perdew–Burke–Ernzerhof 

functional revised for solids (PBEsol)38 was employed in combination with the 

projector-augmented wave (PAW) method39. A kinetic energy cutoff of 400 eV 

was used for the plane-wave basis sets. Gaussian smearing with a width of 0.05 

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.40 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. The effective U value 

(denoted as Ueff) of U-J was set to 5 eV for Ce. 
The CeO2 material used in this study is polycrystalline, and therefore, one of the 

most likely surface terminations is (111). The CeO2(111) surface was simulated 

using supercell slab models (Figure 1). The repeated slabs along the surface-

normal direction were separated by a minimum vacuum region thickness of 14 Å. 

The bottom layer was fixed at their original bulk positions. 

 

Figure 1. Side and top view of slab models for computational study of the CeO2 

(111) surface; Light yellow: Ce; red: O 

 
The O vacancy formation energy (EOvac) is defined as: 

EOvac = Eremoved-Eperfect+ 
1
2

EO2,       (Eq.2) 
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Where Eremoved and Eperfect 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 sulfur oxide species is 

defined as 

∆ρ= ρSOx/CeO2
- ρSOx

-ρCeO2
,        

(Eq.3) 

where ρSOx/CeO2
, ρSOx

, and ρCeO2
 are the charge densities of the CeO2-supported 

sulfur oxide, free-state sulfur oxide, and bare CeO2(111) surfaces, respectively. 

Bader charge analysis was also performed to evaluate the valence state of sulfur 

on the surfaces of metal oxides. 
3.2.6 Ab initio thermodynamic analysis  
Ab initio thermodynamic analysis was performed to investigate the effects of 

reaction gases (O2 and H2O) and temperature on the sulfur 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. Sulfate acid (H2SO4) was used to determine the energy of the sulfur oxide 

species. The energies of the gas molecules were obtained using a large empty 

unit cell (12 Å × 30 Å × 22 Å) to mimic the isolated species. The equilibrium 

reaction, energy change (ΔE), Gibbs free energy change (ΔG), and chemical 

potential change (Δμ) under SO2, O2 and H2O atmospheres are given by Eq. (4)–

(7). 

xSO2+(CeO2(with O defect)+
1
2

O2)+ '1
2

z(H2O+ '-x+
1
2

y-
1
4

z(O2 → "SxOyHz#/CeO2    

(4) 

∆E=E)"SxOyHz#/CeO2*-xE[SO2]- '1
2

z(E[H2O]- '-x+
1
2

y-
1
4

z(E[O2]            

(5) 

ΔG(T, p)=∆E- '1
2

z(ΔμH2O- '-x+
1
2

y-
1
4

z(ΔμO2
-xΔμSO2

              

(6) 

∆μgas= ∆μgas"T, p
0#+RTln 'pgas

p0
(  (gas = O2, SO2 and H2O)                           

(7) 
Here, SxOyHz/CeO2 is the CeO2-supported tungsten oxide species, 

E[SxOyHz/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. (7)), T is the temperature (K), p0 is the atmospheric pressure, 

and pgas is the partial pressure of the reaction gas. 
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3.3 Results and Discussion 
3.3.1 NH3–SCR performance 
The temperature dependence of NOx conversion for sulfate or borate loaded 

CeO2 and pure CeO2 is shown in Figure 2. The conversions above 200 °C depend 

strongly on the additives and increase in the order of S1/CeO2 > B1/CeO2 > CeO2. 

The S1/CeO2 catalyst shows the highest activity for NH3–SCR among the three 

catalysts. The results imply that the addition of non-metallic elements enhances 

NH3–SCR performance of CeO2. 

 
Figure 2. Temperature dependence of NOx conversion over various catalysts (30 

mg) under 0.1% NO + 0.1% NH3 + 10% O2 balanced with He (total flow 

100mL/min). 

3.3.2 Structure of Sulfate Species  
DFT calculations combined with ab initio thermodynamic analysis were 

conducted to further clarify the plausible structures of the supported sulfate 

species. This method enables the assessment of the most stable structure under 

reaction conditions by calculating the relative Gibbs free energies (ΔG). The 

valence state of S was set to 6+ for all structures. As shown in Figure 3 (top), 

H2SO4 on CeO2 (111) surface, named H2SO4/CeO2, SO42- on CeO2 (111) with one 

oxygen vacancy (SO42-/CeO2 with O vacancy), H2S2O7 on CeO2 (111) 

(H2S2O7/CeO2), and S2O72- on CeO2 (111) with one oxygen vacancy (S2O72- with 

O vacancy) were considered as possible structures. Note that only the most 

stable structures for each chemical formulation obtained are shown for clarity. A 

3D phase diagram of the S oxide species is shown in Figure 3A (bottom), which 
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shows the dependence of the lowest relative ΔG on the temperature and partial 

pressure of O2. The result shows that the thermodynamic stability of the model 

structures around the reaction conditions (T = 300-350 °C, PO2 = 0.1) increases 

in the order of H2SO4/CeO2 < H2S2O7/CeO2 < S2O72-/CeO2 with O vacancy < 

SO42-/CeO2 with O vacancy. The monomeric species are more stable than the 

dimeric species. As shown in Figure 3B (bottom), a 2D phase shows that the most 

stable species is the SO42- on CeO2 (111) with one oxygen vacancy. When defects 

were introduced, the Bader charge of Ce around defects turns to decrease, and 

the sulfate, SO42-, was stabilized over the relatively reduced Ce, which helps to 

provide the electrons that Ce needs, helping the stabilization of defects.  

 

Figure 3. (A) 3D and (B) 2D Phase diagrams show the species with the lowest 

relative Gibbs free energy (ΔG) in terms of temperature and O2 partial pressure 

(log scale) and the two possible structures: dimeric species S2O72-/CeO2(111) and 

monomeric species SO42-/CeO2(111). All calculations were performed by VASP; 

yellow: S; red: O; white: Ce, Blue: H. 

 

3.3.3 Operando UV-Vis study for transient reactions 
We carried out operando UV-Vis experiments at 350 °C to figure out the 

mechanistic reasons on the sulfate-promoted NH3–SCR activity of CeO2. First, 

UV-Vis measurement was carried out for S1/CeO2 under 0.1% NO + 0.1% NH3. 

As shown in Figure 4A, introduction of NO + NH3 to the sample gave a broad 

band in the visible reign as well as blue shift of a large adsorption band centered 

around 350-450 nm. Difference spectra with respect to the spectrum before the 

introduction of NO + NH3 are shown in Figure 4C. With the increase in the time 
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of NO + NH3 flow, a broad peak centered around 570 nm was intensified, while a 

sharp negative peak around 427 nm was also intensified. According to the 

literature, the adsorption at 570 nm is assigned to Ce3+ species with oxygen 

defect, 41,42 while the adsorption at 427 nm is assigned to charge transfer between 

O and Ce4+ of CeO2.41–43  
For quantitative analysis of the absorption at 570 nm due to the reduced Ce3+ 

species, in situ UV-vis experiments for S1/CeO2 were carried out during H2 pulse 

titration at 350 °C. The sample was first pretreated under 2% H2 (15 min) and 

then 10% O2 (15 min) for 2 cycles at 500 °C. Then, time-resolved UV-Vis spectra 

(Figure S2) were recorded while the 10% H2 (1 mL) was repeatedly pulsed to the 

sample. The difference spectra with respect to the oxidized sample shows a 

broad band centered around 570 nm whose spectral feature is similar to that 

observed under NO + NH3 (Figure 4C). Assuming the Ce4+-OH- species as the 

main surface Ce species on the oxidized CeO2, the band at 570 nm can be 

assigned to the Ce3+ species with oxygen defect41,42,44 produced by the following 

reaction.  

 
Figure 4. Operando UV-Vis results for S1/CeO2 under 0.1% NO + 0.1% NH3 at 

350 °C. (A) Original UV-Vis spectra, (B) time dependence of the signal intensity 
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at 570 nm due to Ce3+-£, (C) difference spectra, and (D) time dependence of the 

formation rates of Ce3+-£ and relative rates of N2 formation (MS intensity for m/z 

= 28). 

 

 

Figure S2. In situ UV-Vis spectra of S1/CeO2 during repeated H2 pulse (1 mL of 

10% H2/He) at 500 °C (left). Time-dependence of the Kubelka-Munk function at 

570 nm (●) and MS intensity of m/z = 2 (black line) during the in situ UV-vis 

experiment (right). 

 

The quantitative analysis was carried out by applying the result from Figure S2. 

The H2 consumption amount was calculated by operando H2 pulse. The change 

in the KM function at 570 nm from the UV-Vis spectrum was plotted to record the 

change in the valence state of Ce. 

The oxygen vacancy on Ce surface can be formed by following reaction: 

 

CeO2 + H2 " CeO-£ + H2O 

Since one vacancy was formed by consuming one H2 molecule, the correlation 

between change at 570 nm and consumption amount of H2 was formed. 2 mmol/g 

of oxygen vacancies were formed when KM function changing 1 unit in UV-Vis. 

During the above experiment, the relative concentration of H2 in the outlet gas 

mixture was monitored by MS (Figure S2). The Kubelka-Munk function at 570 nm 

is also plotted in Figure S2. Based on the results, the extinction coefficient for the 

band due to the Ce3+-£ species is calculated assuming the above stoichiometry. 

Using this extinction coefficient, the peak intensity at 570 nm under NO + NH3 

(Figure 4B) can be converted to the number of the Ce3+-£ species. Numerical 

differentiation of this plot (∆[Ce3+-£]/∆t vs t) gives the time dependence of the 

formation rates of the Ce3+-£ species (Figure 4D). The MS intensity for m/z = 28, 

that is the relative rates of N2 formation, is also plotted in Figure 4D. Clearly, the 

kinetic curve for the formation of the Ce3+-£ sites showed similar time 
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dependence to that the N2 formation; both of the curves showed volcano-type 

shape with the maximum rate around 200 s. The formation of N2 and the Ce3+-£ 

species both finished in 1000 s. Considering the well-established stoichiometry 

of the reduction half cycle of NH3–SCR. 6,13,20,23,25,26,45, the results suggest that 

the reduction half cycle for S1/CeO2 is described by the following reaction: 
Ce4+-OH- + NO + NH3 " Ce3+-£ + N2 + 2H2O 
 
After the experiment for the reduction half cycle, followed by purging the cell with 

He, 10% O2 was introduced to the reduced S1/CeO2. Figure 5A shows UV-Vis 

spectra recorded during the oxidation half cycle. Figure 5B shows the difference 

spectra with respect to the spectrum before the experiment in Figure 4. The peak 

intensity at 570 nm due to the Ce3+-£ sites decrease with the time of O2 flow, 

while the negative signal at 427 nm due to CeO2 charge transfer between O and 

Ce4+ decreased with time. The results suggest that the oxidation half cycle for 

S1/CeO2 is described by the following reaction: 

Ce3+-£ + 
1
4
 O2 + 

1
2
 H2O " Ce4+-OH-  
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Figure 5. Operando UV-Vis results of S1/CeO2 under 10% O2 at 350 °C. (A) 

Original UV-Vis spectra, (B) kinetic plot for consumption of Ce3+-£, (C) difference 

spectra, and (D) kinetic plot for the rates of Ce3+-£ consumption. The experiment 

was carried out after the reduction of the sample under NO + NH3 (Figure 4), 

followed by He purge for 10 min. 

 
The intensity of the band due to the Ce3+-� sites is plotted in Figure 5B as a 

function of the re-oxidation time. The initial slope of the kinetic curve in Figure 5B 

is steeper than that in Figure 4B, indicating that the oxidation half cycle is faster 

than the reduction half cycle. The initial rate of the oxidation half cycle (mmol/g‧

h) in Figure 5D is also larger than the initial rate of reduction half cycle (Figure 

4D). Hence, we conclude that the oxidation half cycle is faster than the reduction 

half cycle.  
To investigate mechanistic reasons on the sulfate-promoted NH3–SCR activity of 

CeO2, the same operando UV-Vis experiments were carried out for CeO2 (Figure 

6). The difference spectra of CeO2 under NO + NH3 (Figure 6A) gave no peak at 

570 nm due to the Ce3+-£ sites. There is no change in the spectra at 570 nm 

under the subsequent flow of O2 (Figure 6C). Consequently, the kinetic plots for 
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the reduction (Figure 6B) and oxidation (Figure 6D) half cycles show that the 

relative rate of the reduction and oxidation half cycles are nearly zero. These 

results indicate that pure CeO2 does not show activity for the reduction and 

oxidation half cycles under the present conditions.  

 
Figure 6. UV-Vis results for CeO2 at 350 °C under 0.1% NO + 0.1% NH3 (A, B) 

and then under 10% O2 (C, D): difference spectra (A, C) and kinetic plots for the 

defects amount under NO + NH3 (B) and O2 (D). Before the introduction of O2, 

the sample was purged by He for 10 min. 

 
Based on the operando UV-Vis results shown above, the mechanism of the NH3–

SCR over sulfate-loaded CeO2 and mechanistic origin of the sulfate-promoted 

catalytic activity can be discussed as follows. The NH3–SCR over the S1/CeO2 

catalyst is driven by the cyclic reduction and oxidation half cycles. In the reduction 

half cycle, the Ce4+(OH−) species are reduced by NO + NH3 to yield N2, H2O, and 

Ce3+-£ species. This step is strongly promoted by the sulfate species possibly 

adjacent to the Ce4+(OH−) sites. In the oxidation half cycle, the Ce3+-£ species 

are reoxidized by O2 to regenerate Ce4+(OH−) species. A similar redox-type 

mechanism and a similar promotional role of acidic additives (phosphates) have 
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been proposed in our previous study 6,13 on the NH3–SCR mechanism over 

phosphates-promoted CeO2 catalysts. We have also proposed that the reduction 

half cycle on the phosphates-promoted CeO2 consists of three elementary 

steps.13 The Ce4+(OH−) species are first reduced by NO to yield Ce3+-£ species 

and gaseous HONO, which then reacts with NH3 to produce N2 and H2O via 

NH4NO2 intermediates.  
To discuss the role of sulfate species in the initial reduction of Ce4+(OH−) species 

by NO, we carried out operando UV-Vis experiment of S1/CeO2 under 0.1% NO 

at 350 °C (Figure 7). Upon exposure to NO, the band centered around 570 nm 

due to the Ce3+-£ species appeared in difference spectra accompanied by 

negative peak at 427 nm due to charge transfer between O and Ce4+ of CeO243 

(Figure 7A). The band intensity for the Ce3+-£ species increased with time of NO 

flow, and simultaneously the MS signal of NO2 (m/z = 46) was observed by the 

MS analysis of the outlet gas (Figure 7B). These results indicate that the 

Ce4+(OH−) species on the surface of S1/CeO2 is reduced by NO to yield the Ce3+-

£ species and NO2 as follows.  

Ce4+(OH-) + 
1
2
NO " Ce3+-£ + 

1
2
NO2 

 

Figure 7. (A) Difference UV-Vis spectra of S1/CeO2 at 350 °C (A). (B) KM function 

at 570 nm and MS intensity for NO2 (m/z = 46) as a function of the time under 

0.1% NO. 
 
The reaction rates of NH3–SCR at 350 °C over S1/CeO2, B1/CeO2 and CeO2 

catalysts were estimated under the kinetic conditions (Figure 8A). Figure 8B plots 

the steady-state NH3–SCR rates and the transient rates of the reduction half cycle 

at 350 °C (Figure 4D) as a function of the transient formation rates of the Ce3+-£ 

species under NO at 350 °C estimated by the operando UV-Vis experiment 

(Figure 8B). For the reduction of the surface Ce4+(OH−) by NO as the initial step 

of NH3–SCR, the rates increase in the order of CeO2 < B1/CeO2 < S1/CeO2. The 
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rates of the reduction half cycle increase linearly with increase in the formation 

rates of the Ce3+-£ species under NO. This trend is consistent with the above-

mentioned hypothesis that the reduction of Ce4+(OH-) by NO is the initial step of 

the reduction half cycle. The steady-state NH3–SCR rates also cycle increase 

linearly with increase in the formation rates of the Ce3+-£ species under NO. This 

trend is also consistent with the hypothesis that the reduction of Ce4+(OH-) by NO 

is the initial step of the NH3–SCR.  

 
Figure 8. Comparison of catalytic activity (A) and NO reduction rate vs NH3-SCR 

rate for reduction half cycles (B) over S1/CeO2, B1/CeO2 and CeO2 at 350 °C. 

(A) steady-state rates of NH3–SCR, (B) initial rate of Ce4+(OH−) reduction by NH3 

+ NO (Figure 4, 6, S1), initial rate of Ce4+(OH−) reduction by NO (Figure 7, S2, 

S3). 

  
3.3.4 ME-UV-Vis under NO + O2 conditions 
To better understand the Ce redox cycle during the initial stage of the reduction 

half cycle, we performed a ME-UV-Vis experiment. Under NO + O2 reaction 

conditions over S1/CeO2 at 350 °C, the NO concentration was modulated (0.1% 

or 0%) every 300 s in a continuous O2 flow. Although no distinct changes were 

observed in the time-resolved spectra (Figure 9, top), two broad bands around 

425 nm and 530 nm were clearly detected in the phase-resolved spectra (Figure 

9, bottom). The band at 425 nm is attributed to charge transfer between Ce4+ and 

O species, while the band at 530 nm corresponds to the Ce3+-£ species.41–43 

These signals appear in inverse phase to each other. The ME-UV-vis result 

indicates that Ce4+ is reduced by NO to form Ce3+ and an oxygen defect, and 

subsequently, the Ce3+-£ site is re-oxidized by O2 to regenerate Ce4+. The 

complete inverse phase angles of the Ce4+ (φPSD = 280°) and the Ce3+-£ (φPSD = 

100°) bands confirm that NO oxidation over the S1/CeO2 surface is driven by the 

redox cycle between Ce4+ and Ce3+-£ sites.  
It is noteworthy that the intense Ce4+ band in the time-resolved spectra shows no 

significant change, indicating that majority of Ce species remain in their original 
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state (Ce4+). After PSD analysis, which eliminates signals from unchanged 

species of Ce, the reduced Ce species were clearly observed. Based on the 

difference in the Ce4+ band intensity in the time-resolved and phase-resolved 

spectra, the fraction of redox active Ce sites was estimated to be 0.7% of the total 

Ce atoms. Considering the surface area of S1/CeO2 and assuming the (111) facet 

as the representative surface of CeO2, approximately 4% of the Ce atoms are 

located on the surface of S1/CeO2. The quantitative analysis suggests that about 

18% of the surface Ce sites act as the redox-active centers under NO oxidation 

conditions.  

 
Figure 8. Modulation excitation UV-Vis spectra of S1CeO2 at 350 °C under 

alternating gas flows of 0.1% NO + 10% O2 and 10% O2, with switching every 

300 s. Top: time-resolved UV-Vis spectra with average (red line: end of NO period, 

black dotted line: end of O2 period); bottom: phase-resolved spectra without 

average (red line: phase angle = 100°, black line: phase angle = 280°). 
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3.3.5 ME-XANES under NO + O2 conditions 
ME-XAS was carried out to investigate the dynamic redox cycle during the NO + 

O2 reaction over S1/CeO2. Under reaction condition at 350 °C, the NO 

concentration (0.5% or 0%) was modulated every 300 s in a continuous O2 flow. 

No clear changes were observed in the time-resolved spectra (Figure 9 top), and 

the spectral features were consistent with those of CeO2, indicating that the 

majority of Ce species are not involved in the redox cycle. In contrast, the phase-

resolved spectra revealed changes in the oxidation state of a trace amount of Ce 

changed (Figure 9 bottom). A peak at 5725 eV, attributed to Ce3+ species, and 

two peaks at 5735 and 5740 eV, corresponding to Ce4+ species, were clearly 

observed. The signals for Ce4+ (φPSD = 290°) and Ce3+ (φPSD = 110°) emerged in 

opposite phase angles. These results demonstrate that only a small fraction of 

Ce species participate in the Ce4+ « Ce3+ redox cycle during NO oxidation 

reaction over S1/CeO2. Based on the difference in the intensity of the Ce4+ signal 

at 5738 eV between deconvoluted time-resolved spectra46–48 (Figure 10) and 

phase-resolved spectra, the fraction of the redox-active Ce sites was calculated 

to be 0.4% of the total Ce atoms, corresponding to 10% of the surface Ce sites. 

Thus, the ME-XANES result indicates that 10% of the surface Ce sites function 

as redox-active centers under NO oxidation conditions. This finding is in a good 

agreement with the quantitative analysis obtained from ME-UV-Vis experiment 
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Figure 9. Modulation excitation XANES spectra at 350 °C of S1/CeO2 under 

alternating gas flows of 0.5% NO and 10% O2, with switching every 300 s (total 

flow: 200mL/min): Top: Time-resolved XANES spectra with average (red line = 

end of NO period, black dotted line = end of O2 period); Bottom: Phase-resolved 

spectra without average (red line: phase angle = 110°, black line: phase angle = 

290°). 
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Figure 10. Gaussian peak decomposition of XANES for S1/CeO2 (Left). Peak 

area changes during measurement (Right). 

 
 

3.3.6 EPR for oxygen defect formation  
Therefore, ex situ EPR was carried out to probe the formation of oxygen 

vacancies in CeO2 and S1/CeO2, respectively. The enlarged ex-situ EPR 

spectrum is shown in Figure 11. Most prominently is the signal of a Ce4+-Vo-Ce3+ 

construct, featuring an axial g tensor of g⊥ = 1.966 and gII =1.942.  49 The axial 

tensor originates most probably from the fact that the Ce4+/Ce3+ redox pair is 

believed to be at or close to the surface and hence features an anisotropic 

environment.50 Note that sometimes the signal is attributed to Ce3+ species; 

however, due to the expected short relaxation times of 4f1 states as a result of 

the strong spin–orbit coupling as well as the small g-anisotropy, this signal has 

been reassigned to the Ce4+-Vo-Ce3+ construct 51. The slight shift between the g-

values observed for the CeO2 and S1/CeO2 materials might be caused by small 

changes in the local environment induced by the presence of sulfur. The signal 

around g = 2.0058 can be attributed to adsorbed O2- species at Vo vacancies and 

to Vo themselves. However, while isolated Vo vacancies usually exhibit an 

isotropic signal around g = 2.0058, the anisotropic signal with a gII = 2.06 and g⊥ 

= 2.019 observed here seems to stem from traces of adsorbed O2- adsorbed on 

Vo. 50–55Similarly to the signal associated with the Ce4+-Vo-Ce3+ construct, a slight 

shift in the g tenor can be observed for the adsorbed  O2- species, indicative of a 

small change in the electronic surrounding. 
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Figure 11. Ex situ EPR spectra at 25oC of S1CeO2 and CeO2 after 350 oC O2 and 

NO for 0.5h. Signals are normalized by weight of each sample. 
 
3.3.7 ME-DRIFTS under NO + O2 conditions 
In our previous research on NH3–SCR mechanism over phosphate- and 

tungstate-loaded CeO2, we proposed that adsorbed NO+ species, possibly 

formed by the adsorption of nitrous acid (HONO), acts as reactive 

intermediates;6,13 NO+ formed by exposing NO to the catalysts reacted with NH3 

to produce N2 at low temperatures (below 350°C). To observe intermediate 

species adsorbed on the catalyst surface, we carried out in situ ME-DRIFTS 

measurement for the NO + O2 reaction over S1/CeO2 and CeO2. Under reaction 

conditions over S1/CeO2 at 350 °C, the NO concentration was modulated 

between 0.1% and 0 % every 300 s. The time-resolved spectra (top) and the 

phase-resolved spectra (bottom) for S1/CeO2 and CeO2 are shown in Figure 12A 

and 12B, respectively. In the phase-resolved spectra for S1/CeO2 , a band at 

2245 cm-1 with a shoulder at 2198 cm-1 is assigned to NO+ species adsorbed on 

the anionic oxygen sites of CeO2.56–58 A sharp band at 1403 cm-1 can be assigned 

to free nitrate (NO3-) species,59–62 while a broad band at 1616 cm-1 with a shoulder 

at 1565 cm-1corresponds to adsorbed NO2 and bidentate nitrate (NO3-)61,62. The 

absence of NO+ and NO3- signals for CeO2 indicates that sulfate species are 

indispensable for the formation of these species on the CeO2. A band at 3606 cm-

1 in the hydroxyl region is assigned to acidic CeOH groups.6,58 Table1 summarizes 

the observed features in the phase-resolved spectra in Figure 12. The most 

notable observation from the phase angles is the inverse relationship between 
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NO+ (φPSD = 40°) and free NO3- (φPSD = 220°). This suggests that upon NO 

introduction, free NO3- is consumed, followed by the formation of NO2 (ad) at a 

phase angle of 80°. Based on the phenomena observed by ME-DRIFTS, the 

following reaction is considered to occur within the phase angle of 0° to 180°: 

1/2 NO3- + 1/2 NO+ → NO2 

 
Figure 11. Modulation excitation DRIFT spectra of (A) S1/CeO2 and (B) CeO2 

under NO modulation between 0.1% and 0% with constant 10% O2 at 350 °C. 

(total flow: 100mL/min). Top: Averaged time-resolved spectra (red line: end of NO 

+ O2 period, black line: end of O2 period. Bottom: Phase-resolved spectra without 

average (red line: phase angle = 40° and black line: phase angle = 220°). Table 

1 summarizes the observed features in the phase-resolved spectra. 
 

 

Table 1. Features observed in ME-DRIFTS during NO concentration (0.1% or 0%) 

modulation experiment. 

 

Wavenumber (cm-1) In-phase angle (°) Species 

1403 220 free NO3- 

1565 70 NO3- 

1616 80 NO2 (ad) 

2198 40 NO+ 

3606 190 OH- 
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3.3.8 NH3–SCR mechanism over sulfate-loaded CeO2 
Summarizing the above results, a possible mechanism of NH3–SCR over sulfate-

loaded CeO2 is proposed in Figure 12. As a simplified model shown in Figure 12A, 

NH3–SCR is based on the reduction of the surface Ce4+(OH-) species by NO and 

NH3 to yield the Ce3+-£ species, N2, and H2O (reduction half cycle), followed by 

the reaction of the Ce3+-£ species with O2 and water to regenerate the Ce4+(OH-) 

species (oxidation half cycle). The sulfate species strongly promote the reduction 

half cycle. 
In a more detailed mechanism (Figure 12B), the reduction half cycle is divided 

into five individual steps as follows. First, the surface Ce4+(OH-) species is 

reduced by NO to yield the Ce3+-£ species and NO2, which undergoes 

disproportionation reaction to give adsorbed NO+ and NO3- species. The NO+ 

possibly adsorbed on an anionic oxygen (CeO-) site can react with NH3 to yield 

H+ on the CeO- site and a free nitrosamide (NH2NO). NO3- species possibly 

adsorbed on a cationic site can react with NH3 and H+ on the CeO- site to give a 

free NH4NO3 molecule. It is well established that NH2NO thermally decomposes 

to give N2 and H2O. 63 Our previous works 64 have shown that acidic sites promote 

the reduction of NH4NO3 by NO to yield ammonium nitrite (NH4NO2) and NO2 and 

the decomposition of NH4NO2 to yield N2 and H2O.  

 
Figure 12. A proposed NH3-SCR mechanism over sulfate-loaded CeO2. (A) 

Overall reaction mechanism. (B) Elementary reaction mechanism for reaction 

determining step (NO oxidation). 
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3.4 Conclusion 
This study showed comprehensive investigation of the active sites and reaction 

mechanism for NH3−SCR over sulfate-loaded ceria, and the following 

conclusions were drawn. SO42- and S2O72-species are the dominant sulfate 

species on the catalysts under the experimental conditions. The Ce4+(OH-) 

species, possibly located adjacent to the sulfate species, are reduced by NO + 

NH3 to produce N2, H2O, and Ce3+ species through an NO+ intermediate 

(reduction half-cycle). The Ce3+ species are subsequently reoxidized by O2 

(oxidation half-cycle). The reduction half-cycle begins with the reaction between 

NO and Ce4+(OH-), initially generating NO+, followed by the formation of Ce3+ and 

gaseous HONO. The HONO then reacts with NH3 to produce N2 and H2O via 

NH4NO2 intermediates. These fundamental insights can lead to rational design of 

deNOx catalysis. 
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Supporting Information 

 

Figure S1. Difference UV-Vis spectra of B1CeO2 (A), (C) at 350 °C and K-M 

function change at 570 nm (B), (D) of B1CeO2 under 0.1% NO + 0.1% NH3 (A), 

(B) / 10% O2 (C), (D). 
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Figure S2. Difference UV-Vis spectra of B1CeO2 (A), (C) at 350 °C and K-M 

function change at 570 nm (B), (D) of B1CeO2 under 0.1% NO (A), (B) / 10% O2 

(C), (D).  
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Figure S3. Difference UV-Vis spectra of CeO2 (A), (C) at 350 °C and K-M function 

change at 570 nm (B), (D) of CeO2 under 0.1% NO (A), (B) / 10% O2 (C), (D).  

 

Figure S4. (A) Reaction rate of S1CeO2/B1CeO2/CeO2 (B)Changing rate of initial 

slope K-M function at 570 nm under 0.1% NH3 + 0.1% NO/ 10% O2. (C) Changing 

rate of initial slope K-M function at 570 nm under 0.1% NO/ 10% O2. 
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Figure S5. NO modulation excitation over (A) S1/CeO2, (B) B1/CeO2 and (C) 

CeO2. 
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Table S1. Fitting parameters of Gaussian peak decomposition in Figure 

S8. 

 

 

Species 
Ce4+ 

(5738 eV) 

Ce4+ 

(5731 eV) 

Ce3+ 

(5728 eV) 

pre-edge 

(5720 eV) 

Height 
7.278 

(0.011) 

3.574 

(0.010) 

3.756 

(0.011) 

0.643 

(0.010) 

Center 
5737.59 

(0.00) 

5731.10 

(0.00) 

5727.43 

(0.00) 

5720.87 

(0.00) 

Sigma 
3.081 

(0.000) 

1.886 

(0.000) 

2.451 

(0.000) 

2.529 

(0.000) 

 Arctan    

Step 
0.965 

(0.000) 
   

E0 
5725.86 

(0.00) 
   

Width 
1.581 

(0.000) 
   



 

 

 

 

 

 

 

Chapter 4 
Mechanism of Selective Reduction of N2O 
by CO over Fe–ß Catalysts Studied by In 

situ/Operando Spectroscopy 

  



3.1 Introduction 

Nitrous oxide (N2O) can significantly accelerate the greenhouse effect owing to 

its high global warming potential and long lifetime. Various industrial sectors, 

including agriculture, transportation, and chemical industries, face challenges in 

controlling N2O emissions. To control N2O emissions from diesel exhaust gas, 

researchers have studied various catalytic technologies, including direct N2O 

decomposition1–10 and selective catalytic reduction (SCR) of N2O.10–19 The direct 

catalytic decomposition of N2O is an ideal and economical technology because 

no reducing agents are required. According to extensive studies, Rh is generally 

considered the most active catalytic component for the decomposition of N2O.2–

4,7–9 However, the catalytic N2O decomposition suffers from serious drawbacks of 

high reaction temperatures and the strong negative impact of excess O2 on 

catalytic activity.5–9,11,12,19,20 In our previous studies,3,4 we screened various 

catalysts for decomposition of 0.1% N2O under 10% O2 and found that 

RhOx/ZrO2 and RhOx/Ag/Al2O3 show high N2O conversion above 350 °C even in 

the presence of excess O2. In a commercial catalytic system, less expensive 

catalysts without platinum-group-metals (PMG) should be utilized; however, non-

PGM catalysts generally show lower activity for the decomposition of N2O than 

Rh-based catalysts. In contrast, non-PGM catalysts, especially Fe-containing 

zeolites, are known to be effective for the SCR of N2O using various reductants 

such as CO15,16, CH410,13,14,21–28, hydrocarbons11,26,27,29–31, and NH312,31–36. Fe-

zeolites have also been studied as model catalysts for N2O reduction by 

CO10,17,37–40 or CH410,13,14,27,41 in the absence of O2. A few studies have reported 

the use of CO as a reductant for the SCR of N2O (CO-SCR).15–17 Among the rare 

examples of CO-SCR by Fe-zeolites, Zeng et al. [15] demonstrated that an Fe-

exchanged ß zeolite shows N2O conversion at relatively low temperatures (250-

400 °C). They showed that the temperature range for CO-SCR is significantly 

lower than that for N2O decomposition. The main drawback of CO-SCR is its 

inhibitory effect on O2. Li et al.16 reported that an Fe-exchanged MFI zeolite (Fe-

MFI) with cationic Fe as the active species shows higher O2-tolerance in CO-SCR 

than comparable catalysts with oligonuclear FexOy and Fe2O3 particles as the 



dominant Fe species. The authors proposed that high O2-tolerance of the Fe-MFI 

catalyst was due to preferential reactivity of the α-Fe sites with N2O rather than 

with O2, resulting in a higher rate of the N2O + CO reaction than the O2 + CO 

reaction. To design an O2-tolerant Fe-zeolite catalyst for the CO-SCR, it is 

necessary to clarify the mechanism underlying the preferential oxidation of CO 

by N2O under excess O2 over specific Fe species. 

  Following pioneering reports on the selective hydroxylation of CH4 or phenol 
by N2O over Fe zeolites,42 considerable attention has been paid to the nature of 
the active oxygen species on Fe zeolites.14,24,29,30,43,44 On the basis of 
spectroscopic and theoretical evidence, it is suggested that Fe-exchanged 
zeolites stabilize a Fe(II) site (called α-Fe site) that dissociates N2O, forming a 
highly reactive Fe(III)-O- or Fe(IV)=O intermediate (called α-Fe-O) that is active 
for hydroxylation of CH423,38,43–45 or benzene.29,30 Previous studies on the SCR of 
N2O have concluded that the redox mechanism between α-Fe(II) and Fe(III)-O- 
(or Fe(IV)=O) is also applicable for the mechanism of N2O decomposition 20,31 
and the SCR of N2O by CH413,14,18,27,28,41,43,46 over Fe zeolites. Despite many 
studies on the nature of the α-Fe-O species, no studies have reported in 
situ/operando spectroscopic evidence on the redox mechanism between α-Fe(II) 
and Fe(III)-O- for SCR of N2O by CO over Fe zeolites.  

We report herein in situ spectroscopic studies (combined with online gas-
phase analysis by mass spectrometry) on the reduction and oxidation half cycles 
of SCR of N2O by CO over Fe-exchanged beta zeolites (Feß). In situ diffuse 
reflectance UV-vis spectroscopy was utilized to monitor the formation of α-Fe-O 
during the oxidation of α-Fe(II) species by N2O and the reaction of α-Fe-O with 
CO. Under similar transient conditions, X-ray absorption spectroscopy (XAS) was 
used to monitor the reduction of Fe(III)-αO species by CO to give α-Fe(II) and 
CO2, followed by the oxidation of α-Fe(II) by N2O to regenerate Fe(III)-αO. 
 
4.2 Experimental Section 
4.2.1 Catalyst preparation 
Fe-exchanged ß catalysts were prepared by aqueous ion exchange of NH4+-form 
ß (Si/Al = 5, supplied by Mitsui Kinzoku Co., 5 g) in Fe(SO4)×7H2O solution (0.05 
M or 0.01 M, 75 mL) for 3 h at 25 °C under a N2 atmosphere. After centrifugation 
and washing three times with distilled water, the catalysts were dried at room 
temperature in a fume hood for 72 h. The Fe loading was determined using X-ray 



fluorescence analysis (XRF; EDX-700HS, Shimadzu Corp.). The resulting 
catalysts with Fe loadings of 0.9 wt% and 2.7 wt% were designated as Fe0.9ß 
and Fe2.7ß, respectively. X-ray diffraction (XRD) patterns were recorded on 
Rigaku Miniflex software using Cu–Kα radiation from 10 to 80° at 30 kV and 10 
mA with a scanning speed of 5°/min. As shown in Figure S1, the XRD pattern of 
Fe0.9ß (as made) is basically identical to that of Hß (600°C, 1h, air calcination), 
indicating no change in crystal structure after Fe-exchange. 
4.2.2 Catalytic tests 
Catalytic tests were performed with the catalysts (typically 30 mg) in a fixed-bed 
flow reactor under several flowing gas mixtures (total flow rate of 100 mL/min): 
0.1% N2O/0.1% CO/He, 0.1% N2O/0.1% CO/10% O2/He, 0.1% N2O/10% O2/He, 
or 0.1% CO/10% O2/He. The concentrations of N2O, CO, and CO2 were analyzed 
using an IR spectrometer (JASCO FT/IR-4100 with a gas cell) based on 
calibration standards. The % conversion of N2O (XN2O) and CO (XN2O) was 
calculated using the following equations: 

XN2O (%) = (1 − !!"#
!$% )×100       

  XCO (%) = (1 − !!"#
!$% )×100      

    
The reaction rate of N2O reduction, rN2O, was calculated by the rate expression: 
VN2O = F0N2O DXN2O/W, 
where F0N2O, DXN2O, and W are the molar flow of N2O at the inlet, the conversion 
of N2O, and the catalyst weight, respectively. As shown in Figure S2, nearly linear 
dependence of the N2O conversion on the contact time was observed below 60% 
conversion. Thus, by adjusting the catalyst weight, the reaction rates 
measurement for Figure 3 and Figure 4 was carried out under the conditions 
where the conversions of N2O and CO were below 35%.  
4.2.3 In situ/operando UV-vis 
Operando/in situ diffuse reflectance UV-vis spectra were recorded in an in situ 
flow diffuse reflectance cell using a JASCO V750 spectrometer. The catalyst 
powder (40 mg) was placed in a diffuse reflectance cell (JASCO HISV-728) with 
a quartz window connected to a gas-flow system (total flow rate of 100 mL min−1). 
The center of the smooth sample and spectrometer were connected by an optical 
fiber. The baseline was obtained with BaSO4 at room temperature. The spectra 
were measured in a range 250–800 nm. The reflectance was converted to 



Kubelka–Munk (KM) intensity. Deconvolution analysis of the spectra was 
performed with Gaussian functions using PeakFit V4.11. For operando UV-vis 
measurement, 1% N2O or 1% CO (in He) was introduced to the cell at 350 °C.47,48 
The formation of N2 (m/z = 28) under N2O and the formation of CO2 (m/z = 44) 
under CO were analyzed using online mass spectrometry (JMS-Q1500GS, JEOL 
Ltd.).  
4.2.4 In situ XAS 
In situ XAS Fe K-edge spectra were obtained in the transmission mode at the 
BL01B1 beamline using a Si(111) double-crystal monochromator (proposal 
2023A1931). A pellet of Fe0.9ß (Ф7, 54 mg) was placed in a quartz cell connected 
to a conventional gas flow system (total flow rate of 300 mL/min). The pellet was 
heated from room temperature to 350 °C at a heating rate of 20 °C/min. After 
reaching 350 °C, 1% N2O/He was introduced for 900 s, followed by He purging 
for 300 s. Next, 1% CO/He was introduced for 900 s, followed by He purging for 
300 s, and by feeding 1% N2O/He for 900 s. During the redox treatments, XAS 
spectra were measured, and N2 (m/z = 28) formation under a N2O flow and CO2 
(m/z = 44) formation under a CO flow were analyzed by online mass spectrometry 
(MS). The operando XAS was repeated using the same redox treatments. Finally, 
after the CO reduction of the sample, XAS measurements under 10% O2 were 
conducted for 900 s. The XAS results were analyzed using Athena (ver. 0.9.25) 
and REX2000 (ver.2.5).49 
4.3 Results and discussion 
4.3.1 Selective catalytic reduction of N2O 
We studied the catalytic activity of Fe0.9ß for the catalytic reduction of 0.1% N2O 
by 0.1% CO in the presence and absence of excess (10%) O2. Figure 1 shows 
the conversion of N2O and CO under steady-state conditions at various 
temperatures. The results show that the selective reduction of N2O by CO under 
excess O2 is catalyzed by Fe0.9ß in the temperature range 250–500 °C. The 
presence of 10% O2 resulted in a slight decrease in N2O conversion and a slight 
increase in CO conversion. The mechanistic reasons for the O2-induced slight 
drop in N2O conversion and increase in CO conversion are discussed later. 



 
Figure 1. N2O and CO conversion over 30 mg Fe0.9ß under 0.1% N2O/0.1% 
CO/(10% O2) versus temperature. 
 

Figure S3 compares the catalytic activity of Fe0.9ß and Fe2.7ß for N2O 
selective reduction by CO under 10% O2. The N2O conversion of the high Fe 
loading catalyst (Fe2.7ß) was slightly lower than that of the low Fe loading 
catalyst (Fe0.9ß), indicating that the N2O reduction activity per Fe site is higher 
for the low loading catalyst. 

Figure 2 compares the steady-state conversions of N2O and CO for 
Fe0.9ß-catalyzed N2O selective reduction (N2O + CO + O2), CO oxidation (CO + 
O2), and N2O decomposition under O2 (N2O + O2) as a function of the reaction 
temperature. The N2O + CO + O2 and CO + O2 reactions were conducted with 30 
mg Fe0.9ß and the N2O decomposition under O2 was conducted with 150 mg 
Fe0.9ß. Below 450 °C, the N2O conversions for N2O + CO + O2 (by 30 mg Fe0.9ß) 
are higher than those for N2O + O2 (by 150 mg Fe0.9ß), which suggests that the 
presence of CO as a selective reductant significantly improves the catalytic 
efficiency for N2O removal. The CO conversions for CO + O2 were similar to those 
for N2O + CO + O2. These results suggest that CO is mainly oxidized by N2O (not 
by O2) under 0.1% N2O + 0.1% CO+ 10% O2. CO oxidation with O2 as a side 
reaction explains the lower N2O conversion for N2O + CO + O2 than for N2O + 
CO (Figure 1). 
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Figure 2. N2O conversion for 0.1% N2O + 0.1% CO + 10% O2 over Fe0.9ß (30 
mg) and 0.1% N2O + 10% O2 over Fe0.9ß (150 mg), and CO conversion of 0.1% 
CO + 10%O2 over Fe0.9ß (30 mg) versus temperature. 
 
 To discuss the quantitative effect of CO on N2O reduction and the 
reactivity of CO with N2O or O2, kinetic experiments were performed under the 
conditions in which the conversions were below 35%. Figure 3 shows the 
Arrhenius plots for the CO + N2O and CO + O2 reactions and N2O decomposition. 
Note that the reaction rates were calculated based on the N2O consumption rate 
for these reactions. The Arrhenius plots for the CO + N2O and CO + O2 reactions 
and N2O decomposition gave fairly good straight lines, indicating that the 
apparent activation energy (Ea) can be calculated from the slope of the plot using 
the Arrhenius equation. The activation energy for N2O reduction with CO (CO + 
N2O; 38.2±0.6 kJ/mol) is lower than that for N2O decomposition (98.8±4.2 kJ/mol), 
and the rate of N2O reduction with CO at 300 °C is 16 times higher than that for 
N2O decomposition at 300 °C. These results give quantitative evidence of the 
promotional effect of CO on N2O removal over Fe0.9ß. At 300 °C, the rate of CO 
oxidation with 0.1% N2O (CO + N2O) is two times higher than the rate of CO 
oxidation with 10% O2 (CO + O2). Taking into account that the O2 concentration 
is 100 times higher than that of N2O, the result gives quantitative evidence of the 
significantly higher reactivity of N2O with CO than O2 over Fe0.9ß.  
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Figure 3. Arrhenius plots for CO + N2O (150–300 °C; 5–30 mg Fe0.9ß), CO + O2 
(200–300 °C; 10–30 mg Fe0.9ß) and N2O decomposition (300–450 °C; 75–150 
mg Fe0.9ß). Activation energies (Ea) based on Arrhenius equation are shown. 
 
 For further kinetic insight, we studied the reaction order of the Fe0.9ß-
catalyzed CO + N2O + O2 reaction at 350 °C. Figure 4 plots the rates of N2O 
reduction versus the concentrations of CO, N2O, or O2. The reaction orders for 
CO, N2O, and O2 were estimated based on the slopes of the log–log plots. The 
reaction orders for CO (0.46) and N2O (0.36) are similar and higher than that for 
O2 (-0.02). The result suggests that CO and N2O are involved in the kinetically 
important step of the CO + N2O + O2 reaction, while O2 is not involved in the 
important steps. 



 
Figure 4. Reaction rates versus concentration of (A) O2, (B) N2O, (C) CO for CO-
SCR of N2O over Fe0.9ß at 350 °C. The reaction orders are shown in the table. 
 
4.3.2 In situ/operando UV-vis 
Several reported studies have provided molecular insight into the mechanism of 
N2O reduction with CH4 over Fe zeolites.24,25,44,50 Based on spectroscopic and 
density functional theory evidence, Snyder et al. proposed a redox mechanism: 
α-Fe-O species is reduced by CH4 to give a reduced α-Fe species, which is then 
re-oxidized by N2O to regenerate the α-Fe-O species.24,25,50 The same group 
reported detailed in situ UV-vis studies on oxidation of the α-Fe species by N2O 
and assigned the broad UV-vis signal centered around 360 nm to α-Fe-O 
species50. 
 



 
Figure 5. Selected UV-vis original spectrum of Fe0.9ß (a, d), difference spectra 
(b, e), and mass spectrum (MS) intensity of CO2 or N2 and the α-Fe-O peak area 
(360 nm) versus time (c, f) under 1% CO (a, b, c), followed by a He purge (for 
900 s), and a flow of 1% N2O (d, e , f) at 350 °C. 
 
Assuming that N2O reduction with CO over Fe0.9ß is based on this redox 
mechanism, we carried out in situ UV-vis experiments during the CO reduction of 
Fe0.9ß, followed by its re-oxidation by N2O at 350 °C (Figure 5). The outlet of the 
in situ UV-vis cell was connected to an MS apparatus for online analysis of the 
gas-phase products. The difference spectra (Figure 5b, e) were obtained by 
subtracting the original spectra (left) from the initial spectrum of Fe0.9ß after pre-
oxidation by 1% N2O for 1800 s, followed by a He purge for 900 s. When the pre-
oxidized Fe0.9ß was exposed to 1% CO, an unresolved negative peak centered 
around 360 nm assignable to the α-Fe-O species50 appeared in the difference 
spectra. Deconvolution analysis of the UV-vs spectra was carried out to estimate 
the area of the band due to the α-Fe-O species (centered around 360 nm) using 
Gaussian functions. An example of the fitting results is shown in Figure S4. Figure 
5c, f plots the change in peak area of α-Fe-O and the MS intensity of outlet CO2 
or N2 as a function of time under 1% CO or 1% N2O. The UV peak area for α-Fe-
O (centered around 360 nm) increases with time. Online MS analysis indicates 
CO2 formation during CO reduction of the pre-oxidized Fe0.9ß. The results 
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indicate that the α-Fe-O species in the pre-oxidized Fe0.9ß is reduced by CO to 
give CO2. After reduction with 1% CO followed by a He purge for 900s, the 
reduced sample was exposed to 1% N2O. The peak area of α-Fe-O decreased 
with time, and the spectrum after 3000 s was similar to the original spectrum 
(before CO reduction). Online MS analysis showed formation of N2. These results 
suggest that N2O reduction with CO over Fe0.9ß is based on a redox mechanism: 
α-Fe-O species is reduced by CO to give CO2 and reduced Fe species, which is 
then re-oxidized by N2O to regenerate the α-Fe-O species. 

 

Figure 6. Selected UV-vis spectra of Fe0.9ß (a, b), difference spectra (b, e), and 
α-Fe-O peak area versus time (c, f) under 10% O2 (c) or 0.1% N2O (f) at 350 °C. 
The sample was pre-reduced by 1% CO for 1500 s, followed by a He purge for 
900 s. 
 
 The kinetic results in Figure 3 give quantitative evidence of the higher 
reactivity of N2O with CO than O2 over Fe0.9ß. Considering the redox mechanism 
suggested by the above UV-vis study, we hypothesize that the reduced Fe 
species is oxidized by N2O much faster than by O2, which is the fundamental 
reason why Fe0.9ß catalyzes the CO + N2O reaction under excess O2 rather than 
the undesired side reaction of CO + O2. To validate this hypothesis, we compared 
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kinetic curves for the re-oxidation of the reduced Fe species by 0.1% N2O and by 
10% O2 using in situ UV-vis experiments on CO-reduced Fe0.9ß at 350 °C 
(Figure 6). The difference spectra (Figure 6b, e) were obtained by subtracting the 
spectra (a, d) from the initial spectrum of the CO-reduced Fe0.9ß (after reduction 
by 1% CO for 1500 s, followed by a He purge for 900 s). Figure 6 (c,f) plots the 
change in peak area of α-Fe-O. The peak at 360 nm due to the α-Fe-O species 
appears both under 0.1% N2O and 10% O2, but its formation rate is higher under 
0.1% N2O. Despite the fact that the concentration of O2 is 100 times higher than 
that of N2O, the initial rate of α-Fe-O formation under N2O is four times higher 
than that under O2. These results provide quantitative evidence of the higher 
reactivity of N2O with reduced Fe species than with O2. The higher reactivity of 
N2O than O2 for the regeneration of the α-Fe-O intermediate is the fundamental 
reason why the Fe0.9ß catalyst selectively promotes the CO + N2O reaction 
under excess O2 rather than the undesired side reaction of CO + O2.  

Based on the initial slopes for the kinetic plots for the CO-reduction and 
reoxidation, it is shown that the CO-reduction step is faster than the O2-
reoxidation step but is slower than the N2O-reoxidation step. Hence, the CO-
reduction step is the rate determining step for the CO + N2O reaction, while the 
reoxidation step is the rate determining step for the CO + O2 reaction. The lower 
activation energy for the CO oxidation by O2 than that for the CO oxidation by 
N2O in Figure 3 can be due to the difference in the rate determining step; the 
activation energy for the CO-oxidation step might be lower than those for the 
reoxidation steps.   
4.3.3 In situ/operando XAS 
The in situ UV-vis results shown above are not useful for discussing the oxidation 
states of the Fe species during the redox catalytic cycle. To monitor changes in 
the Fe oxidation state, we carried out in situ XAS measurements under the 
reduction of Fe0.9ß by 1% CO, followed by its re-oxidation by 1% N2O at 350 °C. 
The outlet of the in situ XAS cell was connected to the MS apparatus to monitor 
the formation of gas-phase products. Figure 7a shows the changes in X-ray 
absorption near-edge structure (XANES) spectra during CO reduction. The 
sample was subjected to a first CO/N2O cycle, followed by He purging for 300 s. 
After CO reduction for 600 s, the absorption edge was close to that of a reference 
compound of Fe2+, Fe3(PO4)2•8H2O. Figure 7b shows the spectral changes 
during N2O re-oxidation of the reduced sample. Upon exposure of the sample to 
N2O, the absorption edge rapidly increases. After N2O oxidation for 450 s, the 



absorption edge is close to that of the reference Fe3+ compound, Fe(acac)3. 
These results suggest that the catalytic cycle for Fe0.9ß-catalyzed N2O reduction 
with CO is based on the Fe3+/Fe2+ redox couple. The energy at a normalized 
absorption (µ) of 0.8 was adopted to evaluate the oxidation state of the Fe species. 
The time dependence of the energy at µ = 0.8 and the MS intensity are shown in 
Figure 7 (b). Note that the edge shifts to a lower energy during the He purge after 
N2O oxidation, suggesting thermal reduction of the Fe3+ species under He for 300 
s. Then, during the CO reduction period, the energy at µ = 0.8 decreased with 
time, and simultaneous CO2 formation was observed by MS. During the re-
oxidation period, the energy at µ = 0.8 quickly increased within 120 s, and N2 
formation was simultaneously observed by MS. Similar kinetic results were 
observed in the second N2O oxidation and CO reduction cycles (Figure S5) after 
the first cycle (Figure 7). The results provide direct evidence of the N2O oxidation 
of Fe2+ to Fe3+ and the CO reduction of Fe3+ to Fe2+. A comparison of the kinetic 
curves indicates that the N2O oxidation of Fe2+ to Fe3+ is faster than the CO 
reduction of Fe3+ to Fe2+. Combining the XANES and UV-vis results, the following 
mechanistic conclusions can be drawn. Fe(III)-αO (possibly Fe(III)-O-) species 
are reduced by CO to yield CO2 and reduced Fe(II) species, which are then re-
oxidized by N2O to regenerate the Fe(III)-αO species. 
  



 

 

Figure 7. Evolution of the Fe K-edge XANES spectrum of Fe0.9ß during 
successive feeds of (a) 1% CO and (b) 1% N2O: selected spectra (left) and 
energy at normalized adsorption of 0.8 and MS intensity versus time (right). 
Before the experiment, the pre-oxidized sample was reduced with 1% CO (950 
s), followed by a He purge (300 s). 

 
Figure 8 shows a comparison of the kinetic curves for the re-oxidation of the CO-
reduced sample under 1% N2O and 10% O2. The slope of the re-oxidation kinetic 
curve under 1% N2O is larger than that under 10% O2. This indicates that the 
oxidation of Fe2+ under 1% N2O is faster than that under 10% O2, which is 
consistent with the UV-vis results. Combining the XANES and UV-vis results, it 
can be concluded that the higher reactivity of the Fe(II) species with N2O than 
with O2 for the regeneration of the Fe(III)-αO species over the CO-reduced 
Fe0.9ß provides a fundamental reason why Fe0.9ß selectively catalyzes the CO 
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+ N2O reaction under excess O2 rather than the undesired side reaction of CO + 
O2. 

 
Figure 8. XANES spectra (left) of the CO-reduced Fe0.9ß, followed by re-
oxidation by N2O or O2. Energy changes (right) at normalized absorption during 
re-oxidation in 1% N2O or 10% O2 at 350 °C. 
 
4.4 Conclusions 
Fe-exchanged ß zeolite (Fe0.9ß) effectively catalyzed the selective reduction of 
N2O by CO under excess O2. Kinetic results gave quantitative evidence for (1) a 
significant increase of the N2O reduction rate by CO and (2) a significantly higher 
reactivity of N2O with CO than O2 over Fe0.9ß. Reaction order analyses showed 
that CO and N2O are involved in the kinetically important steps. Operando UV-vis 
and XAS results showed a redox-based catalytic cycle; Fe(III)-αO (possibly 
Fe(III)-O-) species are reduced by CO to yield CO2 and reduced Fe(II) species, 
which are then re-oxidized by N2O to regenerate the Fe(III)-αO species. Spectro-
kinetic analysis provided quantitative evidence of a higher reactivity with N2O than 
with O2 for the regeneration of the Fe(III)-αO species over the CO-reduced 
Fe0.9ß, which provides a fundamental reason why Fe0.9ß selectively catalyzes 
the CO + N2O reaction under excess O2 rather than the undesired side reaction 
of CO + O2. 
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Supporting information 
 

 

Figure S1. XRD patterns of H-β (600°C, 1h, air calcination) and Fe0.9β (as made). 
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Figure S2. N2O conversion depending on the weight/flow (contact time). Total flow 
100mL/min, 350 °C, 0.1% N2O/0.1% CO/10% O2/ He, m(catalyst)=0-60mg. 
 

 
Figure S3. N2O and CO conversion under 0.1% N2O/0.1% CO/10% O2 over 30 
mg Fe2.7ß and Fe0.9ß versus temperature. 
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Figure S4. Gaussian peak separation result of a representative UV-vs spectrum 
(after re-oxidation by N2O for 3000 s). The peak at 360 nm is due to Fe-αO. The 
position of each peak was fixed for all spectra.  
  



 

Figure S5. Evolution of the Fe K-edge XANES spectra of Fe0.9ß during 
successive feeds of (a) 1% CO and (b) 1% N2O: selected spectra (left) and 
energy at normalized adsorption of 0.8 and MS intensity versus time (right) after 
the first cycle in Figure 8.  
 

!""# !"$# !"%#

C
'E
F
*H!
µH
I-
.

/MENOH-P4E5OHI4S.

T4%I8V:.$X<=$V

T4IN[N[.%

H?##]
H:A#]
H%##]
H"A#]
H#]

N

# "## $## %## :## A## ?##!""<

!""B

!"$#

!"$"

!"$$

!"$%

#

$

:

?

<

"# C""#M"$a

/M
EN
OH
-P
4E
5O
Hµ
HE
H#
*<

cGF4HI].

e
fH
GP
g4
P]
GgO
H'
KHi
V
$HI
N*
M*
.T4INNN.

T4INN.

! "!! #!! $!! %!!&""'

&""E

&"#!

&"#"

&"##

&"#$

!

#

%

F

'

"! *!"!H"#I

-H
./
MN
OP
4.
5M
Nµ
NS
N!
T'

8V:4NX<=
[
?N
VP
]4
P<
V]M
NA
BNC

#NX
/T
aT
=b4Xccc=

b4Xcc=

&""! &"#! &"$!

C
A.
:
TN"
µN
XO
=

-H./MNOP4.5MNX4G=

b4$Xef%=#g'K#f

b4X/i/i=$

N!<
N%M!<

N



 

 

 

 

 

 

 

Chapter 5 

General Conclusion 

  



In this thesis, selective catalytic reduction of nitrogen oxides (NOx) and N2O using 
different reducing agent (NH3 and CO) with exceed existence of O2 has been 
studied. And by applying in situ/operando spectroscopies, the underlying 
mechanisms are revealed for rational design of novel SCR catalysts and 
development of in situ/operando spectroscopic methods. 
 
Chapter 2 concludes that Density functional theory (DFT) calculations indicate 
that catalyst-free oxidation of NO by O3 proceeds readily at room temperature, 
yielding NO2 at an O3/NO ratio of 0.5, whereas higher oxidant ratios (>0.5) favor 
the formation of N2O5 via pathways with very low activation barriers (≈2 kJ mol-1). 
Complementary in situ/operando FTIR measurements show that exposing Cu-
CHA to 0.16% NO + 0.08% O3 at 100 °C leads to efficient NOx storage as nitrate 
species bound to Cu2+ sites, which subsequently react with NH3 to generate N2 
and NH4NO3; above 200 °C, the accumulated NH4NO3 further reacts with NO to 
produce N2. NH3 adsorbed on Cu-CHA is also oxidized by excess O3 (0.7%), 
yielding N2 and N2O below 150 °C with a characteristic N2O/N2 ratio of 0.75, 
whereas lower O3 levels (0.08%) suppress both oxidation rates to <100 ppm. 
Moreover, oxidation of adsorbed NH3 by NO + O3 selectively forms N2 at low 
temperature (<150°C). These combined mechanistic insights provide a 
foundation for engineering unsteady-state lean deNOx strategies that exploit the 
controlled desorption and reaction of stored NOx with NH3, or the reduction of 
NOx using captured NH3 species. 
Chapter 3 concludes that Under the employed reaction conditions, SO42- and 
S2O72- are identified as the predominant surface sulfate species on the catalyst. 
Mechanistically, Ce4+–(OH-) ensembles, likely positioned in proximity to these 
sulfate groups, undergo reduction by NO and NH3 to generate N2 and H2O while 
forming Ce3+ sites, establishing the reduction half-cycle. Modulation-excitation 
spectroscopy (MES) resolves this half-cycle as initiating with NO activation on 
Ce4+–(OH-) to produce an NO+ intermediate, followed by Ce3+ formation and 
concomitant release of gaseous HONO. The transient HONO is rapidly trapped 
by NH3, proceeding through NH4NO2 intermediates to yield N2 and H2O. The 
resulting Ce3+ species are subsequently reoxidized by O2, thereby closing the 
oxidation half-cycle and completing a sulfate-tuned Ce4+/Ce3+ redox loop that 
drives low-temperature NO reduction. 
Chapter 4 concludes that Fe-exchanged ß zeolite (Fe0.9ß) exhibits high 
efficiency for the selective reduction of N2O by CO even under O2-rich conditions. 



Steady-state kinetics provide quantitative evidence that CO markedly accelerates 
N2O reduction, and that N2O reacts with CO substantially more readily than O2 
over Fe0.9ß. Reaction-order analysis further demonstrates that both CO and N2O 
participate directly in the kinetically relevant elementary steps. In situ/operando 
UV–vis and XAS collectively reveal a redox-driven catalytic cycle in which Fe(III)–
αO species (likely Fe(III)–O-) are reduced by CO to produce CO2 and Fe(II), 
followed by preferential reoxidation of Fe(II) by N2O to regenerate Fe(III)–αO. 
Spectro-kinetic quantification confirms that regeneration of Fe(III)–αO by N2O 
proceeds faster than by O2 on CO-reduced Fe0.9ß, providing a mechanistic basis 
for the observed selectivity toward CO + N2O conversion while suppressing the 
competing CO oxidation pathway in excess O2. 
 
To summarize this thesis, by utilizing in situ/operando and modulation excitation 
spectroscopies and computational science, the thesis provides a molecular-level 
insight into the SCR mechanism of lean deNOx catalysts and N2O abatement 
catalysts. This will propose a novel guidance for the design of reaction path and 
catalysts at a much more fundamental, molecular, level in the field and makes a 
significant contribution to heterogenous catalytic chemistry and environmental 
catalysis. 
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