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Chapter 1

1.1  Heterogeneous Catalysis and Zeolites

1.1.1  Heterogeneous Catalysis
A catalyst is generally defined as a substance that accelerates a reaction but is 
not consumed.1 The addition of a catalyst has no effect on the thermodynamic 
equilibrium of a reaction. Rather, by lowering the activation energy it enhances 
the reaction rate, and therefore catalysis is purely a kinetic process.1,2 Ideally, 
a catalyst affects the rate of the desired reaction by allowing an energetically 
favorable pathway, while not catalyzing undesired side reactions. The efficiency 
of a catalytic reaction is evaluated by determining the activity and selectivity of 
this reaction. The activity indicates how fast the reaction proceeds, while the 
selectivity is expressed by the ratio of the desired products to the total amount 
of products.3 A higher yield of the desired product can be achieved by either 
increasing reaction activity or lowering the formation of undesired byproducts.

Catalytic processes are vital in various sectors such as in the petrochemical 
industry, pharmaceutical industry or in environmental applications. Catalysis 
is usually divided into heterogeneous catalysis, homogeneous catalysis and 
biocatalysis, among which heterogeneous catalysis contributes the most to the 
modern chemical industry in terms of produced products. It has been reported 
that 8 of the 10 most produced synthetic chemicals rely on heterogeneous 
catalysts in the US, and 90% of all chemical processes are performed by 
heterogeneous catalysts.1,4 Heterogeneous catalysis involves multiple phases 
in a reaction, i.e., the catalyst is a different phase from the reaction mixture.5 
Usually, a solid catalyst is employed in a gas phase reaction or a liquid phase 
reaction, which facilitates the separation of catalysts and products. The 
heterogeneous catalytic reaction consists of the following elementary steps: 
the diffusion of reactants to the catalyst, the adsorption of reactants on the 
catalyst’s surface, the catalyzed reaction at the surface, desorption of products 
and diffusion of the products away from the catalyst. This implies the great 
importance of the surface properties of a heterogeneous catalyst as catalyst 
surface provides binding sites for direct contact with reactant molecules and 
the subsequent catalyzed reaction. Therefore, catalysts with a large surface area 
are beneficial to host large amounts of accessible active sites. Solid catalysts are 
classified into supported metal catalysts (either metallic, metal oxide or metal 
sulfide), and acid or base catalysts.2 As many industrial processes require high 
reaction temperatures as well as high pressures, solid catalysts are required to 
be thermally and mechanically robust.
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1.1.2  Zeolites as Catalysts
Zeolites are naturally-occurring crystalline materials that consist of silica and 
alumina. Since the discovery of synthetic zeolites in 1950s, they have been under 
intensive investigation because of their proven potential as adsorbents and 
catalysts in industrial processes.6,7 Zeolites are typically classified as solid acid 
catalysts, but there are also examples of zeolite catalysts with basic or metallic 
sites.

Figure 1.1 The composite building units and topology of zeolite a) CHA (viewed along [001]) 
and b) MFI (viewed along [010]). Reproduced from the International Zeolite Association (IZA) 
database of zeolite structures.8

Depending on the structure of the zeolite, it possesses an ordered microporous 
structure of channels that may be interconnected and present in one, two or 
three dimensions.2 The primary building units of zeolites are the tetrahedral 
silica [SiO4] and tetrahedral alumina [AlO4]- with a negative charge. By sharing 
the corner oxygens in the tetrahedron, the primary building units are connected 
into Secondary Building Units (SBUs) and further into rings and cages, finally 
forming a ‘continuous’ zeolite framework.2 The structure of a zeolite framework 
depends on the types and the tilling arrangements of the building units, resulting 
in small, medium, and large pore zeolites. Figure 1.1 shows the topology and 
the composite building units of two industrially important zeolites, CHA and 
MFI.8 The small pore CHA topology with equally-sized micropores in three-
dimensions is assembled by layered stacking of the cha cages in the c-direction of 
the rhombic unit cell, forming double-6-membered ring units (d6r) between cha 
layers. The widest openings are the 8-Membered Rings (MR) in the hexagonal 
cha cage, which are accessible for molecules with kinetic diameters smaller than 
approximately 3.7 Å.8 The structure of the medium pore zeolite with the MFI 
topology is much more complicated than the CHA topology. The SBUs of mor, 
cas, mfi and mel make up the three-dimensional MFI framework structure with 
orthorhombic symmetry having two zigzag channels (along [100] and [001]) and 
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one straight channel (along [010]) that are all intersecting. All channels have 10 
MR openings with the maximum diffusional diameter of 4.7 Å. Diffusion along 
the [001] direction is achieved by movement between these zigzag and straight 
channels.9

With the incorporation of an [AlO4]- unit replacing a [SiO4] unit, the zeolite 
framework gets a local negative charge. Therefore, cations are needed to 
balance the charged zeolite framework. When a proton is the charge-balancing 
cation, the zeolite can act as a solid acid because of its ability to provide free 
H+, also known as a Brønsted acid site. The nature of the strong acidity of 
proton-exchanged zeolites makes them commercially significant catalysts, for 
example, zeolite Y has been applied as a catalytic isomerization and cracking 
catalyst since around 1960.2,7 Another successful industrial implementation of 
a proton-exchanged zeolite is the application of zeolite ZSM-5 in the Methanol-
to-Hydrocarbons (MTH) process, where the Brønsted acid sites stabilize the 
surface methoxy species for C-C coupling.10 The catalytic application of zeolites 
is broadened owing to their ability to ion-exchange. The charge-balanced sites 
in the zeolites can host various types of metal cations. In the case of zeolites 
ion-exchanged with transition metals, a redox center of Cu2+or Fe2+/3+ could be 
integrated, and these have been used for the partial oxidation of methane and 
Ammonia Selective Catalytic Reduction (NH3-SCR) reaction.11,12 Alternatively, the 
zeolites can also function as a support for highly dispersed metal nanoparticles, 
and simultaneously provide a Brønsted acidic function. In this scenario, the 
metal supported zeolites act as bifunctional catalysts in that both supported 
metal and Brønsted acid contribute to the reaction. For instance, in the 
hydroisomerization of alkanes over Pt/zeolites, hydrogenation takes place on 
Pt nanoparticles while isomerization occurs on Brønsted acid sites.13

1.2  Cu-exchanged Zeolites for Ammonia Selective Catalytic 
Reduction of NOx

1.2.1  Ammonia Selective Catalytic Reduction of NOx

NOx (NO, NO2) emissions are strictly regulated worldwide due to their adverse 
impacts on the environment and human health. It is inevitable to generate NOx 
from diesel combustion at high temperatures such as in an internal combustion 
engine. Besides the Lean NOx Trap (LNT) technique, the other widely applied 
efficient treatment of automotive NOx emissions is the SCR reaction using NH3 
as an external reducing agent. Three reactions are most relevant for NH3-SCR, 
namely: fast SCR reaction (Eq. 1.1), standard SCR reaction (Eq. 1.2) and slow 
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SCR reaction (Eq. 1.3), while the ratios between these reactions depend on the 
real-time gas compositions generated in the engine.14 The reduction rate of the 
equimolar NO/NO2 (fast SCR), NO (standard SCR) and NO2 (slow SCR) by NH3 
under lean-burn condition follows the order of rNO/NO2 >> rNO > rNO2.15 The standard 
SCR reaction is the most prevalent reaction under real-world operational 
conditions because the automotive exhaust NOx contains more than 90% NO.16 
The addition of NO2 into the NH3-standard SCR reaction system accelerates the 
reaction rate by following the fast SCR reaction. If the amount of NO2 exceeds 
NO, the slow SCR reaction is also likely to take place.

4NH3 +2NO+2NO2 → 4N2 +6H2O   (Eq. 1.1)
4NH3 +4NO+O2 → 4N2 +6H2O   (Eq. 1.2)
8NH3 +6NO2 → 7N2 +12H2O   (Eq. 1.3)

The abatement of NOx is accomplished by one of the catalytic converters in the 
automotive emission control system, which is placed after the engine. Typically, 
the commercial automotive emission control system consists of a precious metal-
based Diesel Oxidation Catalyst (DOC) to oxidize the CO or hydrocarbons from 
incomplete combustion, a Diesel Particulate Filter (DPF) wherein fine particles 
are trapped and a NH3-SCR reaction unit including an Ammonia Slip Catalyst 
(ASC) (Figure 1.2).17,18 NH3 comes from the hydrolysis of urea, which is supplied 
by an external source. Therefore, the NH3-SCR unit is rather complex because 
besides the NH3-SCR reaction module using Cu-exchanged zeolites as catalysts, 
a urea injection system and a number of gas sensors are needed to regulate the 
appropriate amount of NH3 for the constantly changing NOx concentrations.12,19 
Finally, the ASC is employed to prevent the emission of excess NH3 through the 
selective oxidation of NH3 to N2.

Figure 1.2 Schematic of key components in an automotive emission control system.18 Copyright 
2018 Royal Society of Chemistry.

1



12

Chapter 1

The operational temperatures of NH3-SCR are over a wide range, from 
low temperature (~150 °C) during vehicle cold start to high temperatures 
(occasionally up to 650 °C) at heavy loads. High temperatures may also 
occur when the NH3-SCR unit is placed downstream of a DPF module which 
periodically regenerates.20,21 Generally, the operational temperature of the 
diesel engine is in range of 150-500 °C. In practice, the vanadium-based oxide 
catalyst that is commercially used in stationary NOx reduction is not suitable 
for diesel engine NOx reduction systems, mainly due to its low efficiency at low 
operational temperatures and its high activity to unwanted SO2 oxidation, that 
eventually leads to corrosion.22  Furthermore, combustion gasses always contain 
water vapor which creates a hydrothermal environment for an operational NH3-
SCR unit. Therefore, suitable catalysts implemented in an automotive exhaust 
system need to be hydrothermally stable and active over a wide temperature 
range. In 1977, the Cu-containing zeolite Y was noted to be particularly active 
for low-temperature SCR, motivating the exploration of Cu-exchanged zeolites 
such as Cu-ZSM-5 and Cu-Beta for the NH3-SCR reaction.14 The most recent and 
promising approach was disclosed in a US patent over a decade ago. In this case, 
a Cu-exchanged zeolite with the CHA topology showed high performance and 
stability for the removal of NO. But the hydrothermal stability and the low-
temperature NH3-SCR activity needed to be further improved to match the long-
life cycle of a vehicle.

1.2.2 Cu2+ as Active Species in Cu-exchanged Zeolites
According to a general understanding of the zeolite structure, the cations balance 
the negatively charged Si-O--Al units in a zeolite framework, and can be replaced 
by ion-exchange with different cations. From the ion-exchange procedure, Cu2+ 
can be hosted in the zeolites in the form of bare Cu2+ or [CuOH]+, which is in the 
proximity of paired Al or isolated Al, respectively. Therefore, the distribution 
of Al pairs determines the location of bare Cu2+, which is greatly affected by Si/
Al ratio and Cu loading in the zeolites. Figure 1.3 shows the possible positions of 
bare Cu2+ in CHA and MFI zeolites, showing that the paired Al only appears in 
the small rings.18,23 It has been reported that with a lower ion-exchange level, the 
less reducible bare Cu2+ primarily locates in the 6MR, while the [CuOH]+ favors 
the 8MR with an increasing Cu loading in zeolite CHA.24,25 This is supported 
by the Rietveld refinement of the synchrotron-based XRD diffractogram of the 
dehydrated Cu-SSZ-13 (Si/Al=15.5, Cu/Al=0.45).26 The dehydration of Cu-SSZ-13 (Si/
Al=12, Cu/Al=0.44) under O2 increases the population of tri-coordinated [CuOH]+ 
sitting in the 8MR.25 In Cu-ZSM-5, there are more possible sites to anchor bare 
Cu2+ and [CuOH]+ due to the more complex structure. Bare Cu2+ could be found in 



13

Introduction

the 5MR or 6MR as indicated in a combined Electron Paramagnetic Resonance 
(EPR) and Density Functional Theory (DFT) simulation study.27 It suggested the 
presence of square-pyramidal Cu2+ in the 5MR; and in the 6MR, three-fold, five-
fold and square planar Cu2+ are possible coordination structures.

Figure 1.3 Possible location of Cu2+ and/or [CuOH]+ in zeolites with a) CHA and b) MFI framework 
topology.18,23 Copyright a) 2018 Royal Society of Chemistry and b) 2013 American Chemical 
Society.

It is noted that the speciation and location of Cu2+ can be changed in zeolites by 
alternating process conditions. The singly charged [CuOH]+ commonly exists 
in Cu-exchanged zeolites especially with dominant isolated Al when Si/Al ratio 
is high. This is confirmed by the OH stretching (~3660 cm-1) and the perturbed 
framework T-O-T vibration in Diffuse Reflectance Infrared Fourier-Transform 
Spectroscopy (DRIFTS).28,29 The redox-active [CuOH]+ can experience auto-
reduction of Cu2+ during dehydration under vacuum or in inert gas flow, which 
was observed in a variety of Cu-exchanged zeolites, such as MFI, MOR, BEA, CHA 
and FAU.30 It is proposed that two [CuOH]+ ions are involved, resulting in a Cu+ 
pair or isolated Cu+ with the loss of oxygen and H2O according to Eq. 1.4 and 1.5.31 
The auto-reduction has recently been observed even in an oxidative atmosphere 
above 400 °C in Cu-SSZ-13. The reduction of Cu2+ to Cu+ was accompanied by 
the migration of Cu species from an 8MR to 6MR, suggested by an in-situ time-
resolved Powder X-Ray Diffraction (PXRD) experiment and a combined PXRD/X-
ray Absorption Near-Edge Structure (XANES) experiment.32,33

2 [CuOH]+ = [Cu–O–Cu]2+ +H2O = [Cu–⬚–Cu]2+ + 0.5 O2 + H2O (Eq. 1.4)
2 [CuOH]+ =Cu+ + Cu2+O- + H2O     (Eq. 1.5)

1
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In an oxidative environment, a Cu dimer with bridged oxygen ([Cu2O]2+) was 
observed in N2O or O2 activated Cu-ZSM-5, giving a typical O2-→Cu2+ charge 
transfer band in the UV-Visible (UV-Vis) Diffuse Reflectance Spectrum (DRS) 
located at ~22,700 cm-1.34,35 A subsequent study revealed the detailed structure of 
the possible Cu-dimers in Cu-ZSM-5 with resonance Raman (rR) spectroscopy.36 
An additional charge transfer band at ~29,000 cm-1 was observed in a Cu-ZSM-
5 with a higher Cu loading. It was defined as a side-on bridged µ-(η2-η2) peroxo 
dicopper core, [Cu2(O2)]2+, characterized by 18O2 isotope sensitive and insensitive 
vibrations in rR spectroscopy. Similarly, Cu dimers with subtle structural 
differences can also be formed in the 8MR in Cu-SSZ-13 after O2 activation, and 
their structures have been experimentally determined and optimized by ab 
initio simulations.37

1.2.3 Reaction Mechanisms and Deactivation
The reaction mechanism of the standard NH3-SCR reaction is rather complicated 
over Cu-exchanged zeolites, not only because of the diversity of N-containing 
intermediates, but also the variation of Cu species and their corresponding 
reaction dynamics depending on reaction conditions. Micro-kinetic modeling 
of the NH3-SCR reaction reinforces its complexity by the number of elementary 
steps observed.38–40 Although reaction mechanisms have been globally proposed, 
normally with extensive reaction networks there are still debates on the 
structure of the Cu active center, the rate-determining step, the elementary steps 
in the Cu+→Cu2+ oxidation half-cycle and the role of Brønsted sites. The favored 
reaction pathways could vary on different catalysts, but it is generally accepted 
that low- and high-temperature NH3-SCR do not follow the same reaction 
pathways and a redox cycle is involved in NH3-SCR regardless of temperature.

Cu-exchanged zeolite CHA (Cu-CHA) is a model system for the study of the 
NH3-SCR reaction mechanism due to its less complex framework structure 
compared to Cu-exchanged zeolite MFI (Cu-MFI). The following description of 
NH3-SCR mechanisms and deactivation has been mostly acquired from studies 
of Cu-CHA, but the similar chemical nature of Cu+/Cu2+ isomers or dimers in 
Cu-exchanged zeolites makes the conclusion broadly valid for Cu-exchanged 
zeolites with different framework structures.

1.2.3.1 The Low- and High-Temperature Operational Windows
The structures of Cu sites in the Cu-exchanged zeolites are highly dependent on 
process conditions, such as the gaseous atmosphere and reaction temperature. 
Therefore, it is conceivable that the low- and high-temperature NH3-SCR could 
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follow different reaction mechanisms, because of the preferential Cu speciation 
and location. There is no clear demarcation line to separate the low- and high-
temperature reaction, but usually a reaction temperature lower than 300 °C is 
considered to be ‘low-temperature NH3-SCR’.

Figure 1.4 Phase diagrams for Cu speciation in the 6MR in Cu-CHA at 1Al site (left) and 2Al site 
(right) with varying temperature and partial pressure of O2 in 300 ppm NH3 and 2% H2O.41 The 
Gibbs formation energies ΔGform of various Cu species at 473 K and 10 % H2O are listed in the 
sidebar of each phase diagram. Copyright 2016 American Chemical Society.

Cu speciation has been studied computationally under NH3-SCR reaction 
conditions with varying reaction temperatures and O2 partial pressures.41 It 
shows that Cu+/Cu2+, balanced by isolated or paired Al, saturates with NH3 at 
473 K, and the NH3 starts to release with increasing temperature (Figure 1.4). 
With 5-10% O2, the complete removal of NH3 takes place at ~500 °C for both 
Cu species in 1Al site and 2Al site. The ammoniated Cu species is more stable 
at low temperature but framework-stabilized Cu+ or Cu2+ is preferred at high 
temperature. The variation of coordinated ligands on Cu+/Cu2+ at low and high 
reaction temperature is also experimentally shown by in-situ X-ray Absorption 
Spectroscopy (XAS).42,43 The mobile NH3-solvated Cu+ and Cu2+ ions are the 
dominant species up to 200 °C , while above 250 °C , the coordinated NH3 is 
replaced by framework oxygen. There is a discrepancy in the exact temperature 
of NH3 detachment between simulated and experimental results, but both give 
the same trends of temperature-dependent replacement of ligands.

1.2.3.2 The Cu2+/Cu+ Redox Cycle
The involvement of a Cu2+/Cu+ redox cycle in the NH3-SCR reaction has been 
confirmed because of the co-existence of Cu+ and Cu2+ during reaction revealed 
by operando or in-situ XAS studies.42 Two proposed reaction pathways are 

1
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shown in Figure 1.5, with an isolated Cu2+, either bare Cu2+ or [CuOH]+, as the 
active center.41,44 The proposed redox cycles maintain mass balance and charge 
balance, and only stable molecules are considered as NH3-SCR reactants and 
products. The reduction half-cycle is consistent in both proposed pathways. The 
Cu2+ monomer is reduced by NO and NH3 together. The NO-assisted dissociation 
of NH3 accounts for the Cu2+ reduction, because it is more energetically favorable 
than the NH3 activation of Cu2+ without NO.45,46 Reduction of Cu2+ by only NH3 is 
easier on the redox active [CuOH]+ sites than on Cu2+ as indicated by Figure 1.4, 
where [Cu(NH3)2]+ is dominant below 300 °C. The strong adsorption of NH3 on 
Cu+ ions causes a high energy barrier for its re-oxidation to Cu2+, which therefore 
has been considered as a rate-determining step in low-temperature NH3-SCR.47 

The weaker bonding of NO on Cu2+ makes it difficult to carry out the reduction 
half-cycle without coordinative NH3.41 Both NH3 and NO are indispensable for 
efficient proceeding of the reduction half-cycle.

Figure 1.5 Two proposed low-temperature Selective Catalytic Reduction (SCR) reaction redox 
cycles involving only an isolated Cu2+ monomer.41,44 Copyright a) 2015 American Chemical 
Society and b) 2016 American Chemical Society.

The oxidation half-cycle is proposed to be achieved by NO and O2 that forms 
NO2. It is stressed by Janssens et al. that the oxidation of a NO molecule by O2 to 
a bidentate ligand is the rate-determining step suggested by the calculated high 
activation energy (Figure 1.5a).44 A higher reaction temperature is beneficial 
to the formation of NO2, experimentally supporting the NO2-nitrate/nitrite 
routes.48 Consequently, surface nitrates/nitrites are formed and nitrates are the 
most commonly observed surface species from Fourier-Transform Infrared (FT-
IR) spectroscopy.49–51 However, it is also proposed that the co-adsorption of NO2 
and NH3 on the same Cu2+ site is possible, followed by the surface reaction and 
desorption of N2 (Figure 1.5b).41 Low reaction free energy was also found on the 
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NO2-adsorbed Cu2+ site with a neighboring NH3-adsorbed Brønsted acid site.45 In 
this scenario, the Brønsted acid site is regarded as a key intermediate because 
it is formed accompanied by the reduction of bare Cu2+ and is subsequently 
consumed by the reaction with surface NO2. 

Figure 1.6 a) The proposed oxidation half-cycle and b) simulated energy of O2 adsorption and 
oxidation of two [Cu(NH3)2]+ ions (left) of the proposed redox cycle (right) in low-temperature 
Selective Catalytic Reduction (SCR) reaction redox cycles involving a Cu dimer.53,54 Copyright 
a) 2017 American Chemical Society and b) 2017 American Association for the Advancement of 
Science.

The structure of the active center of NH3-SCR can be re-considered based on 
a kinetic study over a series of Cu-SSZ-13 zeolites with varying amounts of 
isolated Cu2+.52 The NH3-SCR reaction was performed under kinetic control and 
temperature-dependent kinetic behavior was indicated in the Cu-SSZ-13 with 
low Cu loading (<0.2 wt.%). A following study of NH3-SCR on Cu-SSZ-13 (Si/Al=12, 
Cu/Al=0.13) clearly demonstrates an unusual catalytic behavior, where a ‘dip’ of 
NO conversion was found between 250-350 °C.53 A linear rate versus square of 
Cu loading is shown in the low-temperature NH3-SCR (<250 °C).52,53 Therefore, it 
is inferred from the function of (Cu/Al)2 and reaction rate that the completion of 
the Cu2+ redox cycle requires the involvement of a Cu dimer in low-temperature 
NH3-SCR. A Cu dimer intermediate in the structure of [Cu(NH3)2]+-O2-[Cu(NH3)2]+ 
was proposed, which is also suggested as the rate-determining step of the low-
temperature NH3-SCR over Cu-exchanged zeolites with low Cu loading.53 The 
oxidation of Cu+ to Cu2+ in this case also requires the participation of NO to form 
[Cu(NH3)2]2+-O-[Cu(NH3)2]2+, which is accompanied by the release of NO2 (Figure 

1
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1.6a). In contrast, another simulation shows that the oxidation of Cu+ can be 
achieved only by O2, where two [Cu(NH3)2]+ ions associate with a molecule of O2 
followed by the rearrangement and dissociation of O2 across two Cu+ centers 
(Figure 1.6b).54 Eventually the [Cu(NH3)2]2+-O2-[Cu(NH3)2]2+ is formed and is ready 
for the subsequent reaction with NO and NH3. The formation of a Cu dimer 
[Cu2(NH3)4O2]2+ with a side-on µ-η2, η2-peroxo diamino dicopper(II) structure in 
Cu-SSZ-13 (Si/Al=15, 2.6 wt% Cu) during low-temperature NH3-SCR has also been 
identified by the detailed analysis of Extended X-ray Absorption Fine Structure 
(EXAFS) data.55

There is no agreement of the exact active center of the NH3-SCR reaction in Cu-
exchanged zeolites. Both a Cu monomer and a Cu dimer structure have been 
experimentally and computationally demonstrated.41,44,53,54 The disagreement 
from different studies stems from the variation of the studied Cu-exchanged 
zeolites in that the zeolite framework topology, Si/Al ratio, Cu loading, Cu 
speciation and location can result in different conclusions. However, the 
consensus of the involvement of a Cu2+ redox cycle has been generally settled, 
i.e., the reduction of Cu2+ to Cu+ with NH3 and NO, which is then re-oxidized 
into Cu2+, and both the reduction and oxidation half-cycles generate the desired 
product N2.

1.2.3.3 The Mobility of Cu+/Cu2+ complexes
The redox-driven migration of Cu+/Cu2+ ions has been reported during the 
catalytic activation step as well as under the NH3-SCR reaction conditions.32 
As mentioned above, Cu2+ preferentially locates in the 6MR in CHA, while 
the monovalent species [CuOH]+ is more prevalent in the 8MR. After the O2 
activation process, the 8MR occupancy of [CuOH]+ decreases, accompanied by 
an increasing population of Cu2+ in the 6MR, indicating the migration of Cu2+ 
from 8MR to 6MR during reduction. In the subsequent NH3-SCR reaction, the 
local dynamics of Cu+/Cu2+ ions are significantly enhanced, especially with the 
formation of highly mobile Cu+ from the interaction of NO and NH3 on Cu2+, 
releasing the Cu center from the zeolite framework.56 The higher mobility of 
Cu+ is claimed for the weaker interaction and lower coordinative level with 
framework oxygen compared to Cu2+.57,58 The Cu+/Cu2+ ion occupancy of the 6MR 
considerably exceeds the 8MR occupancy in Cu-SSZ-13 at a reaction temperature 
of 200 °C as revealed by the Rietveld refinement of PXRD data under reaction 
conditions, pointing to the correlation of NH3-SCR activity and the population 
of Cu+/Cu2+ ions in the 6MR.33
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Figure 1.7 Free energy profile as a function of Cu-Al distance. The simulated [Cu(NH3)2]+ 
diffusion from a cha cage with the charge-compensating Al (atom in green) to the adjacent cha 
cage without Al at 200 °C.54 Labels are reactant state (1) [Cu(NH3)2]+ at the same cage as Al, (2) 
[Cu(NH3)2]+ diffusion through the 8MR and (3) [Cu(NH3)2]+ arrival in the adjacent cage. Copyright 
2017 American Association for the Advancement of Science.

Moreover, the ammoniated Cu+/Cu2+ ions are mobile in the low-temperature NH3-
SCR reaction. The mobility of Cu+/Cu2+ ions with a series of possible coordinating 
ligands (e.g., NH3, NO, NO2 NO2

-and NO3
-) under realistic operating conditions 

of the NH3-SCR reaction was investigated by Ab Initio Molecular Dynamics 
(AIMD) simulations.59 It is found that only NH3 can solvate the Cu+/Cu2+ and 
drive the migration of [Cu(NH3)2]+ and [Cu(NH3)4]2+ from the plane of the 6MR 
to the direction of the 8MR in Cu-SSZ-13. This was experimentally proven by 
the vibrational fingerprint of a perturbed framework vibration in the FT-IR 
spectrum. The above-mentioned hypothesis based on the formation of a Cu2+ 
dimer requires the migration of [Cu(NH3)2]+, whose diffusion was pioneeringly 
simulated by Paolucci et al. (Figure 1.7).54 The starting position of [Cu(NH3)2]+ 
has the lowest free energy at a Cu-Al distance of 4.7 Å in a charge-balanced 
position. The Cu-Al distance reaches 8 Å as the [Cu(NH3)2]+ moves across the 8MR 
towards the adjacent cages. The free energy then decreases once the [Cu(NH3)2]+ 
enters the adjacent cha cage. The [Cu(NH3)2]+ cannot diffuse further than 4.3 
Å in this model, which is constrained by electrostatic tethering to the charge-
balancing Al site close to the starting position. The mobility of NH3-solvated 
Cu+ ions increases the chance of the encounter of two [Cu(NH3)2]+ complexes 
for the sequent formation of a transient Cu-dimer. This restrained mobility of 
[Cu(NH3)2]+ does not entirely fit the conventional understanding of homogeneous 
and heterogeneous catalysts with mobile and immobile active sites, respectively. 
Instead, a quasi-homogeneous reaction environment presents in NH3-SCR 
reaction considering the movement of Cu active centers.53

1
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1.2.3.4 The Role of the Brønsted Acid Site
In Cu-exchanged zeolites, Brønsted acidity exists when it is not fully exchanged 
with Cu2+. The study of the reaction mechanism over the Cu-exchanged zeolites 
has been based on the vanadium oxide-based catalyst for the NH3-SCR reaction. 
It provokes an argument about the importance and functions of Brønsted 
acid sites since an acid cycle is proposed to be included in vanadia/titania, a 
conventional NH3-SCR catalyst.60 But in the Cu-exchanged zeolites, it is still 
under debate whether the Brønsted acid is a reaction intermediate.

It has been reported that zeolite Cu-SSZ-13 with the lowest Brønsted acidity 
had the highest NH3-SCR activity in a series of Cu-SSZ-13 zeolites, indicating a 
necessary role of the Cu2+ redox cycle but not the Brønsted acid site.61 But in the 
same study, it was pointed out that the reaction rate of NH3-SCR appeared to 
increase with decreasing Si/Al ratio, suggesting the promotion effect of Brønsted 
acid sites. An apparent zero-order dependency on the Brønsted acid sites has 
been determined on Cu-SSZ-13, indicating that either the Brønsted acid site does 
not participate in NH3-SCR or that the NH4

+ is excessively provided.62,63 Therefore, 
the benefit of a Brønsted acid site to the NH3-SCR reaction rate can be assigned 
to increasing the exponential factor.

The function of the Brønsted acid site can be rationalized by the observed 
formation of an ammonium nitrate intermediate by FT-IR spectroscopy. The 
Brønsted acid site turns into NH4

+ when NH3 is adsorbed. If there is a proximal 
surface NO2

- on Cu2+, the formed NH4NO2 is unstable and decomposes to N2 
and H2O.49 Alternatively, the close coupling of NH4

+ with a Cu site promotes the 
formation of Cu2+-NO2/NH4

+ that also further decomposes to N2 and H2O.45,56 
Although NH4NO3 can also be formed in the oxidative atmosphere of NO/O2, the 
conversion of nitrate to nitrite is possible through Eq. 1.6. The nitrite-nitrate 
equilibrium regulates the product selectivity if there is no side reaction because 
the decomposition of NH3NO4 produces N2O at temperatures higher than 200 °C.

NO3
- + NO ⇌ NO2

- + NO2   Eq. 1.6

However, NH4
+ has a slower consumption rate than the NH3 adsorbed on  

Cu+/Cu2+ according to the diminishing of their IR absorption bands, meanwhile, 
the time-resolved DRIFT spectra of NO+O2+ND3/ND3 modulation experiment 
clearly indicates that NH4

+ is more kinetically significant at non-steady state 
than at steady state at a low reaction temperature.64 Therefore, the Brønsted 
acid sites might function as an NH3 reservoir, increasing the local concentration 
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of NH3.49,61,64 Another recent in situ FT-IR study shows that the NH3
 adsorbed 

on a Brønsted acid site can migrate to the proximal Cu2+ site to participate 
the reduction half-cycle, proving that the Brønsted acid sites serve as an NH3 
reservoir.65

Higher Brønsted acid density can increase the NH3-SCR reaction rate. It is 
difficult to determine whether NH4

+ is a spectator or a reaction intermediate 
from an in situ/operando FT-IR study. Summarizing from the above-mentioned 
studies, the Brønsted sites facilitate the NH3-SCR reaction, acting as an NH3 
reservoir that is not involved in the Cu2+ redox cycle; and the formation of 
NH4NO2/NH4NO3 during reaction cannot be excluded.

1.2.3.5 Catalyst Deactivation
In general, the deactivation of a zeolite catalyst can be attributed to the following 
causes: fouling, poisoning, thermal degradation (sintering), leaching of active 
sites, vapor-solid/solid-solid reaction and attrition.66,67 Except for attrition, the 
mechanical loss of catalyst materials, the rest of the deactivation mechanisms 
are related to the blockage or loss of the accessible active sites. Fouling is 
commonly observed where the micropores in the zeolites are filled with 
inactive byproducts, hindering the diffusion of reactants/products. Solid-solid 
reactions occur when a zeolite loses its crystallinity, forming an amorphous 
phase.68 Poisoning and thermal degradation occur on metal-containing zeolites. 
Metal can have very strong adsorption with impurities in real-world reaction 
process, occupying the adsorption sites for reactants and at the same time 
tuning the electronic properties of the surface. At a high reaction temperature, 
any structural change of the zeolite support or the metal nanoparticles brings 
about a weaker metal-support interaction and therefore sintering of dispersed 
active sites.

In the case of Cu-exchanged zeolites for the NH3-SCR reaction, two main types 
of deactivation pathways are likely to happen under tailpipe conditions, i.e., 
sulfur poisoning and hydrothermal degradation. Sub-ppm SOx levels from 
the engine exhaust originates from the combustion of ultra-low sulfur diesel 
fuel, which turns into SO3/H2SO4 via SO2 oxidation before reaching the NH3-
SCR unit in an automotive emission control system.69 Surface sulfate, bisulfite 
and bisulfate can adsorb strongly on isolated Cu2+ sites, inhibiting the NH3-SCR 
reaction by poisoning the active center.70 Usually, sulfur poisoning has a more 
significant impact on the low-temperature NH3-SCR reaction, because the Cu-
exchanged zeolites can be regenerated by a periodic desulfation process at high 

1



22

Chapter 1

temperature under operational lean-burn conditions. The decomposition of 
ammonium sulfate needs a temperature of ~350 °C, while a higher temperature 
(>550 °C) is required for the removal of sulfate adsorbed on Cu2+.70,71

In contrast to the reversible sulfur poisoning, continuous hydrothermal 
aging causes permanent destruction of Cu-exchanged zeolites. The NH3-SCR 
catalysts are exposed to combustion product steam in the vehicle tailpipe. The 
zeolite framework can undergo hydrolysis at the Al-containing sites at high 
temperature, generating octahedral or tri-coordinated Al, that partially or 
completely detaches from the zeolite framework (dealumination).72,73 Although it 
has been claimed that part of the framework Al could be restored by lowering the 
temperature, the severe ongoing steam treatment eventually causes irreversible 
destruction of the zeolite framework by the formation of amorphous Al(OH)3.74 
The loss of framework Al also releases the charge balanced Cu2+ sites, resulting 
in the ultimate formation of CuxOy or CuAlxOy clusters/nanoparticles.75 Another 
proposed hydrothermal degradation mechanism is that the aggregation of the 
Cu induced the loss of framework Al in the zeolites upon mild hydrothermal 
aging.76 But, irrespective of the order, the interaction between Cu and framework 
Al is affected at hydrothermal conditions, eventually leading to the local 
degradation of zeolite framework and the formation of an NH3-SCR inactive Cu 
phases. Undesired side reactions, for example the unselective NH3 oxidation 
reaction, could then be promoted by the aggregation of Cu.

In practice, typical additives in the engine lubricating oil, such as phosphorous, 
calcium, magnesium and zinc, can also lead to catalyst deactivation in the 
NH3-SCR unit.77 The influence of inorganic additives on the NH3-SCR reaction 
was extensively performed on zeolite Cu-SSZ-13.78 It was found that compared 
to Zn and Ca, P causes a more severe suppression of NH3-SCR activity since it 
induces pore blockage by polyphosphates, aggregation of Cu active sites and the 
destruction of the zeolite framework as well.

The deactivation of Cu-exchanged zeolites is a slow process. Cyclic exposure to a 
hydrothermal atmosphere is the most detrimental to the Cu-zeolites, causing the 
irreversible destruction of the zeolite framework structure and the sintering of 
Cu2+ active centers. Potential poisoning from a low concentration of impurities 
and incomplete combustion of byproducts deteriorates the catalytic activity, 
although it could be recovered. The hydrothermal stability is still one of the 
main concerns when choosing suitable catalysts for the NH3-SCR unit as they 
should remain active over the vehicle lifetime.
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1.3  Advanced Techniques for Nanoscale Characterization on 
Solid Catalysts

Figure 1.8 Highest reported spatial resolution of various characterization techniques with 
spatial resolutions at the micron scale and below, compared to the length scales of zeolite 
features of interest. The abbreviations are as follows: APT, Atom Probe Tomography; CARS, 
Coherent Anti-stokes Raman Scattering; CFM, Confocal Fluorescence Microscopy; CRM, 
Confocal Raman Microscopy; EDT, Electron Diffraction Tomography; FIB-SEM, Focused Ion 
Beam Scanning Electron Microscopy; CFM-SEM, Correlative Fluorescence Microscopy and 
Scanning Electron Microscopy; HIM, Helium Ion Microscopy; IFM, Interference Microscopy; 
iLEM, integrated Laser and Electron Microscope; IRM, Infrared Microscopy; MRI, Magnetic 
Resonance Imaging; NanoSIMS, Nano Secondary Ion Mass Spectrometry; PTIR, Photothermal 
Induced Resonance; SHGM, Second-Harmonic Generation Microscopy; SMF, Single Molecule 
Fluorescence; SNIM, Scanning Near-field Infrared Microscopy; SNOM, IR-scattering Scanning 
Near-field Optical Microscopy; SRS, Stimulated Raman Scattering microscopy; STEM, 
Scanning Transmission Electron Microscopy; STM-TERS, Scanning Tunneling Microscope-
Tip Enhanced Raman Spectroscopy; STXM, Scanning Transmission X-ray Microscopy; TEM, 
Transmission Electron Microscopy; TERS, Tip Enhanced Raman Spectroscopy; 2PFM, two-
Photon Fluorescence Microscopy; UV/Vis-FM, UV/Vis-Fluorescence Microscopy; XRD-CT, 
X-ray Diffraction-Computed Tomography; XRM, X-ray Microscopy; μ-XAFS, microbeam X-ray 
Absorption Fine Structure spectroscopy; μ-XRD/AFM, microbeam X-ray Diffraction/Atomic Force 
Microscopy; μ-XRD/μ-XEOF, synchrotron micro-X-ray Diffraction/micro-X-ray Excited Optical 
Fluorescence. Adapted from ref 79.

Investigating solid catalysts at various length scales provides a more 
comprehensive picture of their composition-structure-property relationships. 
The most common techniques usually belong to one of the categories of 
electronic spectroscopy (e.g., UV-vis), vibrational spectroscopy (e.g., IR and 
Raman) as well as methods assisted with X-ray radiation (e.g., XRD and XAS).79 
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These methods carry chemical information from the bulk or surface of catalysts, 
and generally provide average information of the examined samples. 

However, in a real catalyst, a minority group of active sites might contribute 
the most to the activity or the deactivation. For example, in the methane partial 
oxidation reaction using Cu-exchange zeolites, CuO nanoparticles are commonly 
found in the Transmission Electron Microscopy (TEM) images, yet Cu clusters 
with low nuclearity are proposed to be responsible for methane activation.80,81 

Therefore, characterization techniques with high spatial resolution are 
required to obtain highly local chemical information. The pursuit of highly 
resolved spatial and temporal imaging meets the requisite of deep insight into 
the catalysts, with the ultimate purpose of understanding real catalysts at the 
atomic level. In Figure 1.8, an overview of characterization techniques along 
with their reported spatial resolutions and the estimated chemical information 
content is provided. There are only a few techniques capable of delivering sub 
100 nm resolution while also delivering a high chemical information content as 
indicated in yellow circle in the figure. Particularly, in this PhD Thesis, Scanning 
Transmission X-ray Microscopy (STXM), with high chemical information 
content, and Atom Probe Tomography (APT), with sub-nanometer resolution, 
are studied due to their potential to obtain highly spatially resolved chemical 
information about both Cu and Al in Cu-exchanged zeolites to extend the 
understanding of their composition-structure-property relationships.

1.3.1 Scanning Transmission X-ray Microscopy
The general idea of soft X-ray STXM is to combine the advantages of XAS 
and microscopy, to attain chemical maps with detailed local information at 
nanometer scale spatial resolution. The basic components of a STXM microscope 
are illustrated in Figure 1.9a. The synchrotron-based mono-energetic X-ray is 
focused by a Fresnel zone plate, which determines the spot size and thus the 
spatial resolution.82,83 The focused beam reaches the sample after blocking 
the unfocused zero order light by a so called Order Sorting Aperture (OSA). 
During the measurement, the sample plate is scanned pixel by pixel, while the 
transmitted photon flux is detected to make up a 2D image. This image is the 
Field of View (FOV) of the scanned area. Different energies across the absorption 
edge of a target element are measured, and as a result, a three-dimensional data 
set is obtained with the applied X-ray energy as the third dimension, yielding 
a full X-ray absorption spectrum in each pixel. But it is noted that, limited by 
the small sample volume of the specimen, the EXAFS is excluded because of 
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the insufficient signal-to-noise ratio, and XANES spectra are the source of local 
chemical information in the STXM measurements.

The utilization of soft X-rays decides the absorption edges that are allowed 
to be obtained. As shown in Figure 1.9b, the energy range of 200-2000 eV 
covers the K-edge (1s core) of light elements from C to P, L2,3-edge (2p core) 
of metallic elements from K to Sr, as well as the M4,5-edge (3d core) of rare-
earth elements,83 which includes most of the common elements contained in 
heterogeneous catalysts such as O, Al, Si, and P in the support and Mn, Fe, Co, 
and Ni in the active phase. The K-edge XANES describes the Density of States 
(DOS) of completely or partially unfilled electronic states by electron excitation 
with an X-ray photon from the 1s core to the final state, usually referring to 
the antibonding molecular orbital for ligand X-ray absorption and the p orbital 
for metal X-ray absorption.84 The L-edge XANES is more complicated mainly 
because of the large overlap of p and d orbitals that causes a multiplet effect, 
and also because of the covalence with ligands (metal-ligand interaction) in the 
final state.85,86 Therefore, for both K- and L-edge, the shape and position of the 
adsorption edge delivers abundant information including valance state and 
coordination environment (e.g., symmetry and coordination number) of the 
measured element.

Figure 1.9 a) Schematic of the Scanning Transmission X-ray Microscopy (STXM) experiment. b) 
The binding energies of K, L3, M3 and M5 edges in the range of soft X-ray (bottom) and the X-ray 
energy range of STXM in NSLS X1A1, BESSY U41, SLS Pollux, CLS 10ID-1 and ALS 11.0.2.83 Copyright 
2010 Wiley-VCH.

The wide range of available elements for a STXM measurement ensures its broad 
applicability for solid catalyst characterization. Challenges in the application 
of STXM on heterogeneous catalysts come from the soft X-ray attenuation upon 
interacting with matter.87 On one hand, sample thickness is usually in (sub)

1
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micron range to avoid either too few counts remaining after transmission due 
to absorption or insufficient reduction of the incident beam intensity leading to a 
low signal. On the other hand, the path length of the X-ray should be minimized 
when designing the in-situ cell because substrates such as gas/liquid phases 
reduce transmitted X-ray intensity. A nanoreactor with a total path length of 
50 µm designed for in-situ TEM was successfully adapted as an in-situ STXM 
nanoreactor in an experiment on an iron based Fischer–Tropsch Synthesis 
(FTS) catalyst under working conditions, with a spatial resolution of 35 nm.88,89 
Fe L-edge and O K-edge XANES were employed to track the transformation of 
the active phase, revealing the reduction of α-Fe2O3 and the formation of Fe2SiO4 
during the pretreatment and reaction. While the C K-edge verified the existence 
of iron carbide in Fe-rich region as well as the FTS products in the area with 
less Fe. Moreover, the observation of carboxylic species in the Fe-deficient 
area implied the potential role of SiO2 support in the spillover of (hydro)carbon 
species, which could only be observed in a specific area within the FOV. The 
beauty of STXM comes from the spatially resolved information that it provides 
a map of the local chemical environments (oxidation state and coordination) of 
measured elements. This allows heterogeneity, minor features, and the interplay 
between species to be discovered in an intuitive and straightforward way. For 
a study of AlPO4 binder formation in zeolites, the types and locations of AlPO4 
islands were revealed by clearly chemical mapping of Al and P in an in-situ 
STXM measurement.90 The crystalline AlPO4 located on the external surface 
of zeolite mordenite grew from the amorphous AlPO4, whilst in the zeolite 
interior, AlPO4 phase was more amorphous. Another example is using STXM 
to study the C K-edge of the hydrocarbon product from the Methanol-to-Olefins 
(MTO) reaction. Here, bulkier hydrocarbon formation was visualized in the 
outer rim of the zeolite crystal through the feeble feature of a C 1s → C=C σ* 
transition.91 The above-mentioned examples demonstrate the power of STXM 
to study heterogeneous catalysis. The observed heterogeneity within catalysts 
particles provides additional local chemical information at nanometer scale 
of the catalyst, deepening the understanding of intrinsic structural features of 
catalysts.

1.3.2  Atom Probe Tomography
Further developments in nanoscience have led to advanced characterization 
techniques that achieve true nanometer resolution. APT is a 3-D microscopy that 
gives the location and speciation of atoms in the examined specimen, and further 
pushes the boundary of the resolution to the atomic level. APT was developed 
from Field-Ion Microscopy (FIM) which successfully imaged He+ atoms for the 
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first time in October 1955 by Müller and Bahadur. By slowly applying a strong 
positive voltage on the needle-shaped tungsten tip to generate a sufficiently high 
electronic field of 30-50 V nm-1, the imaging gas atoms such He and Ne are field 
ionized to He+ or Ne+ above the surface atom, and then accelerate to a phosphor 
screen with an Earth potential at cryogenic temperature under ultrahigh 
vacuum chamber back-filled with 1×10-5 mBar He.92,93 A key development of this 
technology was the invention of Atom Probe Field Ion Microscopy (APFIM), 
a combination of FIM and a time-of-flight mass spectrometer, a decade after 
the field evaporation phenomenon was discovered.94 When the electric field 
employed on the microtip is high enough at cryogenic temperatures, the surface 
atoms from the specimen evaporate as ions, and the flight time to the detector, 
which is determined by the mass-to-charge ratio, is recorded for the chemical 
identification.95,96 Hence APFIM provides atomically resolved imaging with 
quantitative chemical analysis of elements and their isotopes. The prototype of 
APT dates back to the 1970s – the three-dimensional atom probe was invented by 
Panitz.96,97 All ions of a given specimen could be detected and recorded in a two 
dimensional area and the third dimension was reconstructed from the order of 
evaporation.98 At this point, the development of the atom probe technique was 
limited by the capability of detectors to simultaneously record the hit time and 
position of an individual ion in an evaporation event.

The modern APT instrument has been upgraded based on a position-sensitive 
atom probe, where a position-sensitive detector was adapted in the APFIM, 
mapping all detected atoms in two-dimensions.99 The revolution of the 
performance improvement of APT was the incorporation of the local electrode 
close to the apex of the needle-shape specimen to reduce the required voltage for 
field evaporation,100 as shown in Figure 1.10, illustrating the main components 
of the Local Electrode Atom Probe (LEAP), the most popular instrument for 
APT nowadays. The specimen is usually fabricated by Focused Ion Beam (FIB) 
milling, a common method for Scanning Electron Microscopy (SEM) sample 
preparation. For the APT measurement a laser pulse is applied to the needle-
shaped specimen to generate momentary heating of the microtip, which could 
trigger field evaporation even for poorly conductive materials. The ionized 
atoms then travel through the local electrode in the electric field towards the 
position sensitive detector that records the flight event of individual atoms 
including the time-of-flight for chemical identification and the x-/y-coordinates.96 
The third dimension comes from the destructed volume on top of the microtip, 
which is projected on the detector and requires reconstruction based on order 
of evaporation to determine the position of individual atoms in the specimen.

1
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Figure 1.10 Schematic of the local electrode atom probe.111 Copyright 2018 Wiley-VCH.

APT pushes the boundaries of spatial resolution to sub-nanometer length 
scales with chemical identity, thereby providing new insights with highly 
local elemental information. The early usage of APT was on metallic alloys, 
where the diffusional phase transformation, precipitation-nucleation in the 
solid-solid phase transformation, as well as phase separation and dislocation 
were extensively studied.93,101 The application of APT has now been extended 
to a wide range of research topics due to the advance of laser heating allowing 
the technique to be applied to nonconductive materials, for example, to study 
the organic-inorganic interfaces in biominerals102, isotopic fractionation and 
structure deformation in geological materials103, dopant distribution and grain 
boundary diffusion in semiconductor devices,104,105 and transition metal cation 
distribution in lithium-ion battery cathodes.106 Although APT studies have 
been successfully carried out on real-world catalysts such as core-shell Au@Ag 
nanoparticles and supported catalysts Au/MgO, it is still challenging to prepare 
APT specimens of catalysts that are in submicron powder form, especially 
porous nanomaterials because the high mechanical stress in the specimen 
near the apex can easily cause specimen fracture during APT measurement.93,107 
Nevertheless, it is still feasible to prepare APT needles from robust zeolite 
crystals, allowing to analyze spatial distribution of individual atoms and can 
be used to detect nanoscale chemical heterogeneities. With the assistance of 
APT, a probable Al-Al neighboring distance was determined in a zeolite ZSM-5 
single crystal, and the preferential location of Al clusters was unveiled in 
discrete patches or grain boundaries with relatively high Al density upon zeolite 
steaming.108 Coke formation in the MTH reaction was spatially correlated with 
Brønsted acid sites from the affinity between coke and Brønsted acidic Al or Si in 
zeolite ZSM-5 or zeotype SAPO-34, respectively.109,110 APT, the atomically resolved 
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microscopy, makes it possible to study the proximity of atoms and therefore 
the heterogeneity at the atomic scale, and local defects can now be discovered.

1.4  Scope and Outline of PhD Thesis
The work presented in this PhD Thesis is focused on the detailed characterization 
of Cu-exchanged zeolites with framework topologies CHA and MFI that are 
NH3-SCR catalysts. Fresh catalysts have experienced simulated tailpipe aging 
by hydrothermal treatment (650-850 °C steaming). Fresh and aged Cu-changed 
zeolites were studied by advanced ex-situ and in-situ/operando spectroscopy 
and microscopy, including STXM, APT, UV-Vis DRS and DRIFTS, all aiming 
to reveal the steaming-induced local structural changes that account for the 
catalyst deactivation during real world application of the NH3-SCR reaction.

In Chapter 2, STXM was employed on the fresh and aged zeolites Cu-CHA and 
Cu-MFI. The results provide detailed information of the local environment of 
the zeolite framework, formal oxidation state and geometric structure of Cu 
sites by Al K-edge and Cu L-edge XANES in two-dimensional maps with a 50×50 
nm2 resolution. The deactivation of Cu-exchanged zeolites is caused by multiple 
factors, including the degradation of zeolite framework and the degradation of 
the Cu phase. A spatial correlation between extra-framework Al and inactive Cu 
species was found near the surface of the individual zeolite particles. A weak, 
positive correlation between Cu+ and tri-coordinated Al3+ is also presented.

In Chapter 3, a correlated APT-STXM study was performed on the zeolite Cu-
SSZ-13 with a simulated 135,000-mile aging. APT, a single atom microscopic 
method, indicated local heterogeneity in the center of the zeolite crystal, which 
matches the spatially non-uniform portion of Al removal from the zeolite 
framework indicated by Al K-edge XANES from STXM measurement. The 
attempt to correlate the highly spatial resolved APT and STXM information for 
the characterization of the NH3-SCR catalyst zeolite Cu-SSZ-13 was successful, 
revealing the heterogeneous degradation of the zeolite framework at length 
scales from micrometers to tens of nanometers.

In Chapter 4, a series of fresh and steamed Cu-ZSM-5 zeolites were applied for 
the NH3-SCR reaction tests. An unusual catalytic behavior was observed in the 
steamed materials. It can be explained by the co-occurrence of an unselective 
NH3 oxidation reaction, which is commonly attributed to the aggregation of Cu. 
Operando UV-Vis DRS and operando DRIFTS were employed to gain insights into 
the reaction and deactivation mechanism from the aspects of both Cu structure 
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and reaction intermediates. The high coordination number on Cu2+ during 
the NH3-SCR reaction in fresh Cu-ZSM-5 contributed to its high NO conversion 
allowing a high surface coverage of nitrate intermediates. Pseudo-tetrahedral 
Cu2+ with coordinated NH3 was prevalent in the low-temperature region, which 
might account for the NH3 adsorption on the surface of [Cux(OH)2x-1]+ oligomers/
clusters. The slow reaction between surface nitric acid and adsorbed NH3 was 
ascribed for the low NH3-SCR activity on the steamed Cu-ZSM-5. Practical 
suggestions are postulated from the revealed reaction mechanism and catalyst 
deactivation pathways.

Overall, in this PhD Thesis, the deactivation of Cu-exchanged zeolites with 
CHA and MFI structures was studied. The main findings and conclusions of 
each Chapter are summarized in Chapter 5, ending with challenges and future 
perspectives for NH3-SCR catalyst development for lab-based research and 
industrial application.
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ABSTRACT

To gain nanoscale insights into the underlying mechanisms of catalyst durability 
for the Selective Catalytic Reduction (SCR) of NOx with ammonia as reductant, 
Scanning Transmission X-ray Microscopy (STXM) was employed to study Cu-
exchanged zeolites with the CHA and MFI framework structures before and 
after a simulated 135,000-mile aging procedure. X-ray Absorption Near-Edge 
Structure (XANES) measurements were performed at the Al K- and Cu L-edges 
using a spot size of 50×50 nm2. The local environment of framework Al, Cu 
oxidation state and geometric changes were analyzed, showing a multi-factor 
induced catalytic deactivation. In Cu-exchanged zeolite ZSM-5, a transformation 
of Cu2+ to Cu+ and CuxOy was observed as a result of the aging process. A spatial 
correlation between extra-framework Al and deactivated Cu species near the 
surface of the zeolite particle was also found. In addition, a weak, positive 
correlation between Cu+ and tri-coordinated Al was present. By inspecting both 
Al and Cu species within fresh and aged Cu-exchanged zeolites, it is concluded 
that the importance of the preservation of isolated Cu2+ sites trumps that of 
Brønsted acid sites for NH3-SCR activity.
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2.1. Introduction
Increased fuel efficiency in diesel vehicles results in the undesirable production 
of environmentally unwanted nitrogen oxides (NOx).1,2 The commonly employed 
solution in mobile vehicles is ammonia Selective Catalytic Reduction (NH3-SCR) 
of NOx over Cu-exchanged zeolite catalysts. This was first proposed in a landmark 
study in 1986 with Cu-exchanged zeolite ZSM-5 with the MFI framework 
structure, which showed high activity, but had insufficient lifetime under the 
harsh operational conditions of a real vehicle.3 To meet the actual requirements 
of a mobile tailpipe, SCR catalysts must maintain activity throughout a vehicle’s 
lifetime, while experiencing a wide range of temperatures between 150 and 550 
°C in the presence of steam as well as hydrocarbons and other poisons (e.g., 
sulfur).4,5 Another Cu-exchanged zeolite, SSZ-13 with the CHA framework, has 
recently been commercialized for diesel vehicle NH3-SCR as it provides the 
required catalytic performance and lifetime. Although it was only first disclosed 
in the mid-2000s, this material has already been the subject of numerous studies 
aiming at further improving its catalytic performance and lifetime.5

To understand the reasons for the high catalytic activity and lifetime of Cu-
exchanged zeolites in the NH3-SCR reaction, mechanistic insights about the 
catalytic reaction are needed, which is why the behavior of both the Cu sites 
and the role of the Brønsted acid sites are topics of extensive investigations.6 It 
is commonly agreed upon that the reaction pathway is conducted by the Cu2+/
Cu+ redox cycle under standard NH3-SCR conditions, where the oxidation of 
Cu+ is considered as the rate-determining step.7–9 As for Brønsted acid sites, it 
is proposed that they act as an NH3 reservoir for Cu sites, but are not involved 
in forming reactive species.10 Most of our understanding of Cu speciation and 
location, and acid properties that might affect the NH3-SCR reaction, originates 
from X-Ray Diffraction (XRD),11 X-ray Absorption Spectroscopy (XAS),8,11–

13 27Al Magic Angle Spinning solid-state Nuclear Magnetic Resonance (MAS 
ssNMR) spectroscopy,12 Fourier-Transform Infrared (FT-IR spectroscopy),13 
UV-Vis Diffuse Reflectance Spectroscopy (DRS) 14 and Electron Paramagnetic 
Resonance (EPR)15. These studies of Al and/or Cu properties have led to a more 
complete picture of sites contributing to NOx reduction, which gives insight into 
the catalytic mechanism to guide rational catalyst design. However, to further 
extend the boundaries of our understanding of NH3-SCR deactivation, spatially 
resolved chemical studies at resolutions below 100 nm, that is, significantly 
smaller than the size of most single catalyst particles, are required, which allow 
studying the behavior and correlation between species within one catalyst 
particle in an intuitive way.
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So far, only a few techniques could deliver the necessary sub-100 nm spatial 
resolution and high chemical information content.16 An Atom Probe Tomography 
(APT) study of Cu-exchanged zeolites probed the Al and Cu clustering after aging 
with single atom sensitivity.17 For the sake of a comprehensive study of local 
chemical information, Scanning Transmission X-ray Microscopy (STXM) in 
combination with X-ray Absorption Near-Edge Structure (XANES) spectroscopy 
routinely allows chemical imaging at sub-100 nm spatial resolution, making it 
a powerful technique to study heterogeneous catalysts in a spatially resolved 
manner.18 From a STXM measurement a stack of images is obtained that can 
be regarded as a three-dimensional data volume. The x axis and y axis make 
up the Field of View (FOV) of the scanned area, while the z axis represents the 
scanned energy. Therefore, each scanned pixel contains an X-ray absorption 
spectrum, that is here, more specifically, one XANES spectrum. The power of 
X-ray chemical imaging lies in the abundant chemical information of detailed 
local environments revealed in a specific FOV, which enables exploitation of the 
local relationship between different species.

To reinforce previous studies on Cu-exchanged zeolites as automotive emissions 
catalysts from our group,17,19 in this Chapter, we report the use of STXM to study 
the local chemical environment and distribution of Al and Cu in two distinct 
NH3-SCR catalysts, namely zeolites Cu-SSZ-13 and Cu-ZSM-5. Both fresh and aged 
(135,000-mile simulation20) versions of each catalyst material with similar Si/Al 
ratios and Cu loadings were studied. By comparing the chemical properties of 
fresh and aged counterparts, the dramatic decrease of NH3-SCR performance 
in the most deactivated Cu-exchanged zeolite particles could be attributed to 
the distortion and aggregation of isolated Cu2+ expedited by the formation of 
extra-framework Al species, as revealed by the heterogeneity in the recorded 
Al and Cu distribution maps. This finding is complemented with conventional 
characterization methods, including XRD, FT-IR spectroscopy with NO as probe 
molecule and ammonia Temperature-Programmed Desorption (NH3-TPD). 
The evolution of both Al and Cu species in Cu-exchanged zeolites caused by 
the aging procedure is discussed and the general properties of the deactivated 
NH3-SCR catalysts are pictured in detail. Due to the spatially resolved nature of 
the STXM data, it was feasible to explore the chemical properties of Al and Cu 
in different regions within the examined catalyst particle and make statements 
on the differences between the performances of fresh and aged zeolites Cu-SSZ-
13 and Cu-ZSM-5.
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2.2. Experimental Section

2.2.1 Catalyst Preparation
Zeolite SSZ-13 was prepared by combining 25.3 g of 25 wt% solution of a N,N,N-
trimethyl-1-adamantammonium (Sachem) with 10 g of a 1 M NaOH solution and 
10 g of zeolite Y (Zeolyst, CBV720), and then water was added to bring the total 
mass to 70 g. The mixture was homogenized using magnetic stirring, and then 
divided into several 23 mL Parr autoclaves reactors, placed in an oven at 160 °C 
and allowed to react for 4 days while rotating. The product was recovered using 
centrifugation and washed with copious amounts of water and dried in an oven 
at 80°C. Prior to reaction testing samples were calcined in air by initially holding 
them at 150 °C for 3 h before heating the samples further to 580 °C for 6 h to 
remove the organic structure directing compound. After calcination they were 
exchanged to ammonium form using 1 M NH4NO3 (100 mL of solution per gram 
of catalyst) at 80 °C with stirring for 3 h; this was done a total of three times. 
NH4

+-SSZ-13 and NH4
+-ZSM-5 (Zeolyst, CBV2314) were then calcined to its proton 

form using the standard method in air at 550 °C before ion-exchanged with 
Cu2+. 1 g zeolite in proton form was suspended in 250 mL 10 mM Cu(II) acetate 
solution and stirred at room temperature for 24 h, followed by washing with a 
large excess of demineralized water. After drying, the catalyst was then calcined 
again in air using the same calcination program. The calcined Cu-SSZ-13 and Cu-
ZSM-5 materials are labelled as Cu-CHA-fresh and Cu-MFI-fresh, respectively.

The 10 % steam in air flow was produced by using a bubbler at 47 °C and was 
first introduced to the fresh zeolite Cu-CHA or Cu-MFI in a porcelain boat-
shaped crucible placed in a tube furnace at 120 °C to prevent condensation. The 
steaming procedure was conducted at 800 °C using a ramping rate of 2°C/min 
and held for 16 h. The steamed Cu-exchanged zeolites were then cooled down to 
room temperature in dry air and are labelled as Cu-CHA-aged and Cu-MFI-aged.

2.2.2 Catalyst Characterization
X-ray Diffraction (XRD) patterns of Cu-exchanged zeolites were collected by a 
Bruker D2 Phaser with a cobalt radiation X-ray source (Co kα = 1.789 Å). Powdered 
samples were pressed on the sample holder and rotated at 15 revolutions/min 
during the measurement.

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was 
measured using a SPECTRO CIROSCCD (SPECTRO Analytical Instruments) 
at the GeoLab of Utrecht University. Cu-exchanged zeolites were dissolved at 
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90 °C overnight by aqua regia with HF solution. After cooling down to room 
temperature, the solution was neutralized by boric acid followed by dilution to 
an appropriate concentration.

The morphologies of Cu-exchanged zeolites CHA and MFI were studied on a 
Philips XL30 Scanning Electron Microscope (SEM) at an accelerating voltage of 
5 kV or 10 kV.

Temperature-Programmed Desorption of Ammonia (NH3-TPD) was taken 
on a Micromeritics Autochem II 2920 instrument equipped with a Thermal 
Conductivity Detector (TCD). The Cu-exchanged zeolite sample was first 
degassed in He flow for 1 h at 600 °C with a heating ramp of 10 °C/min. Ammonia 
then flowed pass the sample at 100 °C, followed by flushing with He at 100 °C for 
2 h. The ammonia desorption was tracked using TCD at a ramping rate of 5°C 
min-1 in a 25 mL min-1 He flow.

NO-adsorbed Fourier-Transform Infrared (FT-IR) spectra in transmission mode 
were measured on a Perkin-Elmer 2000 instrument. 20 mg sample was grounded 
and pressed into a slice to fit the self-supported wafer, which was then placed 
in a holder with CaF2 window for the FT-IR spectroscopy measurements. The 
sample was dehydrated at 200 °C for 1 h in vacuum of 1.2×10-6 mBar, the cell was 
then cooled down to room temperature. The NO dosing was operated at -188 °C 
achieved by liquid nitrogen. FT-IR spectra were recorded upon NO adsorption 
at elevated cell pressure from 1×10-1 to 15 mBar by dosing 1 % NO/Ar.

2.2.3 Catalytic Testing
The NH3-SCR activity testing was performed in a plug flow fixed bed reactor as 
described in a previous study of our group.17 50 mg of sieved catalyst (0.425-0.150 
mm) was loaded into a 1 cm quartz tubular reactor and firstly calcined with 5 
% O2 in He flow at 550 °C, followed by treating with SCR gas feed (provided by 
Linde) of 1000 ppm NO, 1000 ppm NH3 and 5 % O2 balanced by He under a Gas 
Hourly Space Velocity (GHSV) of 100,000 h-1. The conversion of NO was calculated 
when the reaction reached the steady-state and took the average conversion 
in the stabilization period of 60 min from 150 to 450 °C. The concentration of 
output gases was analyzed by a gas phase FT-IR spectrometer (Spectrum Two, 
PerkinElmer) with a non-heated gas cell with KBr windows and a beam path 
length of 5 cm. NO conversion was calculated as follows:

  (Eq. 2.1)
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2.2.4 Data Collection and Analysis by Scanning Transmission X-ray 
Microscopy

2.2.4.1 Data Collection
Scanning Transmission X-ray Microscopy (STXM) measurements were 
performed at the Advanced Light Source (ALS) beamline 11.0.2, Lawrence 
Berkeley National Laboratory (LBNL), Berkeley, California, USA. Zeolite samples 
were dispersed in deionized water followed by drop casting them on a silicon 
nitride window, which was then mounted perpendicular to the X-ray beam on 
a piezo motor stage. The chamber was first evacuated, followed by back filling 
with He to around 0.27 bar to minimize X-ray absorption by air and reduce the 
drift of the motor stage caused by heat generated during the measurement. The 
X-ray beam was focused by a 45 nm Fresnel Zone Plate (ZP) and sequentially an 
Order Sorting Aperture (OSA) with a 90 µm pinhole to a spot size of 50×50 nm2. 
A stack of transmission images at various energy points across the Al K- and Cu 
L-edges were collected by raster scanning the sample with a step size of 50 nm.

2.2.4.2 Al K-edge and Cu L-edge X-ray Absorption Near-Edge Structure
STXM data was processed in aXis2000, TXM-Wizard, Athena and Matlab. TXM-
Wizard provides various functions for synchrotron-based X-ray microscopy, 
which are used to get spatially resolved chemical information by performing 
Principal Component Analysis (PCA) and Cluster Analysis (CA). The aligned 
images representing Optical Density (OD) were obtained from processing in 
aXis2000 and then imported to TXM-Wizard, followed by cropping them where 
necessary to remove empty pixels. A pixel size of 25×25 nm2 was generated from 
the original pixel size of 50×50 nm2 by oversampling using a factor of 2 using 
bicubic interpolation to a have spatial exploration of fine differences within 
catalyst particles. Then the background was determined and filtered based on 
the X-ray absorption spectrum of each pixel, leaving only the particle of interest 
in the Field of View (FOV) for further analysis.

Background pixels and pixels with extremely noisy X-ray Absorption Near-Edge 
Structure (XANES) spectrum (i.e., pixels with XANES that could not normalized) 
were first filtered and the XANES of the remaining pixels were normalized before 
performing PCA and k-means CA. PCA and CA were used to group single pixel 
XANES based on their spectral similarity. An edge jump filter was employed 
to remove the noisy pixels based on the difference between pre-edge and post-
edge, followed by using a normalization filter to remove pixels with a distorted 
pre-edge or post-edge. After applying an edge jump filter and normalization 
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filter, the XANES spectrum of the whole image was obtained by summing up 
XANES spectrum of every pixel. Thus, the bulk XANES represents the overall 
chemical information of Al or Cu of the catalyst.

Figure 2.1 Estimation of the pre-edge area of Al K-edge XANES in a) Cu-CHA-aged and b) Cu-
MFI-aged. The upper panels in a) and b) show the difference spectrum between the fresh Cu-
exchanged zeolite and its aged counterpart. The residual area from 1560.35 to 1565.15 eV was 
integrated. The lower panels in a) and b) show the fitting of the pre-edge area by a Pseudo-
Voigt function. The edge was fitted by error function represented by the light grey dash line. 
The integral area calculated by the above manners is shown in c).

The Al K-edge XANES was analyzed in Athena. The spectrum was first 
normalized before any other further analysis. The Least-Square Linear 
Combination (LSLC) fitting was used to quantify the amount of octahedral Al 
with the fitting range of 1560.35~1574.35 eV, where zeolite ZSM-5 and α-Al2O3 
were chosen as the references which were measured previously by our group.21 
Because the edges of tetrahedral Al and tri-coordinated Al overlap, so the 
percentage of tetrahedral Al obtained from LSLC fitting was contributed from 
both of these Al species. The estimation of the pre-edge feature assigned to tri-
coordinated Al was conducted in two ways. The difference spectrum between 
the aged Cu-exchanged zeolite and its fresh counterpart was used to calculate the 
area of the pre-edge feature. The area from 1560.35 to 1565.15 eV was integrated. 
Another way is fitting the shape of edge by an error function followed by fitting 
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the pre-edge region by a pseudo-Voigt function. These two methods gave the 
same results (Figure 2.1).

Cu L-edge XANES were extracted from the stack of absorption images in 
TXM-Wizard and the background was subtracted in Origin 9.0 followed by 
normalizing the maximum absorption to 1 in order to compare the differences 
between spectra. Since both the L2- and L3-edge of the L-edge XANES provide 
the same information, the L3-edge exhibiting stronger absorbance was chosen 
to investigate the Cu species. The peak position of Cu L3-edge was determined 
by fitting the peak maximum with a Gaussian-Lorentz peak. Cu L-edge XANES 
presents the intrinsic property of the ground-state configuration of the Cu atom, 
which determines the possibility and accessibility of an electronic transition 
from Cu 2p to higher unoccupied band. The L-edge absorption of Cu2+ with 
an unoccupied 3d orbital showing a strong absorption at 931~932 eV (L3-edge), 
dominates in spectrum followed by a weaker absorption with ~20 eV energy gap 
(L2-edge), referring to the 2p→3d transition. For Cu+ with fully filled d orbitals, 
the L3-edge absorption could be explained by the transition from 2p63d10 to 
2p53d104s1 transition22 and hybridization of 3d-4s orbitals, resulting in a higher 
L-edge peak energy position for Cu+ compared to Cu2+.23 Therefore, the L-edge 
peak area is related to the hole density in a destination orbital in a Cu atom, 
implying that the ratio of the integrated peak area reflects the relative amount 
of the different species. To estimate Cu L-edge peak area, reference spectra of 
CuO and Cu2O were normalized to an edge jump of 1.0 at 1000 eV,24,25 yielding 
Area(Cu2+)/Area(Cu+) a factor of 1/1.9, which was then applied to samples.

2.2.4.3 Principal Component Analysis and k-means Cluster Analysis
In order to classify all pixels into different groups according to their spectral 
features, PCA and CA were performed after applying the edge jump filter and 
normalization filter. The pixels remaining after filtering (each containing a 
XANES with 80 energy points across the Al K-edge XANES) gave enough signal 
to obtain clear spectral features, including edge position and edge jump. Based 
on the eigenspectra and scree plot, the 80 dimensions (for the Al stack) in each 
pixel were reduced to two or three dimensions that ensured that 90% of data’s 
variance was captured. The selected two or three PCs were then used to plot 
the data in two/three-dimensional principal component space (score plot) in 
which k-means CA was performed using a user-defined number clusters decided 
upon inspection of the score plot. Based on the initial result from k-means 
CA, the clusters were then optimized by an Expectation Maximization (EM) 
algorithm for Gaussian Mixture Modeling (GMM) considering point density. This 
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resulted in a class-membership value for each pixel based on its XANES; this 
value represents the degree (weight) to which each pixel belongs to a certain 
cluster. After CA, the XANES spectra of the different clusters were obtained as 
the weighted average of the XANES of all points of each cluster and the analysis 
of cluster XANES spectrum was the same as done for bulk XANES spectrum. 
PCA and CA of the Cu stack was performed in a similar way as for the Al stack. 
Because the Al scan and Cu scan were obtained separately, the FOVs of both 
scans of the same sample were different.

2.2.4.4 Detailed Analysis of Spatial Information of a Cu-MFI-aged Zeolite
Due to low absorption at the Al K-edge in each pixel that was only 25 nm after 
oversampling, it was more promising to start analysis from a Cu scan with a 
much higher absorption in the Cu L-edge range. All the following processing 
procedure was conducted in Matlab.

Pixels with square planar Cu2+ were first selected from the analyzed area. Based 
on the PCA and CA performed on the Cu map of zeolite Cu-MFI-aged, Cu L-edge 
XANES of one of the Cu clusters showed two peaks with an energy gap of ~1 eV. 
This is a sign of the existence of Cu2+ with both tetrahedral and square planar 
geometric structures. The slope between 931.4 and 931.9 eV around the position 
of the shoulder in the Cu L3-edge region was defined to distinguish pixels with a 
shoulder as indicated in Figure 2.2a. By calculating the defined slop of Cu L3-edge 
peak in each individual pixel, a map of slop was obtained as shown in Figure 
2.2b. Ranges of the slope were set to group pixels with similarly defined slope. In 
this way, pixels with asymmetrical peak were grouped into four clusters labeled 
as Surface 1-4, exhibiting different fractions of square planar Cu2+ indicated by 
the Cu L-edge XANES. 

The extremely degraded region of Cu-MFI-aged was excluded when studying the 
evolution of Al and Cu species within an individual zeolite particle. The most 
important feature from the Cu L-edge XANES is the area ratio of the Cu+ and Cu2+ 
L3-edge. Considering the high noise level of single pixel XANES, it is difficult to 
examine the peak area of Cu+ and Cu2+ correctly. Therefore, PCA was applied to 
inspect the distribution of Cu properties. As seen from the eigenspectra of the 
first two Principal Components (PC) in Figure 2.2c, PC1 resembles the average 
spectrum of the analyzed pixels and the contribution of PC2 reflects the amount 
of Cu2+. The positive value in the eigenimage of PC2 (Figure 2.2b) indicates pixels 
with a higher amount of Cu2+ compared to the average spectrum, while negative 
value indicates pixels with a lower amount of Cu2+, i.e., higher Cu+. Contribution 
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of PC2 in every pixel varies from around 0.05 to -0.05. By evenly splitting the 
contribution of PC2 into five regions, five clusters (Center 1-5 in Figure 2.11) with 
different levels of Cu2+ contribution were determined. Then, both Cu L-edge 
XANES and Al K-edge XANES of the clusters Center 1-5 were obtained, which is 
shown in Figure 2.11.

Figure 2.2 a) The slope between the energy of 931.4 eV and 931.9 eV was determined to 
discriminate Cu L3-edge spectrum with more than one Cu2+ species. b) The map of slope in 
zeolite Cu-MFI-aged obtained by calculating the defined slop from Cu L3-edge peak of each 
individual pixel, and the thresholds setting for clusters Surface 1-4. c) Eigenspectra of the first 
two principal components by employing Principal Component Analysis (PCA) on the Cu STXM-
XANES (Scanning Transmission X-ray Microscopy-X-ray Absorption Near-Edge Structure) data 
after filtering the surface pixels. d) Eigenimage of the second Principal Component (PC2) and 
the thresholds setting for clusters Center 1-5.

2.2.4.5 Multiplet Calculations in a Crystal Field of Nearest Neighbors
The edge position reflects the geometric structure of Cu2+. The crystal field 
splitting of the 3d orbital changes the energy level of the d orbital, resulting 
in different energy gaps between the 4s and 3d orbitals and thus changes the 
peak positions in the Cu L-edge XANES. In order to learn how the coordinate 
structure influences the Cu L2,3-edge absorption spectra, we employ a multiplet 
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computation program MultiX which constructs the crystal field via the positions 
and charges of surrounding atoms instead of via the symmetrized matrix 
elements.26 The atomic wave function was used in solving the multiplet energy 
levels, where the multiplet levels were calculated by determining the electron-
electron, spin-orbit interactions, and the effect of the crystal-field. In the current 
model, the crystal environment is approximated to be the superpostion of point 
charges potential of the nearest neighbors, that is the crystal environment was 
determined only by the postion of the nearest neighbors. All the calculated 
spectra were normalized to the L3 feature (~930 eV).

2.3. Results and Discussion

2.3.1 Structure-Performance Relationships
This study was motivated by the NH3-SCR catalytic performance tested on 
fresh and aged Cu-exchanged zeolites CHA and MFI. As shown in Figure 2.3, 
for both fresh Cu-exchanged zeolites CHA and MFI, a NO conversion of 80-100 
% was achieved in the temperature regime of 200-450 °C, though a slow but 
steady decrease was observed for Cu-MFI-fresh starting at a temperature of 250 
°C and above. Surprisingly, although the aged Cu-CHA underwent a steaming 
process (simulated aging) before starting the reaction, it exhibited high activity 
and stability for NO conversion, evidenced by the fact that almost 100 % NO 
conversion was maintained up to a temperature of 350 °C. In contrast, NO 
conversion was dramatically reduced for Cu-MFI after the aging process, with 
the highest observed NO conversion being 60 % at the highest temperature (450 
°C). These results are consistent with those reported in numerous studies.12,27,28

Figure 2.3 NO conversion of fresh (blue) and aged (red) Cu-exchanged zeolites CHA (solid) and 
MFI (dash) in NH3-Selective Catalytic Reduction (SCR) reaction.
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By comparing two aged zeolites Cu-CHA-aged and Cu-MFI-aged, a significant 
difference in NH3-SCR activity was observed. One of the most straightforward 
explanations for this enormous gap in catalytic activity is the differences in 
stability of the framework structures. However, as indicated by the XRD patterns 
recorded for our samples, both Cu-CHA and Cu-MFI zeolite samples retained their 
framework structures after the aging process (Figure 2.4a-b). On the other hand, it 
is known that Brønsted acidity originating from framework Al can be hydrolyzed 
or dehydroxylated upon interacting with steam.29 Therefore, even though the 
long-range order of the zeolite structure might be preserved upon steaming, the 
local structure of framework Al can change that one of the consequences was 
the loss of Brønsted acidity represented by the high temperature band at around 
550 °C in the NH3-TPD profiles (Figure 2.4c-d). Subsequently, the nature of Cu 
ions, that relies on the position and density of framework Al, might be affected. 
With the degradation of framework Al, a positive charge from the Cu cation is no 
longer necessary and futher leads to the migration and aggregation of Cu.

Figure 2.4 X-Ray Diffraction (XRD) patterns of fresh and age Cu-exchanged zeolites a) CHA and 
b) MFI. And ammonia Temperature-Programmed Desorption (NH3-TPD) profiles of fresh and 
aged Cu-exchanged zeolites c) CHA and d) MFI.
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Changes in the local environment of framework Al were evidenced in bulk 
Al K-edge XANES. It is a relatively straightforward and convincing way to 
distinguish and quantify Al coordination as compared to high resolution 
27Al MAS ssNMR, a commonly used technique that is, however, sensitive to a 
diminished signal or line broadening especially when paramagnetic species like 
Cu2+ (d9) are present.30,31 The ‘bulk single particle XANES’ we discuss is the XANES 
spectrum obtained by averaging all XANES spectra recorded for all pixels of a 
catalyst particle; details can be found in the experimental section. The aging 
procedure caused a similar effect on Al coordination in both zeolites Cu-CHA 
and Cu-MFI according to Figure 2.5a. Although tetrahedral Al, determined by 
the nature of tetrahedral T sites in the zeolite, was still the dominant species, 
the emergence of octahedral Al becomes measurable via the occurrence of a 
shoulder located at the edge position of tetrahedral Al and the peak that becomes 
visible in the 1569-1575 eV region for both aged zeolites. Furthermore, a pre-edge 
feature was observed for the aged zeolites, which was more pronounced in the 
aged Cu-MFI zeolite. This notable low energy feature in the energy range of 1561-
1565 eV was assigned to tri-coordinated Al identified by full multiple scattering 
calculations in a previous study.31

A reversible tetrahedral-octahedral transformation of framework Al could be 
achieved by hydration and dehydration treatment, where either octahedral Al 
or Al-OH forms by partial hydrolysis with host water molecules.32,33 In this way, 
Al is saturated with H2O and without loss of lattice Al. In contrast, intensive 
steaming undoubtedly accelerates the hydrolysis of the framework Al-O bond, 
especially at high temperatures, directing the irreversible formation of extra-
framework octahedral Al species.34 Tri-coordinated Al was proposed to form by 
dehydroxylation of Brønsted acid sites followed by dealumination in zeolites, but 
it was mostly deduced indirectly by combining 27Al MAS NMR, EPR and FT-IR 
spectra recorded after steaming or heating.35–37 The distorted local environment 
and large quadrupolar coupling constant of tri-coordinated Al results in the 
“NMR-invisible” property, so a probe molecule was employed to certify their fine 
structure.38,39 The most direct observation of this Al coordination is achieved by 
XAS via the presence of the aforementioned pre-edge feature that is indicative of 
the presence of empty mixed s, p, and d orbitals, i.e., the nature of unsaturated 
Al.31 Previous observations of tri-coordinated Al were reversible in zeolite 
H-Beta and H-Mordenite, such that it could be restored to tetrahedral Al when 
exposed to air or wet He.31,40 However, in our case, tri-coordinated Al was stable 
in steamed Cu-exchanged CHA and MFI. This irreversible nature implies that 
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the presence of Cu ions could stabilize tri-coordinated Al, which was previously 
considered as a metastable Al species.

Figure 2.5 Bulk single particle a) Al K-edge and b) Cu L-edge X-ray Absorption Near-Edge 
Structure (XANES) of fresh (blue) and aged (red) Cu-exchanged CHA (solid) and MFI (dash) 
zeolites. The inset figure in Figure 2.5b is the Cu2+ L3-edge of zeolites Cu-MFI, indicating the 
edge energy shift of 0.25 eV after steamed aging. Absorption features of octahedral Al (AlOh), tri-
coordinated Al (3-fold Al), Cu+ and Cu2+ are indicated.

Bulk, single particle Cu L-edge XANES were collected for all samples using 
the same setup, where the formal oxidation state of copper, indicated by the 
edge position, is the most straightforward information obtained. A noticeable 
absorption at ~931.5 eV indicates the predominance of Cu2+ in all Cu-exchanged 
zeolite samples (Figure 2.5b). The effect of steaming on Cu-exchanged CHA was 
imperceptible. However, in Cu-MFI the aging process induced the reduction of 
Cu2+ to Cu+, evidenced by an obvious increase of the Cu+ peak. Cu+ sites were also 
observed in FT-IR spectroscopy by employing NO as a probe molecule (Figure 
2.6). A well-defined 1810 cm-1 band was assigned to the Cu+-ntirosyl adduct, where 
the Cu+ was generated from auto-reduction of [CuOH]+ during the dehydration 
process under vacuum before NO dosage. The [CuOH]+ species is thought to have 
a higher redox ability compared to bare Cu2+, which is pivotal for NH3-SCR to 
complete the reduction-oxidation cycle.41 Moreover, one additional different Cu+ 

site represented by the 1788 cm-1 band was detected in the aged Cu-MFI. This 
Cu+ was formed in the aging process of hydrothermal treatment in an oxidative 
atmosphere. Similar finding of Cu+ formation under oxidizing conditions at 400 
or 500 °C were previously detected by in-situ XANES and Rietveld Refinement 
of in-situ powder XRD patterns in Cu-SSZ-13.11,13,42 Additionally, a theoretical 
study of Cu speciation in CHA indicated that when both H2O and O2 exist at 
temperatures higher than 673 K, Cu+ located at a 1Al Cu-exchanged site is 
thermodynamically favorable.43 Considering that Cu+ has a fully filled d orbital, 
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it is not surprising to observe the formation of Cu+, which then most likely is 
stabilized by defects generated by the steaming of zeolite Cu-MFI.

Figure 2.6 Low-temperature NO-adsorbed Fourier-Transform Infrared (FT-IR) spectroscopy 
data on fresh (blue) and aged (red) Cu-exchanged zeolites in the N-O stretching region of a) 
CHA and b) MFI at low NO equilibrium pressure of 0.1 mBar at 77 K. The blue label represents 
mono-nitrosyl adducts in Cu2+ sites, and the green labels represent the mono-nitrosyl adducts 
in Cu+ sites.

Meanwhile, a subtle change of Cu local environment in Cu-MFI after aging is 
evidenced by a slight shift of the Cu2+ peak in Figure 2.5b. The edge position 
in Cu L-edge XANES is an indicator of Cu2+ geometric structure due to the 
crystal field splitting of the d orbital.22 Although it is difficult to differentiate 
Cu2+ coordination geometries in Cu-exchanged zeolites merely by Cu L-edge 
XANES because of the complexity of the Cu2+ local environment, the shift of 
the Cu2+ edge position can be explained by a change of the Cu-O bonding length 
or geometric structure supported by multiplet calculations (Figure 2.7), which 
was also observed in previous studies.23,44 A general trend of negative shift of 
Cu2+ L-edge position was shown when lengthening the Cu-O bond in a fixed 
Cu2+ coordination. The effect of changing Cu-O bond length on the Cu2+ L3-edge 
position was examined in Cu2+ references with different geometric structures 
based on a previous study.23 Malachite (octahedral Cu2+) with a 0.147 Å longer 
average Cu-O bond length compared to La2CuO4 (octahedral Cu2+), showed a 
negative shift of 0.64 eV in the Cu2+ L3-edge. Similarly, Y2Cu2O5 (square planar 
Cu2+) with a 0.034 Å longer average Cu-O bond length compared to CuO (square 
planar Cu2+), showed a negative shift of 0.21 eV in the Cu2+ L-edge. Accordingly, 
every 0.02 Å longer of Cu-O bond leads to a 0.1 eV negative shift of the Cu2+ L3-
edge. In Cu-exchanged zeolites, the average Cu-O bond length is 1.95 Å. However, 
even upon steaming treatment up to 750 °C, the average Cu-O bond length was 
only 0.02 Å longer when analyzed by EXAFS.45 Therefore, the shifting of the 
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Cu2+ L-edge peak of 0.25 eV in the bulk XANES of zeolites Cu-MFI would be 
ascribed to the steam-induced distortion of fully saturated Cu2+ center that Cu-O 
bond length and/or the geometric structure of Cu2+ could change during the 
steaming process. In contrast, no obvious change of the Cu2+ local environment 
was detected in Cu-CHA, explaining why it retained NH3-SCR activity.

Figure 2.7 a) Illustration of Cu2+ in tetrahedral, octahedral, square pyramidal and square planar 
geometries. Multiplet calculations of Cu2+ in geometric structure b) tetrahedral, c) octahedral 
and d) square planar with Cu-O bond ranging from 1.8-2.4 Å. e) Multiplet calculations of Cu2+ in 
various geometric structures with a fixed Cu-O bond length of 2 Å.

The bulk XANES spectra provide an overview of catalyst properties that correlate 
with NH3-SCR performance. Figure 2.8 summarizes bulk information obtained 
from bulk single particle XANES of Al and Cu, i.e., the relative amounts of Cu+, 
AlOh and tri-coordinated Al of fresh/aged Cu-exchanged CHA/MFI. There is a 
clear difference in the Al coordination between fresh and aged NH3-SCR active 
zeolite Cu-CHA indicating that part of the framework tetrahedral Al transformed 
to octahedral Al and tri-coordinated Al. This dealumination after aging was 
confirmed by the loss of Brønsted acid sites via NH3-TPD, indicating the degree of 
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framework Al degradation was not the dominant factor for catalyst deactivation, 
especially at temperatures higher than 250 °C when comparing the zeolites 
Cu-CHA-aged and Cu-MFI-fresh. The limited impact of the Brønsted acidity 
based on tetrahedral framework Al was previously studied both kinetically and 
spectroscopically, showing that Brønsted acid sites were not the rate limiting 
step in the NH3-SCR reaction cycle and even that the extra-framework Al could 
have a positive influence on the reaction rate.46–48 

Figure 2.8 Comparison of Cu+, AlOh and tri-coordinated Al amounts in fresh and aged Cu-
exchanged zeolites CHA and MFI. The left axis represents the percentage of Cu+ and AlOh. The 
axis on the right indicates the integrated pre-edge area determined from the normalized Al 
K-edge X-ray Absorption Near-Edge Structure (XANES) spectra. Error bars for the percentage of 
AlOh were determined from the Least-Square Linear Combination (LSLC) fitting. The references 
information, quantification results can be found in Figures AIII1-2 and Tables AIII1-2.

The common feature shared by these three active Cu-exchanged zeolites is the 
low percentage of Cu+, emphasizing the vital role played by the nature of Cu 
species in NH3-SCR. The Cu redox cycle is involved in the NH3-SCR reaction 
where both reduction and oxidation half cycles would generate N2.7,49,50 In Cu-
MFI-aged, a high percentage of Cu sites start their redox cycle from [Cu(NH3)2]+ 
oxidation, which is considered as the rate-limiting step at temperatures lower 
than 250 °C, and that [Cu(NH3)2]+ migrates and then oxidizes to [Cu(NH3)2]2+.7,8,51 
The local defects generated by steaming might constrain this diffusion of 
[Cu(NH3)2]+, which is linked with the low NO conversion in Cu-MFI-aged. With 
increasing temperature, the NH3 ligand releases, and the oxidation of Cu+ is 
thermally accelerated and thus the activity is restored in the higher temperature 
regions of NH3-SCR.

In comparison with Cu-MFI, Cu-CHA, with a smaller pore size, was more 
resistant to hydrothermal treatment with slightly less Al leaching, as previously 
reported.27 Therefore, the higher activity and stability of Cu-CHA-aged can 
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be attributed to well-preserved Cu2+ sites that balance framework Al, in both 
terms of oxidation state and geometric structure, which enable NH3 solvation 
during reaction. In contrast, the Cu2+ sites in Cu-MFI seemed more susceptible 
to the aging treatment. Apart from the higher percentage of Cu+ in aged Cu-
MFI, our bulk single particle Cu L-edge XANES data together with the multiplet 
calculations provide evidence for a more distorted local structure of Cu2+.

2.3.2 Phase Heterogeneities within Catalyst Particles

Figure 2.9 a) Scanning Electron Microscopy (SEM) image of Cu-exchanged zeolite CHA. b-e) 
Results of Principal Component Analysis (PCA) and Cluster Analysis (CA) on the Al and Cu STXM-
XANES (Scanning Transmission X-ray Microscopy-X-ray Absorption Near-Edge Structure) data of 
Cu-exchanged zeolite CHA. b) Al K-edge XANES and c) Cu L3-edge XANES and the corresponding 
distribution map (inset) of Cu-CHA-fresh. d) Al K-edge XANES and e) Cu L3-edge XANES and 
the corresponding distribution map (inset) of Cu-CHA-aged. The intensity of the Cu2+ L3-edge 
was normalized to 1 (as done in the processing of the bulk spectra). In the inserted distribution 
maps, the scale bars represent 1 μm and the pixel size is 25×25 nm2. The Field of View (FOV) of 
the inserted map is 4.55×5.00 μm2 in b-c), 2.70×3.05 μm2 in d-e).

The scanned area was processed in a spatially resolved manner by PCA and 
k-means CA after filtering background pixels. With this method, the most 
similar spectra end up in the same cluster, which allows analysis of the spatial 
distribution of different phases in a sample without using a priori knowledge 
about the phases that are present. Here, it is important to note that the CA 
result is only based on spectral correlations and not influenced by any spatial 
correlations. It should be also added that the number of clusters is assigned 
manually and not an indication for the actual presence of three different 
spectroscopic phases – k-means CA will always produce the number of clusters 
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used as an input parameter. In this case we intentionally over-clustered the 
data by using 3 or 4 clusters to check for any spectroscopically distinct, and 
possibly minor phases, which would emerge in the average XANES of such 
(over-)clustered data. Therefore, clusters are the result of grouping pixels based 
on similarity of their spectra.

Figure 2.10 a) Scanning Electron Microscopy (SEM) image of Cu-exchanged zeolite MFI. b-e) 
Results of Principal Component Analysis (PCA) and Cluster Analysis (CA) on the Al and Cu STXM-
XANES (Scanning Transmission X-ray Microscopy-X-ray Absorption Near-Edge Structure) data of 
Cu-exchanged zeolite MFI. b) Al K-edge XANES and c) Cu L3-edge XANES and the corresponding 
distribution map (inset) of Cu-MFI-fresh. d) Al K-edge XANES and e) Cu L3-edge XANES and the 
corresponding distribution map (inset) of Cu-MFI-aged. The intensity of the Cu2+ L3-edge was 
normalized to 1 (as done in the processing of the bulk spectra). In the inserted distribution 
maps, the scale bars represent 1 μm and the pixel size is 25×25 nm2. The Field of View (FOV) of 
the inserted map is 2.15×2.05 μm2 in b-c), 5.05×5.30 μm2 in d-e).

Generally, both Al K-edge and Cu L-edge XANES spectra of clusters in an 
individual zeolite Cu-CHA particle were the same within noise level. In zeolite 
Cu-CHA-fresh, a spatially uniform local chemical environment of Al and Cu 
was found within zeolite particles, indicated by a segmentation result of the 
measured particles and the corresponding XANES shown in Figure 2.9. In 
contrast, in aged Cu-CHA, a slightly lower amount of tri-coordinated Al was 
observed in Al Clus3 and Cu Clus2, which are preferentially present at the edge 
of the particle, and showed a slightly significant increase of Cu+. However, the 
crystal size of zeolite CHA was found to be 100-250 nm by SEM analysis (Figure 
2.9a), suggesting that the STXM-measured particle was an agglomerate of 
nanocrystals. The spatial resolution of 50 nm (beam size) was not high enough 
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to study the differences of chemical distribution in single nanocrystal zeolite 
CHA. Thus, the tiny variation among clusters found in Cu-CHA cannot be used 
as an indicator of Al or Cu heterogeneity at the single crystallite level but only 
at the nanocrystal agglomerate level. 

The crystal size of Cu-exchanged MFI is 0.2 to a few microns, which enables 
spatial analysis at the single particle level. It is important to emphasize that 
this zeolite was an industrially manufactured catalyst, making insights 
especially valuable and difficult to obtain. Figure 2.10 shows Al and Cu cluster 
maps of fresh and aged Cu-MFI. Tetrahedral framework Al is distributed 
homogeneously in fresh Cu-MFI. Although the Cu clusters in Cu-MFI-fresh 
exhibited a pattern suggesting that Cu Clus1 was surrounded by Cu Clus2, and 
Cu Clus3 is preferentially located at the edge of the particle, the dissimilarity of 
the corresponding XANES spectra was found to be negligible within the noise 
level (Figure 2.10c); the three clusters were therefore interpreted as identical 
with respect to Cu oxidation state. Within the noise level we did not find evidence 
for the presence of more than one spectroscopic phase for both Al and Cu for 
the single catalyst particle data in fresh Cu-MFI.

As for the deactivated Cu-MFI-aged, statistically significant spatial 
heterogeneities of spectroscopically different phases of Al and Cu were 
discriminated within a catalyst particle (Figure 2.10d-e). A pattern of clusters was 
found, illustrating the slightly different Al geometries of octahedral and three-
fold coordination between clusters. A strong degree of framework degradation 
was found to be preferentially located at the external surface of individual 
zeolite particles, as is evidenced by the distribution of Al Clus2 (representing 
the phase with tri-coordinated Al), and Al Clus4 (more octahedral Al), in Figure 
2.10d. The oxidation state of Cu within this aged zeolite particle was also not 
completely uniform. The Cu+ percentage was different between clusters and a 
shoulder peak assigned to Cu2+ was found in Cu Clus4 which are diagnosed as hot 
spots at the edge of the particles (inserted map in Figure 2.10e). The Cu2+ L3-edge 
was split into two contributing peaks with an energy gap of ~1 eV, which could 
be explained by tetrahedral and square planar Cu2+ supported by the measured 
references (Table 2.1), multiplet calculations and literature44. The absolute edge 
position in Cu L3-edge XANES could not give an accurate coordination number 
without measuring Cu compounds in well-defined geometric structures. 
However, the observed energy gap of ~1 eV between the main peak and the 
shoulder in the Cu2+ edge, presents strong evidence for the co-existence of 
two different geometric structures of square planar and tetrahedral. We have 
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included this discussion to reinforce the importance of carefully considering 
what can be considered as “real” differences in these analyses. Subtle changes 
of Cu2+ geometry now can be detected in through the spatial analysis which are 
usually covered in the bulk information.

Table 2.1 Cu L3-edge peak information of Cu references measured by Scanning Transmission 
X-ray Microscopy (STXM).

Cu2+ L3-edge position /eV Oxidation state of Cu Coordination

CuO 932.04 ± 0.10 +2 square planar

Malachite 931.65 +2 octahedral

CuAl2O4 930.93, 931.54 +2 tetrahedral + octahedral

Cu2O 934.72 +1 -

2.3.3 Spatial Correlation between Al and Cu Species
The square planar Cu2+ in Cu Clus4 (Figure 2.10e) implied the formation of CuxOy 
nanoparticles,52 which are regarded as an inactive species in NH3-SCR53. To 
more closely investigate their spatial distribution, pixels with an asymmetric 
Cu2+ L3-edge peak, such as the one shown in Figure 2.10e, i.e., Cu2+ present 
in multiple geometric structures, were selected and divided into four groups 
that varied in their fraction of square planar Cu2+. It is clear from Figure 2.11a 
that these pixels with square planar Cu2+ (Surface 1-4) were almost exclusively 
located at the surface of the individual particles, that is, within a few hundred 
nanometers of the surface of each catalyst particle. This distribution implies 
that the aggregation of Cu happened near the particle surface, where it then 
gradually formed CuxOy nanoparticles, strongly indicating that part of Cu2+ in 
Cu-MFI was no longer present as isolated sites after aging.

The deactivation of the Cu-exchanged MFI has previously been linked to the 
affinity of Cu to form Cu-Cu and Cu-Al bonds, indicating the formation of CuxOy 
nanoparticles or a CuAlxOy spinel phase, respectively.12,17,54 By correlating the 
Al and Cu STXM data we could obtain additional information about the spatial 
correlation between Al and Cu: the very surface area containing a large fraction 
of CuxOy and Cu+ also shows partial destruction of the zeolite framework 
represented by the pronounced pre-edge feature of three-fold Al (Figure 2.11b-
c). Due to the co-occurrence of octahedral Al and tetrahedral Cu, a CuAlxOy 
spinel phase cannot be excluded in our case. The destroyed surface layer of 
Cu-MFI-aged can be explained by the fact that the surface area of each zeolite 
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particle was the first region that is exposed to steam, and therefore experienced 
the most severe steaming treatment. The detachment of extra-framework Al 
then induces migration and subsequently aggregation of Cu ions because it is no 
longer necessary to have a cation to balance the negative charge from framework 
Al. In turn, the aggregation of freed, isolated Cu ions causes them to lose their 
charge balance ability, which further exacerbates the severe framework damage 
in zeolite MFI. The interplay between degraded Al and Cu eventually leads to 
the zoning of inactive species that might further limit diffusion of reactants and 
products through the catalyst particle because of the collapse and blockage of 
zeolite channels on the catalyst particle surface. All of this leads to the “perfect 
storm” for deactivation.

Severe degradation of Al and Cu species was predominately found in the region 
of around 250 nm from the surface. However, the other areas within particles 
that were less degraded reveal the more general chemical properties of the 
catalyst. Hence, for a more detailed analysis of these areas, pixels with square 
planar Cu2+ composite, i.e., the surface region marked in orange in Figure 2.11a, 
were filtered before inspecting the main body of each particle of Cu-MFI-aged. 
Thus, Cu L-edge XANES of the remaining pixels showed a single Cu2+ L-edge peak 
representing distorted tetrahedral Cu2+ or octahedral Cu2+. The classification of 
the central part of catalyst particle was achieved by examining the first two 
Principal Components (PC) based on the fact that PC1 closely resembles the 
average spectrum of all pixels (after background removal) and PC2 represents 
the strongest deviation from PC1 (being an orthonormal basis vector to PC1 and 
capturing the second largest variance in the data). 

The pixels with a higher contribution of PC2 contained a lower percentage of 
Cu+. The clusters Center 1-5 were labeled such that the Cu+ amount increased 
when going from cluster Center 1 to Center 5. The corresponding Al K-edge 
XANES and Cu L3-edge XANES of each cluster are shown in Figure 2.11d-e. The 
detailed quantification information of clusters Surface 1-4 and Center 1-5 can be 
found in Tables AIII3-4.

The clusters Center 1-5 in Figure 2.11a exhibit a spatially random pattern, 
suggesting that the transformation of Cu2+ to Cu+ does not have a preferred 
location or direction within individual zeolite particles. Based on the estimated 
amount of degraded Al species obtained from LSLC fitting, all these clusters 
have a comparable percentage of octahedral Al but vary in tri-coordinated Al, 
as illustrated in the zoom-in to the pre-edge region in Figure 2.11d. The trend of 

2



58

Chapter 2

increasing three-fold Al coordination when going from cluster Center 1 to Center 
5 was accompanied by an increasing Cu+ percentage (Figure 2.11f). Undoubtedly, 
hydrolyzation or hydroxylation of Brønsted acidity would destroy the framework 
structure, directing the formation of defect sites consisting of tri-coordinated 
Al, such as Al-OH and AlO+.31 Subsequently, AlOOH, Al(OH)2

+ and Al(OH)3 might 
be formed in the presence of water.12,55 

Figure 2.11 Spatial analysis on individual catalyst particles of aged Cu-exchanged zeolite MFI. 
a) Cluster map of both surface (orange) and central (blue) area in Cu-MFI-aged, where the color 
gradient represents a pool of pixels sharing similar spectral features. The classification of 
pixels was based on the deviation of their Cu L3-edge spectra from the average spectrum of 
all pixels. Surface clusters 1-4 represent region with more degraded Al and Cu species, which 
were predominantly found on the surface of individual particle. The Central clusters 1-5 mostly 
describe the bulk information. STXM-XANES (Scanning Transmission X-ray Microscopy-X-ray 
Absorption Near-Edge Structure) spectra of b) Al K-edge and c) Cu L3-edge with deconvolution 
of the Cu2+ peak in clusters Surface 1-4. The STXM-XANES spectra of d) Al K-edge inserted with 
enlarged pre-edge region and e) Cu L3-edge in clusters Center 1-5. f) The relative amounts of 
Cu+, AlOh and tri-coordinated Al determined based on the spectra in d-e). The left axis represents 
percentage, whereas the right axis represents the integrated area of the pre-edge region in Al 
K-edge XANES spectra.

On the other hand, Cu+ was created by auto-reduction of either [CuOH]+ or 
Cu2+. The reduction of Cu2+ was proposed to associate with a thermally-driven 
decomposition of H2O at temperatures higher than 300 °C, accompanied by 
the formation of a proton that can balance the framework charge.56 However, 
independent of how Cu+ is generated, Cu+ could be stabilized by tri-coordinated 
Al if it is adjacent to the degraded Al site. Finally, considering the intimate 
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interaction between leached Al and Cu, the formation of CuAlxOy phase cannot 
be excluded,12 which was also proposed from APT studies17,19 and XAS studies12. 

We have elucidated the deactivation of Cu-exchanged zeolites in terms of local 
environment and the spatial distribution of both Al and Cu. The sensitivity of 
XAS to the geometric structure enabled us to discover the “NMR invisible” tri-
coordinated Al, which existed in both aged Cu-CHA and aged Cu-MFI. Since 
dealumination was found in NH3-SCR active catalyst Cu-CHA-aged, the limited 
degree of framework destruction was not the main reason for the loss of activity. 
Instead, the loss of isolated Cu sites, which transformed into CuxOy nanoparticles 
or a CuAlxOy spinel phase that was largely located on the particle surface, was 
more detrimental to the NH3-SCR reaction. It was previously inferred from 
X-ray Photoelectron Spectroscopy (XPS) and calorimetry upon adsorption of the 
probe molecule NH3 that the location of defect sites in zeolite ZSM-5 is mainly 
concentrated on the external surface of the zeolite crystals.57 Via our spatial 
analysis of the data recorded for zeolite Cu-MFI-aged we could now directly 
visualize this, revealing that the most degraded framework structure is located 
at the edges of the individual catalyst particles and goes along with the formation 
of inactive CuxOy nanoparticles, which further limit the accessibility of less 
destroyed Cu sites in the central part of catalyst particles due to framework 
collapse and channel blockage near surface. This observed Al and Cu zoning is 
a good example of nanoscale destruction in industrial catalysts, which is caused 
by surface migration of nanoparticles.58 The discovery of this minority species 
of CuxOy at the surface (4555 surface pixels from a total of 29759 analyzed pixels) 
illustrates the power of STXM for nanoscale spatial analysis of catalyst particles.

2.4. Conclusions
The observed variations in catalytic activity and stability between fresh and 
aged Cu-exchanged zeolites with different framework structures (CHA and 
MFI) motivated a detailed study of the deactivation factors with respect to the 
zeolite framework structure, i.e., Al and Cu species. Therefore in this Chapter, 
we have employed Scanning Transmission X-ray Microscopy (STXM), which 
combines the main functions of X-ray Absorption Spectroscopy (XAS) and high-
resolution imaging, providing abundant information about the local chemical 
environment in the form of a chemical map of fresh and aged Cu-exchanged 
zeolites. The results obtained indicate that although the degradation of 
tetrahedral framework Al to octahedral Al or tri-coordinated Al caused the loss 
of Brønsted acid sites, NH3-SCR activity was maintained in Cu-exchanged CHA 
even after aging, which is attributed to the hydrothermally stable framework 
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structure and well-preserved Cu2+. For Cu-exchanged MFI, the deactivation 
of NH3-SCR was induced by the degradation of isolated Cu2+ to both Cu+ and 
CuxOy nanoparticles after simulated aging. The spatial distribution of both 
Al and Cu species was explored by inspecting single-pixel spectra, revealing 
spatial correlations between species and information that is lost in bulk data. 
We observed zoning of extra-framework Al, Cu+ and CuxOy on the surface of 
every individual catalyst particle of the most deactivated zeolite, Cu-MFI-aged. 
Then, by investigating the main body of each catalyst particle, i.e., excluding the 
degraded surface regions, a plausible spatial correlation between tri-coordinated 
Al and Cu+ was established. Overall, we can conclude that the loss of isolated Cu 
sites is detrimental to NH3-SCR performance. Considering the interdependence 
between framework Al and isolated Cu species, further investigations of a more 
durable NH3-SCR catalyst should emphasize the stabilization of isolated Cu 
active sites. In case of Cu-exchanged zeolites, preservation of isolated Cu relies 
on the stability of an Al-containing framework. Hence, a hydrothermally stable 
zeolite lattice is critical for the maintenance of NH3-SCR activity.
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ABSTRACT

Characterizing materials at the nanoscale to provide insights into structure-
property-performance relationships continues to be a challenging research 
target due to the inherently low signal from small sample volumes. This is even 
more difficult for nonconductive materials, such as zeolites. In this Chapter, 
the characterization of a single Cu-exchanged zeolite crystal, namely Cu-SSZ-13, 
used for NOx reduction in automotive emissions, that was subject to a simulated 
135,000-mile aging, is studied. By correlating Atom Probe Tomography (APT), a 
single atom microscopy method, and Scanning Transmission X-ray Microscopy 
(STXM), which produces high spatial resolution X-ray Absorption Near-Edge 
Structure (XANES) maps, we show that a spatially non-uniform portion of 
the Al was removed from the zeolite framework. The techniques reveal that 
this degradation process is heterogeneous at length scales from micrometers 
to tens of nanometers, providing complementary insights into the long-term 
deactivation of this catalyst system.



67

Probing the Location and Speciation of Elements in Zeolites  
with Correlated Atom Probe Tomography and Scanning Transmission X-Ray Microscopy

3.1 Introduction
Multiscale material complexity and heterogeneity is one of the key drivers for 
ever more advanced characterization research.1–9 Zeolites are heterogeneous 
catalysts that exhibit such complexity, spanning several orders of magnitude, 
from their catalytic active sites (sub-nanometer) to large industrial reactors 
(tens of meters), and even within single crystals they contain compositional 
gradients and defects spanning sub-nanometer to micrometer length scales.4 
There are many characterization techniques that provide spatially resolved 
information, with varying degrees of chemical information content, but there 
are few characterization techniques that provide both the necessary high spatial 
resolution and chemical information content. Additionally, many methods 
provide only 2D or near-surface information.4,5

A range of well-developed techniques are available for obtaining chemical 
information from solid catalysts with length scales from micrometer to 
nanometer, however, chemical imaging of solids catalysts with nanometer 
scale resolution is still very challenging, especially for an individual catalyst 
particle.4 Two characterization techniques that provide high spatial resolution 
information are Atom Probe Tomography (APT) and Scanning Transmission 
X-ray Microscopy (STXM).10–19 APT is a single atom 3-D microscopy that is 
able to reconstruct the 3-D position and chemical identity of all atoms with 
sub-nm resolution from a needle shaped specimen with dimensions of tens to 
hundreds of nanometers, making it the highest resolution technique to provide 
3-D elemental identification.10–14 STXM relies on a Zone Plate (ZP) to focus soft 
X-rays emitted by a synchrotron onto a small spot on the sample, through which 
the sample is scanned. By measuring the total transmitted intensity of the 
beam as a function of energy, it can give information about local environment 
of the measured chemical element and its abundance. STXM (especially in 
combination with ptychography) is one of the highest resolution techniques 
capable of providing this information (possible resolution <50×50 nm2 pixel size, 
and even in the range of 10 nm and below when using ptychography19,20) that is 
also non-destructive to zeolites as it uses soft X-rays.15,16

Both APT and STXM have been applied to zeolite-based catalysts by a 
number of research groups, resulting in a significant body of accumulated 
knowledge.15,21,30,31,22–29 However, there is no report that correlates results of the 
two characterization techniques. In this Chapter, we have applied APT and 
STXM in an integrated fashion to study the same single crystal of a laboratory 
aged (135,000 mile simulation) sample of copper-exchanged zeolite SSZ-13 
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(Cu-SSZ-13, with the CHA framework topology), which is the same sample as 
we previously studied with APT alone.24 We chose this sample as the ~4 µm 
crystal size makes spatially resolved characterization studies meaningful, 
and as the sample was previously studied any potential beam damage can 
be assessed, a known problem when probing zeolites with electron beams.32 
Furthermore, the ion exchange with Cu-ions makes this a difficult material to 
characterize with conventional 27Al Magic Angle Spinning solid-state Nuclear 
Magnetic Resonance (MAS ssNMR) spectroscopy due to interference from 
paramagnetic Cu, motivating us to explore other characterization methods. 
The results described in this Chapter indicate that it is possible to correlate the 
results of these two high-resolution techniques, and thereby gain information 
on the location and local environment of the elements present to construct a 
more complete understanding of how the material resists deactivation under 
demanding tailpipe conditions.

3.2  Experimental Section

3.2.1  Catalyst Preparation
The aged zeolite Cu-SSZ-13 with a Si/Al ratio of ~20 (determined by Inductively 
Coupled Plasma - Optical Emission Spectrometry, ICP-OES) was prepared 
using the same method as reported in reference [24]. Hereto, N,N,N-trimethyl-
1-adamantammonium (20 % in H2O solution, Sachem) was added to a mixture 
of tetraethyl orthosilicate (TEOS, Aldrich, >99 %) and aluminum isopropoxide 
(Acros Organics 98 %+), followed by an aging procedure at room temperature 
for 4 days. A 51 % HF solution (Acros organics, 48–51 %) was added and the 
solution was stirred until it turned into homogeneous gel, which was then 
transferred into Teflon-lined autoclaves for hydrothermal treatment at 150 °C 
for 6 days. The white product was collected and washed thoroughly with a large 
excess of demineralized water and dried overnight at 60 °C. Calcination was 
required to remove organic compounds that remained in the zeolite pores. The 
as-synthesized zeolite SSZ-13 was dehydrated at 150 °C for 2 h and calcination 
was sequentially performed at 580 °C for 6 h and then cooled down to room 
temperature. The temperature ramping rate was 2 °C/min for the entire 
calcination process.

For the Cu ion exchange with zeolite SSZ-13, 1 g calcined SSZ-13 was dispersed 
in a 0.1 M CuSO4 (Merck ACS, ISO, Reag. Ph Eur) solution at 80 °C for 2 h. The 
obtained Cu-SSZ-13 was thoroughly washed with demineralized water and dried 
overnight at 60 °C. The Cu-SSZ-13 was then dehydrated at 150 °C for 2 h followed 
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by calcination at 550 °C for 4 h in a muffle furnace with a temperature ramping 
rate of 2 °C/min.

The steaming process followed the industry standard simulation procedure for 
a 135,000-mile vehicle-aged catalyst, as described in Chapter 2. The 10 % steam 
in air flow was produced by using a H2O bubbler at 47 °C and was introduced 
into the zeolite Cu-SSZ-13 placed in a porcelain boat-shaped crucible in a tube 
furnace at 120 °C to prevent H2O condensation. The steaming procedure was 
conducted at 800 °C using a ramping rate of 2°C/min and held for 16 h. It was then 
cooled down to room temperature in dry air to obtain the aged zeolite Cu-SSZ-13.

3.2.2  Catalyst Characterization
Crystals of aged zeolite Cu-SSZ-13 were attached to Mo Omniprobe® Lift-Out 
Grids and thinned to 0.5 µm, as shown in Figure 3.2, using a Ga Focused Ion 
Beam (FIB) and Kleindiek nanomanipulator.24

The STXM measurements on the cross section were performed at the Advanced 
Light Source (ALS) beamline 11.0.2 of Lawrence Berkeley National Laboratory, 
Berkeley, California, USA.33,34 For the STXM experiment the grid with the thinned 
Cu-SSZ-13 was attached to the sample holder using double sided tape. The sample 
chamber was evacuated and then backfilled with He to a pressure of 200 Torr. 
The soft X-ray beam focused on the sample with a 50 nm spot size after going 
through a 45 nm Zone Plate (ZP) and sequentially an Order Sorting Aperture 
(OSA) with a 90 µm pinhole. The focused X-ray beam reached the sample to 
form a point-by-point image by moving the sample plate step-by-step, resulting 
in an X-ray absorption spectrum at each pixel. A stack of transmission images 
with a 4×4 µm2 Field of View (FOV) and 50×50 nm2 pixel size, was obtained by 
varying the incident X-ray energy in the energy region of 1557-1585 eV for Al 
K-edge imaging. Because the Cu concentration was too low to detect, we did not 
perform STXM on Cu L-edge of the cross section.

After performing the STXM measurements, a needle shaped specimen was 
carefully removed from the cross section using Ga FIB milling and then studied 
with APT using the LEAP 4000XR local electrode atom probe equipped with laser 
pulsing capabilities and an energy compensating reflectron lens in the Center 
for Nanophase Materials Sciences (CNMS) at Oak Ridge National Laboratory 
(ORNL). The APT experiment was performed on a tungsten wire instead of 
a Si microtip array, which is the more historical method of conducting APT 
experiments.35–37 The APT data analysis was performed using CAMECA’s IVAS 
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software. We have previously reported in detail on these measurements and their 
analysis.18,23,24,38 Briefly, atoms collected by an APT experiment is reconstructed 
into the three-dimensional space. Isoconcentration is created by connecting 
points in space with equal element concentration to show the heterogeneity 
at the scale of tens of nanometers. Smaller clusters and zonings of chemical 
elements are determined by Nearest Neighbor Distribution (NND) analysis 
where atom pair distance is plotted as a function of counts and is compared to 
the randomized pair distance. The variation within an identified cluster can be 
further examined by Radial Distribution Function (RDF) analysis that the local 
concentration of a selected atom is normalized by the bulk concentration.

STXM-XANES data of the cross section was analyzed using the aXis2000 (http://
unicorn.mcmaster.ca/aXis2000.html) and TXM-Wizard39 software packages. A 
stack of transmission images, recorded in energy sequences, was aligned in 
aXis2000 to ensure the position of cross section remained stable. The aligned 
transmission images were then converted to absorbance mode represented as 
Optical Density (OD), by defining the Absorbance (A) as A = -ln(I/I0), where I0 
and I are X-ray intensities before and after going through the sample.16 The stack 
of OD images was subsequently loaded in the TXM-Wizard software to obtain 
detailed analysis on chemical composition and spatial distribution of Al. The 
stack of images was cropped and binned by combining 2×2 pixels into one to 
enhance the signal to noise ratio in XANES through lowering spatial resolution, 
resulting in images with a 3.4×2.4 µm2 FOV and 100×100 nm2 pixel size. To 
analyze the area without any interfering absorption from deposited Pt, a mask 
was created using Principal Component Analysis (PCA) and Cluster Analysis 
(CA) of the raw data, which clearly separated the zeolite contribution from the 
background and Pt. Subsequently, the mask was used to filter the background 
area and deposited Pt in the cross section; the absorption profiles of both Pt-
deposit and background regions did not show an edge jump across the Al K-edge 
(Figure 3.1). Therefore, only pixels showing an edge jump at the Al K-edge (blue 
area in Figure 3.1) remained to conduct further analysis.

An edge jump filter was then employed to remove the pixels with an extremely low 
energy jump, i.e., pixels dominated by noise, followed by applying a normalization 
filter and removing pixels with a distorted pre-edge or post-edge. The bulk XANES 
spectrum was taken as the average spectrum of all remaining single pixel spectra 
in the image. Energy calibration of the Al K-edge XANES was carried out by shifting 
the white line maximum of the bulk spectrum to 1566.2 eV, referring to the Al 
K-edge XANES of zeolite ZSM-5 used as a standard and measured previously by our 
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group.30 The local chemical environment of Al in the cross section was analyzed by 
Least-Square Linear Combination (LSLC) fitting of the bulk XANES, taking zeolite 
ZSM-5 and α-Al2O3 as references for tetrahedral Al and octahedral Al, respectively. 
The fitting range covered the edge region from 1563.20 eV to 1568.70 eV.

Figure 3.1 a) The background region, sample with and without Pt-deposition regions, were 
distinguished by Principal Component Analysis (PCA) and k-means Cluster Analysis (CA) on the 
raw data, i.e., the Optical Density (OD) map of the measured cross section. b) The corresponding 
Al K-edge X-ray Absorption Near-Edge Structure (XANES) spectra of the three regions under study.

PCA and k-means CA were then performed to group pixels into different clusters 
based on the similarity of their XANES spectra. According to the Eigenspectra 
and the scree plot, the first two Principal Components (PCs), which could explain 
more than 95% of data variance, were chosen. Next, the data was projected onto 
this 2-dimensional PC space and upon inspection of the resulting score plot 
classified into three clusters (k=3) via k-means clustering using the average 
solution of 10 k-means replicates. Using this result as an initial solution the 
clustering was further refined by an Expectation Maximization (EM) algorithm 
for Gaussian Mixture Modeling (GMM) to achieve a point density clustering in 
PC space, which often improves the clustering for noisy XANES data. Al species 
were determined by LSLC fitting of the XANES of the clusters using the same 
procedure as for the bulk XANES.

3.3 Results and Discussion
As was mentioned above, the STXM experiments were performed at the 
Advanced Light Source (ALS, Berkeley, California, USA) beamline 11.02 and 
the sample preparation and APT experiments were conducted at the Center 
for Nanophase Materials Sciences (CNMS) at Oak Ridge National Laboratory 
(ORNL, Oak Ridge, Tennessee, USA). Prior to the STXM experiment, a single 
crystal of aged zeolite Cu-SSZ-13 was attached to a Mo Omniprobe® Lift-Out Grid 
(Mo was used to prevent any contamination from a more typical Cu grid), and 
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thinned to ~0.5 µm using Focused Ion Beam (FIB) milling to allow for sufficient 
X-ray transmission through the material, as is shown in Figure 3.2.40 The aged 
zeolite Cu-SSZ-13 is the same as the one reported in reference24, with a bulk Si/Al 
ratio of ~20, and was aged using the industry standard simulation for a 135,000 
mile vehicle-aged catalyst.41 After being mounted on the grid and thinned, 
the zeolite crystal had an asymmetrical Pt coating deposited on the crystal 
surface (Figure 3.2e, FIB Pt was deposited on the crystal surface to protect the 
material during milling), which also served as a marker for the correlated APT-
STXM experiments. Careful examination of Figure 3.2f shows that the crystal 
thickness is not uniform and it is thinner at the top near the Pt strip, which was 
a consequence of the FIB milling step with the Ga ion source, and the top was 
thinner as it was more exposed to the Ga ion beam. After the zeolite crystal was 
mounted at CNMS, it was transferred to ALS for the STXM experiment.

Figure 3.2 Overviews of characterization techniques and sample preparation for Atom Probe 
Tomography (APT) and Scanning Transmission X-ray Microscopy (STXM). a) Schematic of an APT 
instrument, including approximate sizes of the various components. b) Schematic of a STXM 
instrument with the following components: Soft X-ray beam, zone plate (ZP), Order Sorting 
Aperture (OSA), sample holder and detector. c-f) Picking up a single crystal of zeolite Cu-SSZ-
13 using a Kleindiek nanomanipulator and then attaching the crystal to a Mo Omniprobe® Lift-
Out Grid and subsequently thinning the crystal to ~0.5 μm using a Ga Focused Ion Beam (FIB) 
milling after applying a protective Pt layer shown in e. g-j) After the STXM measurements the 
cross section was attached to the tungsten needle on the Kleindiek nanomanipulator where it 
is shaped into a needle for the APT experiment.
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Figure 3.3 a) Scanning Electron Microscopy (SEM) image of the cross section mounted for the 
Scanning Transmission X-ray Microscopy (STXM) experiment. b) Transmission image of the 
entire cross section recorded at 1561.0 eV. The red rectangle indicates the scanning area in 
STXM, which was collected with a Field of View (FOV) of 4×4 μm2 or 80×80 pixels (pixel size: 
50×50 nm2). The area shown in Figure c-g is part of the scanned region that was designated 
for STXM-XANES (X-ray Absorption Near-Edge Structure) analysis with a FOV of 3.4×2.4 μm2 or 
34×24 pixels (pixel size 100×100 nm2, binning 0.5). The blue triangle indicates the approximate 
location of the Atom Probe Tomography (APT) needle. c) STXM optical density (OD) of the cross 
section at 1566.2 eV, which was converted from the as-recorded transmission image, showing 
the maximum absorption contrast. The scale bar indicates the X-ray absorption intensity. d) 
Average STXM OD of the cross section in pre-edge region after applying a mask to remove all 
data except those originating from the crystal, showing the thickness difference within the 
crystal. The scale bar indicates the absorption intensity of X-rays. e) Edge-jump map based on 
XANES representing Al amount. The scale bar reports the values of the absorption edge jump, 
defined as the difference between the average intensity value in the XANES post-edge region 
and the average intensity value in the XANES pre-edge region. f) Thickness-corrected edge jump 
map based on XANES representing Al concentration. The scale bar indicates the absorption 
intensity of X-ray. g) The result of segmentation based on PCA and CA of the cross section 
showing the spatial distribution of the three clusters, with XANES for each cluster in (i). h) Least-
Square Linear Combination (LSLC) fitting of XANES spectrum of the bulk employing zeolite 
ZSM-5 and α-Al2O3 as reference materials for tetrahedral Al and octahedral Al, respectively. i) 
Bulk XANES for the entire cross section along with the XANES for the three clusters isolated by 
PCA.

The sample cross section was loaded into the STXM instrument, and a 
transmission image was first recorded at the Al pre-edge energy of 1561.0 eV 
and compared to the SEM image in Figure 3.3a-b. The STXM measurement 
was conducted with the soft X-ray beam going through a 45 nm ZP, resulting 
in a 50×50 nm2 beam spot size. The Pt deposited to protect the sample during 
FIB milling is evident in the transmission image due to its stronger absorption 
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caused by its high density (Figure 3.3b), and the non-symmetrical Pt deposition 
then acted as a marker for the crystal edge. The bulk XANES from combining 
all data collected for the cross section is shown in Figure 3.3h along with the 
references for tetrahedral and octahedral Al, which were zeolite ZSM-5 and 
α-Al2O3, respectively. The LSLC fitting (Figure 3.3h) shows that the cross section 
contains ~90% tetrahedral Al (framework) and ~10% octahedral Al (extra-
framework). This relatively small proportion of framework Al removal to form 
octahedral Al is consistent with the results of previous studies, and is also 
expected from our previous study of this material as described in Chapter 2 
and is consistent with the catalyst retaining its activity after aging.24,42–44

In the transmission image at 1561.0 eV in Figure 3.3b a pixel size of 50×50 nm2 
was used. For further analysis the transmission image was first converted to 
display absorption (Figure 3.3c), i.e., the X-ray absorption coefficient. Then, the 
52 images of the X-ray energy scans were spatially aligned followed by removal 
of the region which did not contain zeolite materials, resulting in a 3.4×2.4 
µm2 scan area. Once the XANES of each pixel were examined, it was evident 
that the absorption was not sufficient to give enough signal for the single pixel 
X-ray absorption spectra to be meaningfully analyzed. Therefore, the images 
were binned to combine 4 (2×2) pixels into one. Then there were 34×24 pixels 
remaining, and after filtering out the region that did not contain zeolite or had Pt 
deposition using a mask (details in experimental section), 538 pixels remained 
for analysis. After binning and applying the data mask, the absorption map 
based on the average absorption in the pre-edge region (1557-1563 eV) is shown 
in Figure 3.3d. This figure shows that the absorption increases from the top to 
the bottom of the sample as expected due to the increasing sample thickness; the 
X-ray absorption in the pre-edge region is a good measure for sample thickness 
as it is not (or very minimally) influenced by relative changes in Al concentration.

The amount of Al within the cross section was evaluated by studying the 
absorption edge jump map, as shown in Figure 3.3e. The data in the figure are 
consistent with a gradient in Al with the lowest amount near the top of the zeolite 
crystal. At first consideration, this would appear to indicate Al zoning across the 
cross section. However, closer examination of the side view of the cross section 
by SEM (Figure 3.2f) shows that the FIB milling used to thin the zeolite crystal 
left the cross section thinner at the top than the bottom, which is a common 
occurrence as the milling ion beam source was normal to the top of the zeolite 
crystal. To exclude the absorption difference due to varying thickness, the edge 
jump map is divided by the average pre-edge absorption in each pixel to obtain 
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the thickness-corrected edge jump map, which then shows the Al concentration 
in each pixel (Figure 3.3f). This figure shows that there is a higher thickness-
corrected absorption in the center of crystal compared to both edges, which 
would mean the Al concentration is lower near the crystal edge (~100-300 nm) 
than the rest of the crystal. However, we want to further explore this result 
due to any possible influence of the protective Pt layer applied to the material. 
Though, it is certainly shown that the Al concentration is homogeneous within 
the central region of the crystal at the scale of 100×100 nm2 pixels that were 
analyzed, though not in the first ~100-300 nm near the crystal surface.

Table 3.1. Least-Square Linear Combination (LSLC) fitting of Al K-edge X-ray Absorption Near-
Edge Structure (XANES) spectra of the bulk and clusters employing zeolite ZSM-5 and α-Al2O3 
as references for tetrahedral Al (AlTd, framework) and octahedral Al (AlOh, extra-framework) 
respectively.

AlOh +/- AlTd +/- R-square R-factor Reduced 
chi-square

Bulk XANES 0.092 0.108 0.908 0.136 0.786 0.036 0.079

Cluster 1 0.159 0.225 0.841 0.284 3.408 0.102 0.341

Cluster 2 0.065 0.110 0.935 0.138 0.812 0.037 0.081

Cluster 3 0.000 0.160 1.000 0.202 1.727 0.147 0.173

As the single pixel XANES is too noisy to provide useful edge energy information, 
which could be used to distinguish tetrahedral versus octahedral Al, the data 
was further analyzed using PCA. The influence of sample thickness was excluded 
in the PCA by using normalized data (edge jump set to one). Furthermore, PCA 
is conducted without any a priori knowledge of the data, so it is an unbiased 
method of analysis. PCA of the XANES maps indicated two main components, 
and further k-means CA demonstrated three significantly different clusters in 
the cross section, as shown in Figure 3.3g, with the deconvolutions and resulting 
amounts of tetrahedral and octahedral Al in each cluster given in Table 3.1. 
The three clusters have an increasing amount of octahedral Al, from none in 
Cluster 3, which is near the edge of the crystal, to ~15% octahedral Al near the 
center. Based on the PCA of the Al it appears that zeolite steaming caused a 
more significant fraction of framework Al to be removed near the center of the 
crystal compared to the edge of the crystal. As the thickness corrected edge 
jump map showed a lower Al concentration near the edge, it may mean that in 
the Al rich central region the Al was more easily removed from the framework. 
This nanoscale identification of an increasing amount of framework Al removal 
with increasing Al concentration is consistent with the general macroscale trend 
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in zeolite catalysts, that materials are less stable to hydrothermal treatment 
when they have a higher amount of Al, that is, a lower Si/Al ratio.45

Figure 3.4 Results of the Atom Probe Tomography (APT) experiments and related data analysis. 
a) Distributions of all Al ions (blue) and all Cu ions (red) as well as 5.6% Al isosurfaces (blue) 
and 2% Cu isosurfaces (red), bounding box dimensions 143×48×49 nm3. b) Al fourth Nearest 
Neighbor Distribution (4NND). c) Al Radial Distribution Function (RDF). d) Proximity histogram 
across the 5.6% Al isoconcentration surface shown in (a), with bulk normalized concentrations 
shown. e) Cu 4NND. f) Cu RDF. g) Proximity histogram across the 2% Cu isoconcentration surface 
shown in (a), with bulk normalized concentrations shown.

After the successful STXM data collection the lift-out was returned to ORNL’s 
CNMS for the APT experiment. As shown in Figure 3.2, a single needle could be 
extracted from the cross section, and instead of being attached to a standard, 
commercially produced Si microtip array, the APT experiment was performed 
on a tungsten wire that had been sharpened by electropolishing. This is the 
more traditional method of running APT experiments, and while it is more 
labor-intensive than using a Si microtip array, the small size of the cross section 
would have made it difficult to use a microtip array.35–37 The APT experiment was 
successful, and 1.3 million ions were collected. This is a sufficient data set for a 
proper statistical analysis. Views of all Al and Cu atoms are shown in Figure 3.4a, 
and, as expected from the results described in Chapter 2 and a previous study, 
the Al distribution appears to be visually heterogeneous.24 The distributions of 
Cu and Al were analyzed using the Nearest Neighbor Distributions (NNDs) and 
Radial Distribution Functions (RDFs), shown in Figure 3.4b-c and Figure 3.4e-
f. For the NNDs, the 4th NND is shown as it led to a better separation between 
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the collected and randomized data, and for Cu there is clearly a non-random 
distribution, while for Al there appears to be a small difference between the 
collected and randomized data. The Al RDF (Figure 3.4c) indicates an Al-Al and 
Al-Cu affinity, consistent with previous findings. Interestingly, in the Cu RDF 
there is a clear Cu-Cu affinity, but no Cu-Al affinity, and this result contrasts 
with the two needles we previously studied from this sample. The heterogeneous 
distributions of both Al and Cu were then analyzed using isosurface analysis, 
and 2% Cu and 5.6% Al isoconcentration surfaces are shown in Figure 3.4 along 
with proximity histograms. The proximity histograms indicate Cu-Cu and 
Al-Al affinity, but not a significant affinity of Cu-Al or Al-Cu. This is similar to 
what we previously found and is in line with the robust stability of zeolite Cu-
SSZ-13, as we have not been able to identify any regions with a composition 
similar to copper aluminate spinel (i.e., CuAl2O4), contrasting with what could 
be quantitatively identified in aged zeolite Cu-ZSM-5.24 Overall, the APT analysis 
of this needle gave results consistent with our previous study, except for not 
finding a significant Cu-Al affinity in the Cu RDF. We do not know if this is due 
to damage to the material or variations in the material, though we believe the 
latter is more likely as beam damage generally causes aggregation of chemical 
elements, which is opposite to our findings here.

To attempt to correlate results of the two nanoscale chemical imaging techniques 
(i.e., STXM and APT), Figure 3.2h-j shows that the needle was removed from 
nearer the center of the region measured by STXM, as shown in Figure 3.3a-
b. This is the portion of the needle that contained ~15% octahedral Al from 
the PCA-CA-XANES result. The APT analysis found heterogeneities in the Al 
distribution, which would be consistent with damage from the material due to 
steaming. This has been established in studies of pristine and steamed zeolite 
ZSM-5 crystals, where heterogeneities in the Al distribution were only found 
by APT after steaming.21 In the present study the Al distribution is only slightly 
heterogeneous, consistent with the preserved catalytic activity after the 135,000 
mile simulated aging procedure, and the relatively small fraction of octahedral 
Al identified using STXM.

3.4  Conclusions
The results described show that correlating APT and STXM measurements 
of zeolite-based catalysts is possible, though it should be clear that it remains 
technically very challenging. Some of the unique advantages of using this 
correlated characterization approach are: i) APT can resolve the 3-D location 
of all chemical elements, but gives no information about their local bonding 
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environment which can be gained from STXM. ii) Since STXM uses soft 
X-rays it has been estimated that radiation damage effects are two orders of 
magnitude lower than for Electron Energy Loss Spectroscopy (EELS) measured 
in a TEM, another technique capable of giving high spatial resolution spectral 
information.15,46,47 As we previously studied this sample, we could compare 
the results, and did not find evidence of significant damage from the STXM 
experiment. Some of the disadvantages to this correlated approach are: i) The 
(current) spot size of STXM used (i.e., 50 nm) is similar to the diameter of the 
needle measured for APT, making it difficult to find any STXM spatial resolution 
within an APT needle, though the heterogeneities found using Cluster Analysis 
(CA) were larger regions, making some correlation possible. ii) Specific to 
this experiment, zeolite samples need to be > 0.5 µm thick for sufficient X-ray 
absorption, but this is much larger than the dimensions of a typical APT needle, 
making spatial correlations difficult because the STXM information gives 2-D 
maps, so it can be difficult to correlate the two characterization techniques. 
Therefore, it may be more practical to study a material with a smaller absorption 
length, which may enable a more meaningful, spatially resolved correlation 
to be made between the two techniques. This would likely be a dense metal, 
and it may allow for further results in correlating these techniques and further 
technical developments. In any case, we have clearly demonstrated that 
correlative STXM-APT is feasible, opening new directions in nanoscale chemical 
imaging of functional materials.
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ABSTRACT

 

To control diesel vehicle NOx emissions, Cu-exchanged zeolites have been 
applied in the Selective Catalytic Reduction (SCR) of NO using NH3 as reductant. 
However, the harsh hydrothermal environment of tailpipe conditions causes 
irreversible catalyst deactivation. The aggregation of isolated Cu2+ brings about 
unselective ammonia oxidation along with the main NH3-SCR reaction. An 
unusual ‘dip’ shaped NO conversion curve was observed in the steamed zeolite 
Cu-ZSM-5, resulting from the undesired NH3 oxidation that produced NO. In this 
Chapter, we gain further insights into the NH3-SCR reaction and its deactivation 
by employing operando UV-Vis Diffuse Reflectance Spectroscopy (DRS) and 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) on 
fresh and steamed Cu-ZSM-5 zeolites. It was found that tetragonally distorted 
octahedral Cu2+ with associated NH3 preferentially forms during low temperature 
NH3-SCR (<250 °C) in fresh zeolite Cu-ZSM-5. The high coordination number of 
Cu2+ ensures the availability for high coverage of nitrate intermediates. Whilst 
in the steamed Cu-ZSM-5, [Cux(OH)2x-1]+ oligomer/clusters in pseudo-tetrahedral 
symmetry with coordinated NH3 accumulated during the low-temperature 
NH3-SCR reaction. These clusters presented a strong adsorption of surface NH3 
and nitrates/nitric acid at low temperatures and therefore limited the reaction 
between surface species in the steamed zeolite Cu-ZSM-5. Further release of 
NH3 with increased reaction temperature favors unselective NH3 oxidation that 
causes the drop of NO conversion at ~300 °C. The structural similarity under the 
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NH3-SCR reaction and unselective NH3 oxidation confirmed the entanglement 
of these two reactions above 250 °C. Moreover, competitive adsorption of NH3 
and nitrates/nitric acid occurs on shared Lewis-acidic adsorption sites. Prompt 
removal of surface nitrates/nitric acid by NO avoids the surface blockage and 
tunes the selectivity by alternating nitrate-nitrite equilibrium. The formation of 
adsorbed NO2 and HNOx points to the necessity of an acid adsorbent in practical 
applications.

4.1 Introduction
Emission control of NOx (i.e., NO, N2O and NO2) has been mandated in 
applications such as stationary power plants and diesel engine vehicles. 
Vanadia-based NH3-Selective Catalytic Reduction (NH3-SCR) catalysts are rather 
efficient and economical in stationary NOx abatement, but failed to adapt to 
diesel vehicles because of the low activity at a high air/fuel-ratio and their high 
SO2 oxidation activity.1,2 Considering the dominant emission of NO compared to 
N2O and NO2 in NOx-lean automotive exhausts, the standard NH3-SCR reaction 
(4NH3 + 4NO + O2 = 4N2 + 6H2O), where stoichiometrically equal amounts of NH3 
as NO are employed, is the main focus in catalyst development.3 Catalyzing 
such a redox reaction, involving electron transfer processes, requires a catalyst 
that can accept and donate electrons when encountering reactant molecules 
or bind with reaction intermediates. Transition metal-based catalysts are thus 
promising candidates for NH3-SCR reaction, due to the modifiable electron 
configuration of their d orbitals.

Since the high NO decomposition activity of a zeolite Cu-ZSM-5 catalyst materials 
was discovered in 1980s, Cu-exchanged zeolites have been widely investigated 
for the NH3-SCR reaction.4 Although Cu-exchanged zeolites exhibit high NH3-
SCR activity over a wide temperature window, the automotive industry is still 
facing the dilemma of choosing a suitable catalyst for commercialization – 
medium/large pore zeolite structures, such as MFI and BEA, are limited by their 
low hydrothermal stability, while the more robust small pore zeolite CHA (i.e., 
SSZ-13 and SAPO-34) has a higher cost. The irreversible hydrothermal aging of 
zeolites is a subtle yet permanent process, during which the functional moieties 
in Cu-exchanged zeolites undergo a dynamic transformation starting from local 
distortion of the structural unit regardless of the type of zeolite framework. 
The deactivation of catalysts should be particularly considered for the rational 
design of emission control systems for vehicle tailpipes.
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The ideal Cu species in Cu-exchanged zeolites are isolated Cu2+ balanced by 
an Al pair and [CuOH]+ balance by a single Al site. When the Cu-exchanged 
zeolites undergo hydrothermal treatment or experience a deactivation process, 
the degradation of Cu increases the heterogeneity of Cu species. The CuxOy 
clusters/nanoparticles, spinel phase CuAl2O4, as well as Cu(OH)2 can form and 
are considered to be detrimental for the standard NH3-SCR reaction.5–9 Various 
Cu species in the zeolites provide multiple possible sites for catalytic reactions 
at NH3-SCR reaction conditions. Undesired byproducts, for instance NO2 and 
N2O, can be selectively formed during the NH3-SCR reaction.10 Additionally, with 
multiple evolutionary Cu species in the Cu-exchanged zeolites, the unwanted 
side reactions such as NO oxidation (2NO + O2 = 2NO2) and unselective NH3 
oxidation to NO (4NH3 + 5O2 = 4NO + 6H2O) can also take place under standard 
NH3-SCR reaction conditions.11–14

In a previous study of steamed Cu-ZSM-5 zeolites we have observed an unusual 
NO conversion curve with a ‘dip’ shape at around 300 °C.15 A similar drop of NO 
conversion was reported at ~270 °C with the hydrothermally treated zeolite Cu-
SSZ-13 and was simply explained by the accelerated unselective NH3 oxidation 
promoted by CuxOy clusters/nanoparticles.16,17 However, the detailed structural 
reasons for the low NH3-SCR activity have not yet been well understood due to 
the interference of multiple Cu sites and side reactions.

In this Chapter, the catalytic performance and structural properties of a series 
of fresh and steamed Cu-ZSM-5 zeolites were investigated for a more complete 
understanding of NH3-SCR catalysis. Cu-exchanged zeolites were treated by high 
temperature steam to mimic different aging severities. Operando UV-Vis Diffuse 
Reflectance Spectroscopy (DRS) and Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) were conducted to gain mechanistic insight 
into the NH3-SCR reaction and its deactivation, to gain a deeper understanding 
of the unusual catalytic behavior of the steamed zeolite Cu-ZSM-5 material. The 
dynamic of local structural changes of the Cu2+ site under reaction conditions 
were followed by operando UV-Vis DRS, specifically by interpretation of the 
ligand-to-metal charge transfer (LMCT) as well as the d-d transition bands 
based on crystal field theory. The behaviour of adsorbed species, including 
chemisorbed NH3 and nitrates/nitric acid, were investigated utilizing their 
development and consumption under various reaction conditions. Finally, the 
‘dip’-shaped NO conversion curve (Figure 4.2a) could be explained by the side 
reaction of unselective NH3 oxidation, which is structurally ascribed to the 
possible formation of [Cux(OH)2x-1]+ oligomers/clusters with a pseudo-tetrahedral 
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Cu2+ center coordinated with NH3 in the steamed Cu-ZSM-5 material. The slow 
rate of surface reaction between adsorbed NH3 and surface nitrites/nitrates or 
nitric/nitrous acid limits the low-temperature NH3-SCR.

4.2 Experimental Section

4.2.1 Catalyst Preparation
The parent zeolite NH4

+-ZSM-5 was purchased from Zeolyst (CBV 2314, Lot 
2200-89), with a specified Si/Al ratio of 11.5. Zeolite ZSM-5 in its proton form was 
obtained by static calcination in air at 550 °C before ion-exchange with Cu(II) 
acetate. 1 g H-ZSM-5 was suspended in 250 mL 10 mM Cu(II) acetate (Sigma-
Aldrich, ≥98%) solution and stirred at room temperature for 24 h, followed by 
washing with a large excess of demineralized water. After drying, the zeolite 
was then calcined in air at 550 °C to remove the residual salt and was labelled as 
Cu-ZSM-5-fresh. The above-mentioned calcination procedures are identical. The 
zeolites were dehydrated at 150 °C for 1 h before 550 °C calcination for 4 h with 
a ramping rate of 2 °C/min in both heating and cooling process. The steaming 
procedure was modified based on our previous research15. The 10 % steam in 
air flow was produced by using a H2O bubbler at 47 °C and was directed to the 
fresh zeolite Cu-ZSM-5 in a porcelain boat-shaped crucible in a tube furnace at 
120 °C to prevent H2O condensation. The steaming procedure was conducted at 
different temperature (650, 700, 750 or 850 °C) using a ramping rate of 2°C/min 
and dwell time of 16 h. The steamed Cu-exchanged zeolites ZSM-5 were then 
cooled down to room temperature in dry air.

4.2.2 Catalyst Characterization
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was 
measured using a PerkinElmer Avio® 500 ICP-OES instrument at GeoLab, 
Utrecht University. Fresh/steamed Cu-exchanged zeolites ZSM-5 were treated 
with lithium borate fusion. The lithium borate fusion bead was dissolved in a 
2N HNO3 solution for ICP-OES measurement. A comparable level of Cu content 
(2.4 wt %) was determined in the fresh and steamed zeolites Cu-ZSM-5.

X-ray Diffraction (XRD) patterns of the fresh/steamed Cu-exchanged ZSM-5 
zeolite materials were collected by a Bruker D2 Phaser with a cobalt radiation 
X-ray source (Co kα = 1.789 Å). Powdered samples were pressed on the sample 
holder and rotated at 15 revolutions/min during measurement.
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Transmission Electron Microscopy (TEM) was performed in a JEM-2800 
microscope (JEOL) and operated under 200 keV. Powder samples were dispersed 
in ethanol and then deposited on gold TEM grids with holey carbon film.

Ammonia Temperature-Programmed Desorption (NH3-TPD) was taken on 
Micromeritics Autochem II 2920 equipped with a Thermal Conductivity Detector 
(TCD). Typically, 60 mg fresh/steamed zeolite Cu-ZSM-5 was first dehydrated 
in He flow for 1 h at 600 °C with a heating ramp of 10 °C/min. Ammonia then 
flowed pass the sample at 100 °C, followed by flushing with He at 100 °C for 2 h. 
The TCD signal of ammonia desorption was recorded starting from 150 °C under 
a temperature ramping rate of 5°C/min in a 25 mL min-1 He flow and staying at 
600 °C for 30 min.

CO adsorbed Fourier Transform Infrared (FT-IR) spectroscopy was carried 
out on a Perkin Elmer 2000 FT-IR spectrometer equipped with a homemade 
transmission cell with CaF2 window. A 10 mg sample was used to make the self-
supported pellet for both catalysts. For each experiment, the self-supported 
pellet was dehydrated at 300 C for 2 h under vacuum of 10-6 mbar, followed by 
cooling down with liquid nitrogen. The reference spectrum was taken before 
dosing CO. The 10% CO/He (Linde, 99.998 %) was dosed in gradience to attain 
different surface coverage of CO. Spectra were recorded after CO dosage each 
time in a resolution of 4 cm-1 with 16 replications.

4.2.3 Catalytic Testing
Catalyst testing was performed in a fixed bed plug flow setup. All the required 
gases were provided by Linde and the flow rates of feed gases were controlled 
by Brooks flow meters. Typically, 50 mg sieved catalysts powders (0.125-0.425 
mm) were closely packed in a quartz reactor. Prior to the NH3-SCR reaction, NH3 
oxidation or NO oxidation reaction, the packed zeolite was activated in 5 % O2/
He at 550 °C for 1 h and was cooled to 150 °C to start the reaction.

For the standard NH3-SCR reaction, the catalyst was exposed to SCR feed 
composition of 1000 ppm NO, 1000 ppm NH3 and 5% O2 balanced by He with a 
Gas Hourly Space Velocity (GHSV) of 100,000 h-1. The reaction was conducted in 
a desired temperature from 150 to 450 °C and was stabilized for 1 hour at each 
target temperature. The gas composition from outlet was determined by a FT-IR 
gas analyzer (Perkin–Elmer, Spectrum Two) that the real-time concentration 
of reactants (i.e., NO and NH3) and products (NO2 and N2O) could be recorded. 
After the reaction reach the steady state, the average concentration of outlet 
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gas composition was used to determine conversion and yield at each reaction 
temperature. The production of N2 was calculated based on N balance assuming 
that only gaseous products (NO2, N2O, N2) were formed in the reaction.

  (Eq. 4.1)

 (Eq. 4.2)

    (Eq. 4.3)

For a better understanding of catalytic behavior of NH3-SCR from the sense 
of side reactions, ammonia oxidation reaction and nitric oxide reaction were 
also performed over zeolite Cu-ZSM-5-fresh and Cu-ZSM-5-850stm. The reaction 
processes and the conversion calculations of NH3 oxidation as well as NO 
oxidation were the same as the NH3-SCR reaction except for the compositions 
of gas feed. The gas feed composition was 1000 ppm NH3 and 5 % O2 balanced 
by He for the NH3 oxidation, and 1000 ppm NO and 5% O2 balanced by He for the 
NO oxidation with a Gas Hourly Space Velocity (GHSV) of 100,000 h-1.Operando 
UV-Vis Diffuse Reflectance Spectroscopy (DRS) was also performed during the 
catalyst testing and achieved by the specially designed quartz fixed-bed reactor 
with a UV-Vis transparent window. A high-temperature UV-vis optical fiber 
probe connected to an AvaSpec 2048L spectrometer was employed to collect 
the UV-Vis DRS spectra every 2 min.

The Principal Component Analysis (PCA) was conducted on the d-d transition 
band of operando UV-Vis diffuse reflectance spectra. The first three principal 
components separate well the low, medium, and high wavenumber bands, from 
where the band positions can be determined accurately for the subsequent 
Gaussian fitting of each spectrum of the series. (Figure 4.1a-b). Three Gaussian 
peaks were restrained to the regions 10200-10800 cm-1, 13000-14000 cm-1 and 
16000-18000 cm-1 respectively. Moreover, the peak width was confined based 
on the initial fitting result of reference spectrum (UV-Vis spectrum of fresh 
zeolite Cu-ZSM-5 in Helium at 150 °C). All the spectra were fitted using the same 
fitting parameters. The R square of fit reached the level of 0.9999 for every fitted 
spectrum. The fitting curves and individual fitted components of fresh and 850 
°C steamed zeolites Cu-ZSM-5 shows the reliability of fitting (Figure AIII3-4).
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Figure 4.1 Principal Component Analysis (PCA) results of the operando UV-Vis Diffuse Reflectance 
Spectroscopy (DRS) data of a) fresh and b) 850 °C steamed Cu-ZSM-5. The goodness of fit in terms 
of R square of the fitted d-d transition band in all fitted spectra obtained during NH3-Selective 
Catalytic Reduction (SCR) reaction performed on c) fresh and d) 850 °C steamed zeolite Cu-ZSM-5.

4.2.4 Operando Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy

Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFTS) was performed making use of 10-20 mg catalyst, which was loaded 
in a sample holder in a high temperature Harrick reaction chamber with ZnSe 
windows and was pressed into a pellet with flat surface. The reactant gases were 
flowed through the pellet from bottom to top. Samples were calcined in 5 % O2/He 
at 550 °C before the reaction. The gas feed composition and reaction procedure 
were the same as the catalytic test on a fix bed reactor when performing the 
NH3-SCR reaction. NO or NH3 cutoff experiment was also performed at 250 
°C. The DRIFTS experiment protocol is briefly illustrated in Figure 4.11a. The 
DRIFTS data were collected continuously by a Bruker Tensor II spectrometer 
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with a Mercury-Cadmium-Telluride (MCT) detector with 32 accumulation times 
and resolution of 4 cm-1. The effluent gas composition was determined by a FT-IR 
gas analyzer (Perkin–Elmer, Spectrum Two).

4.3  Results and Discussion

4.3.1 Catalytic Performance

Figure 4.2 a) NO conversion, b) NH3 conversion, c) N2 yield, d) N2O yield and e) NO2 yield of the 
standard NH3-Selective Catalytic Reduction (SCR) reaction performed on fresh and steamed 
Cu-ZSM-5 zeolites. The standard NH3-SCR reaction was conducted with a Gas Hourly Space 
Velocity (GHSV) of 100,000 h-1 with 1000 ppm NO, 1000 ppm NH3, 5% O2 and balanced with He.

The fresh zeolite Cu-ZSM-5 underwent a steaming pre-treatment to simulate 
the working catalysts after various degrees of deactivation. The standard 
NH3-SCR reaction was performed on fresh and steamed Cu-ZSM-5 catalysts 
in the temperature range from 150 to 450 °C (Figure 4.2). A varying extent of 
deactivation of NH3-SCR activity was observed in the steamed zeolites Cu-ZSM-
5. The fresh Cu-ZSM-5 showed the highest NO conversion and N2 selectivity in 
the whole temperature range. The steaming process mainly caused the loss of 
NO conversion at low reaction temperature. It is notable that unusual catalytic 
behavior was observed over the zeolites that underwent the 700-850 °C steaming 
pre-treatment. The NO conversion had a drop starting at 250 °C followed by 
a continuous increase in conversion from 300 °C, exhibiting a distinct valley-
shaped NO conversion curve. Meanwhile, a peak was observed in the NH3 
conversion curve at the exact temperature of the observed ‘dip’ in NO conversion. 
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This points to the non-equivalent consumption of NO and NH3 in the reaction, 
which contradicts the identical stoichiometric ratio of NO and NH3 in a standard 
NH3-SCR reaction.

Figure 4.3 The reactants consumption and products formation in standard NH3-Selective 
Catalytic Reaction (SCR) reaction over a) fresh and b) 850 °C steamed Cu-ZSM-5. c) The 
conversion of NH3 during the NH3 oxidation reaction over the fresh and steamed Cu-exchanged 
ZSM-5. d) Product concentration from the NH3 oxidation reaction over 850 °C steamed Cu-ZSM-
5. The standard NH3-SCR reaction was conducted with a Gas Hourly Space Velocity (GHSV) of 
100,000 h-1 with 1000 ppm NO, 1000 ppm NH3, 5% O2 and balanced with He. The NH3 oxidation 
reaction was conducted with a GHSV of 100,000 h-1 with 1000 ppm NH3, 5% O2 and balanced 
with He.

The conversion and formation of nitrogen-containing compounds in the NH3-
SCR reaction over fresh and 850 °C steamed Cu-ZSM-5 zeolites are shown in 
Figure 4.3a-b. From the consumption difference between NO and NH3, depicted 
by blue curves, the occurrence of side reactions such as NO or NH3 oxidation 
in standard NH3-SCR could be determined. In fresh Cu-ZSM-5, NH3-SCR was 
the favored reaction, and was only slightly affected by NO oxidation below 200 
°C and by NH3 oxidation above 300 °C. In contrast, side reactions had more 
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significant impact on the steamed Cu-ZSM-5. This ‘critical temperature’ of 250 
°C divides the temperature range into a low- and a high- temperature regime. 
When the reaction temperature was below 250 °C, the converted NO was overall 
higher than the converted NH3, which implied the involvement of undesirable 
NO oxidation, confirmed by the additional production of NO2. NH3 oxidation 
hardly contributed to the low temperature regime, proven by no conversion of 
NH3 in the NH3 oxidation reaction (Figure 4.3c). 

When the reaction temperature was higher than 250 °C, the consumption of 
NH3 overtook NO consumption, suggesting the involvement of NH3 oxidation 
along with the standard NH3-SCR reaction, especially in the intermediate 
reaction temperature range of 250-300 °C. Interestingly, the performance of 
NH3 oxidation over the steamed Cu-ZSM-5, in that NH3 showed a peak-shape 
conversion curve with NO as the dominant product (Figure 4.3c-d), is explained 
as the apparent NO conversion dropped to near 0 % along with the soaring NH3 
conversion from 250-300 °C observed in the NH3-SCR reaction. The produced 
NO from the NH3 oxidation replenished the consumed NO from NH3-SCR, 
and consequently led to the apparent drop in NO conversion from 250 °C in 
standard NH3-SCR (Figure 4.2a). In return, the residual NH3 was insufficient for 
the reduction of the surplus NO, deteriorating the catalytic activation. As for 
the N2O byproduct, it is formed in the NH3-SCR reaction as a partially reduced 
product of NO through the formation of HNO intermediate.18 N2O can also be 
the product of unselective oxidation of NH3 (2NH3 + 2O2 = N2O + 3H2O). At low 
reaction temperature, the activity of NH3-SCR reaction was high on fresh Cu-
ZSM-5, resulting higher N2O yield compared to the 850 °C steamed Cu-ZSM-5. 
With elevated reaction temperatures, the N2O was generated from both NH3-
SCR and NH3 oxidation reaction and kept increasing.

Although the side reaction of unselective NH3 oxidation explained the ‘dip’ shape 
in the NO conversion curve during the NH3-SCR reaction, it put forward another 
puzzle for NH3 oxidation conducted over steamed zeolite Cu-ZSM-5, where a 
peak was observed in the NH3 conversion curve at around 300 °C (Figure 4.3c). 
A possible interpretation can be found from a kinetic model of NH3 oxidation 
over Cu-exchanged zeolite Cu-SSZ-13. The reaction at 250-400 °C occurs on Cu-
exchanged sites but the NH3 conversion decreases with the lower NH3 coverage 
with increasing reaction temperature, while the high temperature reaction (> 
400 °C) starts to take place on the over-exchanged sites, for instance the CuxOy 
species achieving high conversion at elevated temperature.19
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4.3.2 Changes of Structure Properties upon Steaming

4.3.2.1 Local Damage of the Framework Structure
According to the above observed NH3-SCR catalytic performance over the 
fresh and steamed Cu-ZSM-5 zeolites, multiple entangled side reactions present 
at standard NH3-SCR reaction condition, in agreement with the results from 
previous studies.8,20,21 

Figure 4.4 a) X-Ray Diffraction (XRD) patterns and b) OH stretching region in the Fourier 
Transform Infrared (FT-IR) spectra of fresh and 850 °C steamed zeolite Cu-ZSM-5.

The fresh Cu-ZSM-5 achieved a more stable NO conversion over a wide 
temperature range, whilst the steamed Cu-ZSM-5 performance was significantly 
hindered by side reactions throughout the whole temperature range with 
particularly distinct catalytic performance below 300 °C. Finding the structural 
reasons behind this complex behavior was essential for a better understanding 
of the functions and deactivation of active moieties within Cu-ZSM-5. The zeolite 
framework is regarded as host for the guest cation through the interaction 
between the opposite charges of framework [AlO4]- and isolated Cu2+/[CuOH]+. 
The steaming pretreatment led to loss of zeolite framework crystallinity, 
revealed by the lower intensity of the diffraction pattern of MFI zeolite (Figure 
4.4a). This is consistent with the expected partial dealumination due to steaming. 
Although destruction of the long-range order in Cu-ZSM-5 was not observed, it 
is clearly shown in the FT-IR spectra in the range of the OH stretching vibration 
(Figure 4.4b) that the well-resolved [CuOH]+ (3660 cm-1) and Brønsted acid sites 
(3612 cm-1) were replaced by a broad peak representing internal silanol groups 
in the severely steamed Cu-ZSM-5.22 The loss of the Brønsted acid sites upon 
steaming was an indicator of the formation of local defects within the zeolites, 
resulting in the heterogeneity of hydroxyl groups, which is experimentally 
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evidenced by the transformation of geometric structure of Al from tetrahedral 
to octahedral via solid-state Nuclear Magnetic Resonance (ssNMR) and X-ray 
Absorption Spectroscopy (XAS).22,23

4.3.2.2 Loss of Isolated Cu2+ Sites
Another important functional moiety in fresh zeolite Cu-ZSM-5 is the isolated, 
exchanged Cu2+ sites located near framework Al for charge compensation. The 
most direct observation of structural changes upon steaming is the formation of 
Cu-based nanoparticles as shown in the TEM images (Figure 4.5). With increasing 
steaming temperature, the nanoparticles were more evident throughout the 
whole zeolite particles. In the 850 °C steamed Cu-ZSM-5, nanoparticles with 
particle sizes of 2-5 nm were prone to migrate and aggregate on the surface 
of zeolite particle, which is in agreement with a Scanning Transmission X-ray 
Microscopy (STXM) study that revealed Cu zoning on the edge of individual 
catalyst particles in steamed zeolites.15

Figure 4.5 Transmission Electron Microscopy (TEM) images of a) fresh, b) 650 °C steamed 
and c-d) 850 °C steamed zeolite Cu-ZSM-5 in bright field. The CO-adsorbed Fourier Transform 
Infrared (FT-IR) spectra of fresh and 850 °C steamed zeolites Cu-ZSM-5 under CO pressure of e) 
0.015 mBar, f) 0.1 mBar and g) 0.5 mBar at liquid N2 temperature. Blue and red lines represent 
fresh and 850 °C steamed zeolite Cu-ZSM-5, respectively.

CO is a universal probe molecule in FT-IR spectroscopy experiments to detect 
the metal sites by charge donation/back-donation between metal center and 
CO molecule. The interaction of CO with Cu2+ is weak, and therefore only Cu+ 
and the hydroxyl group could be probed by CO in Cu-zeolites.24 Figure 4.5e-g 
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shows the FT-IR spectra with different CO coverages. One of the differences 
between fresh and steamed Cu-ZSM-5 in CO-adsorbed FT-IR spectra is the 
stronger peak intensities found in the fresh Cu-ZSM-5, indicating larger numbers 
of available sites for CO adsorption in the fresh catalyst. The adsorption band of 
cuprous mono-carbonyls adducts centered at 2159 cm-1 coordinated up to three 
CO molecules with increasing CO pressure, which is well-documented.25 This 
probed Cu+ originated from [CuOH]+, which experienced auto-reduction during 
the dehydration pre-treatment under high vacuum.26 The loss of [CuOH]+ was 
confirmed in the steamed Cu-ZSM-5 in CO-adsorbed FT-IR spectroscopy, and it 
was accompanied by the co-existence of another cuprous site coordinated with 
CO with a lower C-O frequency of 2146 cm-1, which was also reported in zeolite 
Cu-ZSM-5 with high Cu-exchanged level.27 This cuprous site had less available 
coordination sites for ligands since only the mono-carbonyl was observed. When 
the CO dosage was high, the CO adsorption on the silanol became detectable 
only on the steamed catalyst,28 consistent with the observation of abundant 
internal silanol groups in the 850 °C steamed zeolite Cu-ZSM-5.

Figure 4.6 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) data 
of perturbed framework T-O-T vibration of a) fresh and b) 850 °C steamed Cu-ZSM-5 after 
dehydration and ammoniation.

The perturbed framework T-O-T vibration is directly influenced by the 
interaction between the Cu ions and the framework. Figure 4.6 shows the 
perturbed framework vibration of fresh and 850 °C steamed Cu-ZSM-5 after 
dehydration and subsequent NH3 treatment. The background spectrum was 
recorded for the hydrated form of zeolites as fully hydrated Cu2+ is mobile.29 
Similarly, the ammoniated Cu2+ hardly interacts with the zeolite framework, 
showing no perturbed T-O-T band. Upon removal of H2O or NH3, the Cu2+ is 
stabilized by the framework oxygen and consequently perturbs framework T-O-T 
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vibration. The perturbance of the framework generally depends on the charge 
of the interacting cation such that the higher the net charge of the interacting 
cation, the lower is the value of the T-O-T vibration, because a stronger 
interaction between opposite charges weakens the original framework vibration 
to a greater extent.30 The transformation from the framework stabilized Cu+ to 
Cu2+ causes the band shift of the asymmetric T-O-T vibration from 970 to 910 
cm-1 in Cu-ZSM-5.31,32 The ~930 cm-1 and ~950 cm-1 bands have been assigned 
to bare Cu2+ and [CuO]+/[CuOH]+/O2-associated Cu+, respectively.30,33 In the 
fresh zeolite Cu-ZSM-5, [CuOH]+ was not shown in the perturbed framework 
vibration band, although its existence was clearly indicated by the CO-FTIR 
results and its OH stretching band at 3660 cm-1. The signal from the [CuOH]+ 
perturbance might be covered by the strong and broad band originating from 
bare Cu2+. However, in addition to the Cu2+ and Cu+ perturbed vibrations, the 
ammoniation process unveiled the 954 cm-1 band in the 850 °C steamed Cu-ZSM-
5 although it lost the isolated [CuOH]+. Only the isolated or clustered Cu ions can 
influence the perturbed framework vibration by ligand removal or addition, 
because interaction between large particles and zeolite framework could be 
hardly affected by replacement of ligands. The 954 cm-1 band is hereby supposed 
relative to the charged Cu oligomers/clusters [Cux(OH)2x-1]+ that could interfere 
with the framework vibrations. The adjacency of the hydroxyl group to the Cu2+ 
is later implied by operando DRIFTS results.

Both NO oxidation and NH3 oxidation have been under investigation in Cu-
exchanged zeolites suggesting the potential contribution of isolated sites, such 
as Cu2+ and [CuOH]+, to the side reactions observed in the catalytic test.14,21,34 
However, with the steaming-induced local damage of the zeolite framework and 
the plausible formation of [Cux(OH)2x-1]+ oligomers/clusters, the NO conversion 
above 250 °C dropped due to the large contribution from unselective NH3 
oxidation. The detrimental effect of CuxOy clusters/nanoparticles on the NH3-
SCR reaction has been demonstrated to promote NH3 oxidation reaction, and 
promising NH3 conversion was even observed over a physical mixture of CuO 
and H-SAPO-34.17,20,35

4.3.3 Cu2+ Dynamics Unraveled by Operando UV-Vis Diffuse Reflectance 
Spectroscopy

The Cu aggregation in the steamed Cu-ZSM-5 zeolites was proposed to be 
responsible for the occurrence of the unselective NH3 oxidation reaction that 
caused the unusual NO and NH3 conversion in NH3-SCR reaction. However, a 
more detailed structural correlation of the deactivated component contributions 
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to the loss of NH3-SCR activity and the promotion of undesired unselective NH3 
oxidation has not yet been well-understood. This requires real-time monitoring 
of the catalysts in a reaction to establish the structure-activity relationships for 
further understanding of the key structure involved in the reaction. One of the 
most facile approaches to study transition metals under working conditions is 
UV-Vis DRS employing a high temperature UV-Vis optical fiber probe.36

4.3.3.1 Replacement of Ligands in Cu2+ Complex

Figure 4.7 Operando UV-Vis Diffuse Reflectance Spectroscopy (DRS) data of the a) fresh and 
b) 850 °C steamed zeolites Cu-ZSM-5 during NH3-Selective Catalytic Reduction (SCR) reaction 
of NO. The black solid line is the spectrum recorded at 150 °C in O2/He before the reactants 
were fed. The wavenumber of half height of the LMCT (Ligand-Metal Charge Transfer) band 
at ca. 39000 cm-1 in different reaction conditions was obtained at steady state for c) fresh and 
d) 850 °C steamed zeolite Cu-ZSM-5.

Generally, probing the transition metal Cu with UV-Vis DRS gives rise to ligand 
field induced d-d transitions determined by the number and position of atoms in 
the first coordination sphere, as well as a ligand-metal charge transfer (LMCT) 
band influenced by the optical electronegativity between the ligand and Cu.37 
UV-Vis diffuse reflectance spectra were recorded during the NH3-SCR reaction 
on fresh and 850 °C steamed zeolite Cu-ZSM-5, and the results are shown in 
Figure 4.7a-b. The starting spectrum is the dehydrated Cu-ZSM-5 measured 
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before the NH3-SCR reaction. A LMCT band with a lower wavenumber in 
the fresh Cu-ZSM-5 implies Cu2+ had an overall stronger interaction with its 
surrounding O2- compared to the steamed zeolite. Upon reaction, the fresh and 
steamed zeolite Cu-ZSM-5 follow very similar trends in LMCT transition. The 
band position had a blue shift once the reactant gases were introduced, and 
the band position shifted to a lower wavenumber during the entire reaction 
process. In the NH3-SCR reaction and its side reactions, N and O are the only 
two elements that need to be considered as the atom in the first coordination 
shell of Cu2+. Substitution of O-oriented ligands to N-oriented NH3 ligands drives 
the blue shift of LMCT band because NH3 has a smaller optical electronegativity 
compared to oxygen-oriented ligands including H2O, O2-, OH- and NOx

-, which 
generates a greater difference in energy level from Cu2+.37–39 The gradual red shift 
of the LMCT band with increasing reaction temperature is due to the removal of 
NH3 and the stronger interaction with coordinated O2-, i.e., the higher degree of 
covalency in the ligand-metal bond.25

To gain an intuitive look into the replacement of ligands in the reaction process, 
the wavenumber at half height of the LMCT maximum was followed in the 
NH3-SCR reaction, by comparing to that of inflow of O2/He, NH3/He and NH3 
oxidation feeds (Figure 4.7c-d). In the fresh zeolite Cu-ZSM-5, the reaction could 
again be clearly divided into two regimes including the low-temperature (150-
250 °C) and high temperature (300-450 °C) NH3-SCR mechanism according to 
the position of the LMCT band half height. In the low temperature regime, the 
position of the LMCT band is shown at a high wavenumber, resembling that of 
the NH3 oxidation condition and being close to the LMCT band position in NH3/
He, while at a temperature higher than 300 °C, the evolution of the LMCT band 
position is similar to that found in oxidative gases. This strongly suggests the 
predominant replacement of the first coordination shell atom to isolated Cu2+ 
from N to O during the reaction, in agreement with similar findings revealed by 
in-situ XAS and the proposed different reaction mechanism in low- and high-
temperature NH3-SCR.40 In contrast, a less significant shift of the LMCT band 
during the reaction was observed in the steamed zeolite Cu-ZSM-5, suggesting 
a less notable change of the coordinated ligands because fewer Cu2+ sites were 
available to take part in the reaction on the surface of [Cux(OH)2x-1]+ oligomers/
clusters. No clear demarcation line between the low and high temperature 
regime was found in the steamed sample, though it had been in the fresh Cu-
ZSM-5 zeolite material. The LMCT band positions in NH3-SCR reaction and O2/
He environments are similar, indicating the dominant coordinated ligand was 
O2- probably originated from Cu2+-OH in [Cux(OH)2x-1]+ oligomers/clusters in the 
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steamed Cu-ZSM-5. However, the LMCT band position under NH3-SCR reaction 
conditions lies between its position in the NH3/O2 environment and NH3/He 
environment, and thereby, the coordination with NH3 cannot be ruled out.

4.3.3.2 Appearance of Pseudo-Tetrahedral Cu2+ in Low Temperature  
NH3-Selective Catalytic Reduction of NO

Figure 4.8 a) Schematic of possible Cu2+-complexes in zeolite Cu-ZSM-5 in the NH3-Selective 
Catalytic Reduction (SCR) reaction and the corresponding approximate positions in 
wavenumbers of their corresponding bands, estimated based on ligand-field imposed d-d 
splitting of Cu2+. The O2-

fw represents framework oxygen. The d-d transition band and the peak 
fitting results of the (b, d) fresh and (c, e) 850 °C steamed zeolite Cu-ZSM-5 collected at steady-
state at each temperature during the NH3-SCR reaction catalytic test. The bands in grey color 
were collected in intermediate reaction temperatures between 150-450 °C. The positions of 
both main peak and shoulder are indicated in (a) by a solid triangle (Prussian blue), a circle 
(cyan) and a square (yellow), respectively.

The d-d transition region from the UV-Vis diffuse reflectance spectrum provides 
information on the geometric structure of Cu2+. Incorporation of ligands in 
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different spatial locations has a significant impact on the extent of the splitting 
of d orbital, which is affected by the extent of interaction between the d orbital 
and the ligand. Figure 4.8b-c show the d-d transition band of fresh and 850 
°C steamed zeolite Cu-ZSM-5 at steady-state from 150-450 °C in the NH3-SCR 
reaction. In both data sets, three main absorption bands could be identified in 
the d-d transition region: below 12000 cm-1, 12000-16000 cm-1 and above 16000 
cm-1. Despite the band broadening and overlapping resulting from the variety of 
ligand combinations and heterogeneity of Cu2+ symmetry, the appearance of two 
spectroscopic signatures at 10350 cm-1 and 13700 cm-1 are clearly identified in the 
UV-Vis spectra of 850 °C steamed Cu-ZSM-5. The change of Cu2+ symmetry was 
followed using ligand-field theory as well as previous experimental/theoretical 
studies on the Cu2+ UV-Vis diffuse reflectance spectrum.

As indicated by Figure 4.8b-c, low, medium, and high wavenumber bands 
could be identified in the d-d transition region. The adsorption band at ~12500 
cm-1 is the typical band that arises from isolated Cu2+ in an octahedral crystal 
field generated by oxide ligands.41 The [Cu(H2O)6]2+ is the tetragonally distorted 
complex in the fully hydrated Cu-exchanged zeolites due to framework 
confinement. The dehydration process generates the axial elongation of 
Cu2+ tetragonal bipyramidal geometry upon water removal and framework 
attachment, which causes further splitting of octahedral ligand field and 
therefore the slight blue shift of the band maximum of the d-d transition.25 The 
Cu2+ complex in a square-planar environment has a larger splitting of the d 
orbital compared to octahedral, according to crystal-field theory. The simulated 
d-d transition band energy for the near square planar complex [Cu(NH3)4]2+ with 
optimized structure presented its maximum absorption at 19800 cm-1 ,which 
was in agreement with experimental observation.42,43 The high wavenumber 
shoulder appeared in the low temperature NH3-SCR reaction shown in Figure 
4.8b-c centered at ca. 17000 cm-1, suggesting the likely incorporation of a weaker 
field ligand O2- that might cause the redshift of the peak, i.e., the formation of 
[Cu(NH3)4(H2O)x]2+ (x=1,2). The high wavenumber band could also stem from the 
Cu2+ complex with low symmetry that enlarges the splitting of the d orbital. At a 
reaction temperature between 175-300 °C, the 10350 cm-1 band became apparent 
especially in the steamed zeolite Cu-ZSM-5. The lower wavenumber feature of 
such a band implicated the smaller splitting of d orbital compared to octahedral 
symmetry, probably due to the tetrahedral crystal field environment (ΔT ≈ 4/9 
ΔO).44 The 10350 cm-1 band was related to the coordinated NH3 since it was also 
present in NH3/O2 and NH3/He environments (Figure AIII5).
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Partial de-ammoniation of Cu2+ caused a transition to square planar geometry, 
an extreme case of tetragonal distortion from octahedral symmetry, which is 
high in energy and is prone to relax to tetrahedral symmetry. In fact, the pseudo-
tetrahedral Cu2+-complex could be expected in zeolite Cu-ZSM-5. The Cu2+ lying 
in a defect site or on the surface of [Cux(OH)2x-1]+ oligomers/clusters probably 
had then required steric hinderance for the coordinating ligand to reach 
octahedral symmetry; instead, the more stable tetrahedron is favored. Indeed, 
the contribution of this low-wavenumber band increases with the steaming 
severity (Figure 4.9). A similar band maximum at 11000 cm-1 has been reported 
in ammoniated Cu-exchanged zeolite Y with a low coordination number.45 This 
low-frequency band has been hypothesized as the O3-Cu2+-NH3 structure in de-
ammoniated Cu-zeolite, which was proven by multiconfigurational perturbation 
theory based simulation and an Electron Paramagnetic Resonance (EPR) 
study.42,46 Hence, the low frequency feature is also proposed to be the pseudo-
tetrahedral Cu2+ with a mix of NH3 and O2--oriented ligands (O3-Cu2+-NH3 or O2-
Cu2+-(NH3)2).

Figure 4.9 Operando UV-Vis diffuse reflectance spectra of the a) 650 °C, b) 700 °C and c) 750 °C 
steamed zeolite Cu-ZSM-5 during NH3-SCR reaction.

To follow the evolution of Cu-complexes throughout the NH3-SCR reaction, the 
d-d transition bands were fitted with three Gaussian functions by restricting 
fitting model parameters such as their wavenumber position based on the 
inspection of the eigenspectra from PCA (Figure 4.1). The such established 
fitting model was then applied to the entire dataset, and the fitting results can 
be found in Figure AIII3-4. Evolution of pseudo-tetrahedral Cu2+, tetragonally 
distorted Cu2+ and low symmetrical Cu2+ in fresh and 850 °C steamed zeolite 
Cu-ZSM-5 at steady-state during the NH3-SCR reaction are given in Figure 4.8d-
e. Both Cu-ZSM-5 samples behaved in a similar manner during the reaction 
when following the peak contributions of pseudo-tetrahedral and distorted 
octahedron/square planar Cu2+ during the reaction. Upon the exposure to the 
reactant gases, ammoniated Cu2+ developed along with the coordination with 
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H2O. This feature gradually diminished with increasing reaction temperature 
(150-250 °C) because of the detachment of NH3 from Cu2+. At the same time, 
the contribution of a pseudo-tetrahedral Cu2+-complex with mixed NH3 and O2--
oriented ligands increased sharply. When the NH3-SCR reaction took place above 
250 °C, the amount of pseudo-tetrahedral Cu2+-complex with mixed ligands 
started to decrease due to the continuous freeing of coordinated NH3. In this 
scenario, the d-d transition band of UV-Vis diffuse reflectance spectrum in the 
NH3-SCR reaction feed were eventually identical to that under O2/He flow (Figure 
AIII6), suggesting complete removal of coordinated NH3 and the presence of 
tetragonally distorted octahedral Cu2+ with O2- ligands.

Figure 4.10 Ammonia-Temperature Programmed Desorption (NH3-TPD) profiles of the fresh 
and steamed zeolites Cu-ZSM-5.

It is important to note that the change of Cu2+ geometry was due to the reaction-
related dynamic but not the irreversible change of Cu2+ structure since the NO/
NH3 conversion as well as the geometry were unchanged when the NH3-SCR 
reaction was conducted in a cyclic manner (Figure AIII7). In the low temperature 
regime (<250 °C), the NH3-SCR reaction was the preferential reaction according 
to the catalytic results. The mobile [Cu(NH3)4]2+ complex is the proposed 
catalytic active site that is ready to react with NO at a reaction temperature 
under 250 °C.40,47,48 A higher portion of NH3-solvated Cu2+ observed in the fresh 
zeolite Cu-ZSM-5 was attributed to the higher NO conversion at a low reaction 
temperature compared to the steamed Cu-ZSM-5. At a reaction temperature of 
150-250 °C, the adsorbed NH3 either desorbed or reacted with intermediates, 
resulting in partially de-ammoniated Cu2+ with pseudo-tetrahedral symmetry, 
which was simultaneously coordinated with O2- or with the intermediate   
NOx

-.49,50 The accumulation of Cu2+ in pseudo-tetrahedral symmetry with 
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coordinated NH3, which was stable below 250 °C, limited the NO and NH3 
conversion to a great extent particularly in steamed Cu-ZSM-5. 

As the reaction temperature increased from 250 °C, the coordinated NH3 in 
pseudo-tetrahedral Cu2+ started to disassociate, which could be proven by the 
desorption of NH3 adsorbed on Cu2+ with Lewis acidity (Figure 4.10). However, 
such desorption of NH3 from pseudo-tetrahedral Cu2+ provoked unselective NH3 
oxidation rather than the NH3-SCR reaction, which is clear in the steamed Cu-
ZSM-5 from the rapid increase of NH3 conversion and a dramatic drop of NO 
conversion between 250-300 °C. Finally, in high-temperature NH3-SCR above 
300 °C, the adsorption of NH3 weakened, rather, the fully de-ammoniated Cu2+ 
tended to anchor on the framework O2- with coordination of four,42,51 resulting 
in the identical geometric structure as it has in O2/He flow. The Cu2+ complex 
with an O2--directing ligand is the key species for the high temperature NH3-
SCR reaction in fresh and steamed Cu-ZSM-5, allowing the maximum Cu2+ 
coordination number to be a distorted octahedron by interaction with external 
ligands, for example the possible reaction intermediates NO2 or NOx

-.

Particularly for 850 °C steamed Cu-ZSM-5, the Cu2+ geometry is identical in 
the NH3-SCR reaction and unselective NH3 oxidation reactions (Figure AIII5), 
which is strong proof of the great impact of unselective NH3 oxidation in the 
NH3-SCR reaction. It also points out the similarity of the Cu2+ local structure that 
is responsible for NH3-SCR and unselective NH3 oxidation. In the intermediate 
reaction temperature of 250-300 °C, desorption of NH3 mainly took place on 
the surface of [Cux(OH)2x-1]+ oligomers/clusters and was followed by the rapid 
oxidation into NO, resulting in the sudden increase of NH3 conversion.

4.3.4 Adsorption Competition Revealed by Operando Diffuse 
Reflectance Infrared Fourier Transform Spectroscopy

The low-temperature standard NH3-SCR reaction (< 250 °C) attracts extra attention 
because improved NO conversion is needed in this temperature range. The NH3-
SCR catalysts inevitably deactivate from steam produced by fuel combustion. 
As indicated in the catalytic tests results, 250 °C is a critical point, from which 
the low-temperature NH3-SCR starts to transit to the high-temperature reaction. 
At this temperature, no apparent side reaction takes place in the NH3-SCR 
reaction even in the 850 °C steamed Cu-ZSM-5, as NH3 and NO have the same 
conversion (Figure 4.3b), which is beneficial for investigating the behavior in 
NH3-SCR without interference of side reactions. Adsorbed surface species are 
potentially useful to gain insight into the reaction and deactivation pathways. The 
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experimental protocol for the DRIFTS experiment is described in Figure 4.11a. 
The experiment was conducted at 250 °C after a calcination step in O2/He. The 
reaction started with NH3 oxidation, followed by NO addition and subsequent NH3 

removal to achieve NH3-SCR and NO oxidation reaction conditions, respectively.

4.3.4.1 Observed Surface Species

Figure 4.11 a) Procedure of the operando Diffuse Reflectance Fourier Transform Spectroscopy 
(DRIFTS) experiment. The experiment was conducted after O2 calcination at 550 °C followed by 
NH3+O2, NH3+NO+O2 and NO+O2 reaction at 250 °C with 1000 ppm of NH3 and/or 1000 ppm NO 
balanced by 5% O2/He. The obtained operando DRIFTS data of surface nitrates in b) fresh and 
c) 850 °C steamed zeolite ZSM-5. The evolution of selective bands representing surface nitrates 
(upper panel) and adsorbed NH3 (middle panel) were followed, and the concentrations of 
effluent gas composition in the d) fresh and e) 850 °C steamed zeolite Cu-ZSM-5 were recorded 
(bottom panel). Missing datapoints at the beginning of the experiment (Fig. 4.11d-e, bottom 
panel) are due to values below the limit of detection.

Figure 4.11b-c shows the DRIFTS data recorded on fresh and 850 °C steamed Cu-
ZSM-5 after exposure to NH3, NH3+NO+O2 or NO+O2 flow for 30 min at 250 °C. 
Surface nitrates produced in the operando DRIFTS experiments attract the most 
attention as they have been proposed as an important reaction intermediate. 
The vibration originating from adsorbed NO3

- species on zeolite Cu-ZSM-5 is 
in the range of 1570-1700 cm-1, and the bridging nitrate is found at 1618 cm-1 
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while the bidentate chelating nitrate is identified by 1597, 1578/1574 cm-1 bands 
in former FT-IR spectroscopy studies under NO2 or NO+O2 atmosphere.11,52–54 
The formation of a bidentate nitrate during NH3-SCR has been validated in a 
Density Functional Theory (DFT) study.50 And it should be noted that Lewis acid-
adsorbed NH3 (L-NH3) has its N-H bending frequency at ~1620 cm-1, therefore 
care should be taken to the assignment of the 1618 cm-1 band. However, the 
assignment of the 1628 cm-1 band is less conclusive. It is often attributed to the 
νN=O of a bridging nitrate where two vicinal Cu atoms are required to anchor two 
nitrate O2-.55 With this postulation, a stronger 1628 cm-1 band should be found 
in the steamed zeolite Cu-ZSM-5 as more adjacent Cu atoms are available when 
Cu aggregation has happened. However, this is contradicted by the fact that the 
1628 cm-1 band is a shoulder in the steamed Cu-ZSM-5, while it is an intense peak 
in its fresh counterpart (Figure 4.11b-c). Alternatively, the 1628 cm-1 feature has 
been proposed to be the proton-perturbed chelating nitrate whose N=O vibration 
is affected by the nearby Brønsted acid site; this assignment was shown by a 
systematic FT-IR spectroscopy study of surface Cu2+(N,O) species on Cu-CHA,56 
which could explain why the pronounced 1628 cm-1 band was more intense on 
the fresh Cu-ZSM-5 with well-defined Brønsted acid sites. The 1662 cm-1 and 1682 
cm-1 band related to the adsorbed NO2 are unique in the 850 °C steamed zeolite 
Cu-ZSM-5, where the former one can be attributed to adsorbed NO2 while the 
latter one is from the protonated NO2.57,58 It is not surprising to observe NOx 
adsorption on the surface of steamed Cu-ZSM-5 zeolites with abundant hydroxyl 
groups, which can lead to the formation of nitrous acid and/or nitric acid during 
the NH3-SCR, NH3 oxidation, or NO oxidation reactions in the operando DRIFTS 
experiments. The conversion between nitrous acid and nitric acid was kept in 
balance depending on the local concentrations of NO and NO2. Finally, the 1682 
cm-1 band was tentatively attributed to the adsorbed HNO3, considering that 
HNO2 is easily oxidized to HNO3 at reaction conditions with excessive O2.

4.3.4.2 Competitive Adsorption of Surface Species
Ammonia with a lone pair of electrons on the N side is one of the main surface 
species observed during the operando DRIFTS experiment. The typical symmetric 
and asymmetric stretching modes of adsorbed NH3 are in the region of 3400-3000 
cm-1 with strong absorbance. The band at ~3180 cm-1 together with a 1617 cm-1 band 
are characteristic of the L-NH3,53 which could be observed in fresh and steamed 
Cu-ZSM-5 zeolites once the catalysts were exposed to NH3/O2 (Figure 4.12). The 
evolution of important surface species including adsorbed HNO3, H+-perturbed 
nitrate, chelating bidentate nitrate, as well as adsorbed NH3 are shown in Figure 
4.11d-e, together with the real-time concentration of reactants and products.
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In the first step of the operando DRIFTS experiment on the fresh Cu-ZSM-5 
zeolite, nitrates developed in NH3/O2 flow (NH3 oxidation reaction), suggesting 
the full oxidation of surface NH3, which was also observed in in-situ FT-IR 
studies on the NH3 oxidation reaction.59,60 The formed nitrates replaced the 
pre-adsorbed NH3 on Cu2+ and weakened the adsorbed NH3 signal (Figure 4.11d 
and 4.12a). The re-appearance of the Brønsted acid sites at the steady state in 
NH3 oxidation reaction (Figure 4.12a) might be due to the reaction between the 
Brønsted acid adsorbed NH3 (B-NH3) and L-NO3

- followed by restoration of the 
proton from H-cleavage of NH3.61 The NH3 oxidation reaction was followed by 
the NH3-SCR reaction where NO participated and reacted with surface nitrates, 
resulting in the formation of NO2 and NO2

- (Reaction 2, Figure 4.13) that avoid the 
surface blockage by nitrates.3 Unfortunately, we cannot confirm the formation 
of surface nitrites as the O-N-O stretching frequency was covered by the signal 
from symmetric stretching of N-H as well as the intense signal from the zeolite 
structure.62,63 In the last step of NH3 removal, consumption of surface nitrate 
species accelerated. The involvement of NO in nitrate depletion is now strongly 
supported by the simultaneous drop of effluent NO concentration as surface 
nitrates were decreasing, which is indicated by the blue rectangle in Figure 4.11d. 
Interestingly, once the nitrates were depleted, the Cu2+ site was re-occupied by 
the residual NH3 (Figure 4.11d, middle and bottom panel). In fact, a similar 
phenomenon of NH3-nitrates competitive adsorption has been reported in Cu-
exchanged zeolites, where adsorbed nitrates and NH3 on Lewis acid sites could 
be replaced by each other depending on reaction conditions.10,64,65 The Lewis 
acid, which is isolated Cu2+ in our case of fresh Cu-ZSM-5, is thus the suggested 
main site for NH3 adsorption and nitrate formation/adsorption according to the 
changes of perturbed framework vibration with surface species (Figure 4.12a).

The causes of deactivation were revealed from the operando DRIFTS data collected 
on the 850 °C steamed Cu-ZSM-5 zeolite (Figure 4.11e). In NH3/O2 flow, adsorbed 
NH3 and nitrates developed in the initial stage, followed by the disappearance 
of both surface species along with the increased adsorbed nitric acid (Figure 
4.11e, 4.12b). No significant change of surface species was observed upon the 
subsequent addition of NO in the second step. Similarly, the NH3 desorption in 
NH3/O2 flow could be explained by the competitive adsorption between NH3 and 
nitric acid, because these two species exhibited opposite trends throughout the 
whole DRIFTS experiment (Figure 4.11e). The production of nitric acid is related to 
the attenuation of surface nitrates (Figure 4.11e), which can react with the adjacent 
proton H+/hydronium or surface hydroxyl group to from nitric acid (Reaction 
4, Figure 4.13).53 The observed adsorbed NO2 was the precursor for nitric acid 
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formation, showing good agreement with an in-situ FT-IR study conducted on 
hydroxyl-rich or hydrated silica, γ-Al2O3 and TiO2.

58,66,67 In the final step in NO/O2, 
analogous to the nitrate depletion in the fresh sample, nitric acid was reduced by 
NO as indicated in Figure 4.11e (Reaction 5, Figure 4.13), producing NO2 that could 
turn into nitrate by disproportionation reaction (Reaction 1, Figure 4.13).58,68 The 
surface coverage of nitrates and nitric acid results from the competition between 
formation and consumption (Reaction 1 and 4-6, Figure 4.13).

Figure 4.12 Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 
data of a) fresh and b) 850 °C steamed Cu-ZSM-5 recorded during a flow of NH3+O2 (the first row), 
NH3+NO+O2 (the second row) and NO+O2 (the third row) at 250 °C for 30min. The vibrational 
regions of O-H/N-H stretching (the first column), perturbed framework T-O-T vibration (the 
second column) and N=O stretching (the third column) are shown. The color indicated in 
spectral changes from blue to yellow following the reaction time in each subfigure.
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The competitive adsorption of NH3 and surface nitrates/nitric acid occurred 
on both fresh and 850 °C steamed Cu-ZSM-5 zeolites. With the replacement of 
adsorbed NH3, framework stabilized Cu2+ with associated nitrate/nitric acid was 
generated, which was evidenced by the appearance of perturbed framework 
vibration by Cu2+ (in the fresh Cu-ZSM-5) and [Cux(OH)2x-1]+ oligomers/clusters 
(in the 850 °C steamed Cu-ZSM-5) as demonstrated in Figure 4.12. Not all the 
[CuOH]+ sites were involved in the reaction since they were partially preserved 
in NH3-rich flow and were not perturbed by surface nitrates, indicated by the 
O-H stretching region in Figure 4.12a. Nitric acid rather than nitrates was the 
more stable intermediate that was more ready to react with adsorbed NH3 in the 
850 °C steamed Cu-ZSM-5.

4.3.4.3 Nitrate Mediated Reaction Network
The main reaction discussed here is the standard NH3-SCR reaction, which has 
competition from side reactions that bring about an intricate reaction system. 
Adsorbed neutral and ionic NOx were the most common spectator species in 
the operando DRIFTS experiment, and the plausible interconversion between 
adsorbates is summarized in Figure 4.13.3,53,68,69 It is noted that all reactions in 
Figure 4.13 can happen in fresh and steamed Cu-ZSM-5 zeolites, but reaction 
routes involving HNOx are more privileged in the steamed Cu-ZSM-5 due to the 
presence of more aggregated Cu sites.

Figure 4.13 Possible reactions that take place in the low-temperature NH3-Selective Catalytic 
Reduction (SCR) reaction over Cu-ZSM-5 zeolites based on the operando Diffuse Reflectance 
Infrared Fourier Transform Spectroscopy (DRIFTS) data. The blue color indicates dominant 
reactions that can take place on isolated Cu2+, while the orange color stands for possible 
reactions over aggregated Cu2+ species, such as [Cux(OH)2x-1]+ oligomers/clusters.
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The coupling of NO oxidation and NH3 oxidation with the standard NH3-SCR 
reaction is through surface nitrates, which are formed from adsorbed NO2. 
NO2 can be formed through several reaction pathways at NH3-SCR reaction 
conditions according to the catalytic results (Figure 4.2 and 4.3). NO2 is one 
of the byproducts generated from the participation of either NO oxidation 
reaction below 250 °C or unselective NH3 oxidation reaction above 250 °C. The 
NO oxidation reaction produces NO2, which is formed via reaction between 
dissociated O2 and loosely adsorbed NO according to a detailed kinetic model 
of NO oxidation.70 For NH3 oxidation, although its reaction mechanism is still 
under debate, a two-step reaction pathway named ‘the internal SCR mechanism’ 
has been proposed where NH3 is first oxidized to NOx followed by the NH3-SCR 
reaction.1,61

In the NH3-SCR reaction, the NO oxidation with molecule O2 into nitrates 
through the formation of NO2 has been stressed as it is suggested as a rate-
determined step.50 The formation of NO2 promotes the formation of surface 
nitrates and meanwhile boosts the reoxidation of Cu+ to Cu2+ in the oxidation half 
cycle.71–74 A Cu monomer in Cu-exchanged zeolites has been reported as the NO2 
adsorption site, enabling NH3-SCR reaction to proceed with NO2 intermediate.75 
Nevertheless, NO2 could be also detected as an undesired side product. Upon 
encountering the hydroxylated or hydrated surface, nitrates could be protonated 
to form surface nitric acid, which happened in the 850 °C steamed Cu-ZSM-5. 
However, the surface nitrite rather than nitrate is the key intermediate for 
the desired N2 production, demonstrating the importance of nitrate-nitrite 
equilibrium (Reaction 2 and 5, Figure 4.13) which greatly influences the reaction 
selectivity. Shifting the equilibrium towards nitrite formation witnessed in both 
fresh and steamed Cu-ZSM-5 zeolites, deduced by the nitrate depletion with 
the introduction of NO in NH3/O2 feed in the operando DRIFTS experiments. A 
similar founding was also described a combined FTIR-XAS study on zeolite Cu-
SSZ-13.76 Successive reaction of nitrites/nitrous acid with L-NH3 lead to products 
formation (Reaction 3 and 7, Figure 4.13). Participation of B-NH3 was not 
observed based on the operando DRIFTS data because of the observation of well-
preserved of Brønsted acid sites. In contrast, some previous studies suggested 
the surface NH4NO3/NH4NO2 is reaction intermediate that decompose to N2O/N2 
at reaction temperatures.53,72,77

4.3.4.4 Important Mechanistic Implications
Several mechanistic implications related to the low temperature NH3-SCR 
reaction could be obtained from the operando DRIFTS data. Firstly, adsorbed 
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NH3 reacts with NOx via a Langmuir-Hinshelwood mechanism that surface 
reaction takes place between two adsorbed species.1 It is concluded based on the 
fact that the adsorbed NH3 did not directly react with gaseous NO/O2 indicated 
in the third step in the DRIFTS experiment, but react with surface nitrates, as 
inferred from the restoration of the Brønsted acid site and [CuOH]+ after the NO3

- 
developed in the NH3/O2 step (Figure 4.11d and 4.12a). Secondly, the participation 
of NO in the NH3-SCR reaction can happen via the reaction with surface nitrates 
as explained by the nitrates depletion after NO addition to the NH3/O2 feed in 
operando DRIFTS experiment (Figure 4.11d). Surface nitrates are more likely to 
form from NO/O2 in the steamed Cu-ZSM-5 with [Cux(OH)2x-1]+ oligomers/clusters 
proven by the observation of nitrate development in NO/O2 feed shown in Figure 
4.12b. Finally, no direct participation of a Brønsted acid was found during NH3-
SCR reaction at steady state, since the OH stretching signal of Brønsted acid 
sites was well preserved at NH3-SCR reaction condition (Figure 4.12a). However, 
the proton from Al-O(H)-Si perturbed the surface nitrates, weakened the OH 
stretching and caused the redshift of its original vibration of 3610 cm-1 after 
calcination (Figure 4.4b) to 3602 cm-1 when surface nitrates were formed (Figure 
4.12a). In this way, with the perturbance from the Brønsted acid, the structure 
of surface nitrates resembles nitric acid, which probably facilitates the reaction 
with NH3. However, if surface nitrates/nitrites and B-NH3 coexist in proximity, 
ammonium nitrate or ammonium nitrite could be formed, followed by thermal 
decomposition at reaction temperature.53,77

4.3.5 Structure-Intermediate-Performance Relationship
A structure-intermediate-performance relationship can be established to 
elucidate the reasons behind the high activity at low temperature for the NH3-
SCR reaction in fresh Cu-ZSM-5 and the undesirable side reactions in the 
steamed Cu-ZSM-5 by correlating the results from the operando UV-Vis DRS and 
DRIFTS experiments. NH3 did not completely desorb from Lewis sites according 
to NH3-TPD and operando UV-Vis diffuse reflectance spectra at a low reaction 
temperature.

Adsorbed NH3 is prerequisite for the low temperature reaction (<250 °C), which 
is ready to react with the surface nitrites/nitrates intermediates. The higher 
coordination number of Cu2+ in tetragonally-distorted octahedral symmetry 
in the fresh Cu-ZSM-5 ensures that enough empty orbitals are available for 
stabilizing nitrites/nitrates, together with prevalent NH3 ligands judged by the 
evolution of the LMCT band. It is noted that the complete desorption of L-NH3 
happened at ~400 °C in NH3-TPD. Therefore, low surface coverage of L-NH3 at 
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250 °C during the NH3-SCR reaction observed in operando DRIFTS experiment 
(Figure 4.12a) implied the highly active nature of adsorbed NH3 on isolated Cu2+ 
for the formation of nitrites/nitrates intermediates.

As for the 850 °C steamed Cu-ZSM-5 zeolite, NO and NH3 conversion was low 
at 150-250 °C during which the pseudo-tetrahedral Cu2+ (O3-Cu2+-NH3 or O2-
Cu2+-(NH3)2) accumulated, which was likely due to the co-adsorption of NH3 
and nitrates/nitric acid on [Cux(OH)2x-1]+ oligomers/clusters. A slower reaction 
rate between adsorbed NH3 and nitrates/nitric acid was found on [Cux(OH)2x-1]+ 
oligomers/clusters because of the co-existence of these surface species. And the 
surface coverage of nitrites/nitrates intermediates was also lower in the steamed 
Cu-ZSM-5 zeolite compared to that of in its fresh counterpart (Figure 4.11d-e). 
When the L-NH3 desorption started from 250 °C, the Cu2+ in pseudo-tetrahedral 
symmetry also began to disappear due to NH3 removal indicated by Figure 4.8c 
and 4.8e. In the steamed Cu-ZSM-5, the freed NH3 was expeditiously oxidized 
and released NO from the surface of [Cux(OH)2x-1]+ oligomers/clusters because of 
its weaker coordinating ability to stabilize reaction intermediates. This caused 
the peaked conversion of NH3 and the undesired NO production at 250-300 °C. 
Additionally, in the 850 °C steamed Cu-ZSM-5, the same active unit and the same 
intermediate resulted in the same pseudo-tetrahedral Cu2+ structure with mixed 
NH3 and nitrates/nitric acid in the NH3-SCR and NH3 oxidation reaction process. 
The [Cux(OH)2x-1]+ oligomers/clusters could be further aggregated into Cu(OH)2, 
which was recently proposed as the precursor of the inactive CuAl2O4 species.9

4.3.6 Practical Implication of Detected Acidic Products
Understanding the relationship between the NH3-SCR reaction and its side 
reactions including NH3 oxidation and NO oxidation is required to address 
the practical problems. The NH3-SCR catalysts, which are Cu-based zeolites, 
inevitably experience hydrothermal aging in the exhaust pipe of a vehicle. 
This causes irreversible structural damage that starts from local degradation 
of framework Al or Cu migration/aggregation. Changes in the structural 
properties tune the reaction direction and consequently the reaction activity 
and selectivity. Protonated NO2 was identified as a significant spectator based on 
the operando DRIFTS experiment over the steamed zeolite Cu-ZSM-5, suggesting 
a hydroxylated environment around the NO2 adsorption site, for example the 
[Cux(OH)2x-1]+ oligomers/clusters found in this study. Moreover, the effects of 
abundant internal silanol groups generated from the steaming process cannot 
be ruled out, which is facilitated for H2O adsorption via hydrogen bonding. 
Hydroxyl groups and H2O should be considered in the nitrate-mediated reaction 
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network, resulting in the formation of HNO3 and HNO2 according to Reactions 
4-6 in Figure 4.13. The acid-base reaction between HNOx and NH3 can occur to 
form NH4NOx which is capable of decomposing into N2 or N2O.53,78,79 It should be 
stressed that the HNO3/HNO2 formation is not exclusive to the steamed zeolite 
since it has also been reported to be involved in elementary steps in the NH3-
SCR reaction in a microkinetic model over Cu-ZSM-5.78

Although NO2 incorporates in the reaction through fast NH3-SCR or is converted 
into surface NOx

- or HNOx, excessive NO2 was still detected from the outlet even 
from the fresh zeolite Cu-ZSM-5. Considering the practical reaction conditions 
after a vehicle engine, the limited amount of acidic NO2 byproduct can convert 
to nitric acid in H2O vapor (4NO2 + 2H2O + O2 ⇌ 4HNO3) produced by diesel 
combustion, while the nitric acid can also be reversely decomposed to NO2 
at relatively high operational temperatures. Therefore, another adsorbent/
catalyst to trap or further remove of possible undesired acidic components is 
still necessary after the NH3-SCR unit in an automotive emission control system. 
Alkali or alkaline earth metal oxide based materials are promising Lean NOx 
Trap (LNT) catalysts,80 which can be placed at the exist of the NH3-SCR unit to 
limit the emission of acidic byproducts.

4.4  Conclusions
Side reactions in the NH3-SCR reaction, such as NO oxidation and NH3 oxidation, 
should not be neglected, especially when considering the practical application of 
the Cu-zeolite-based catalysts in the tailpipe exhaust treatment of diesel vehicles. 
The contribution of NO oxidation was found at low reaction temperatures (<250 
°C), which is considered an essential temperature range for Cu+ reoxidation 
in the redox cycle. When the reaction temperature is higher than 250 °C, the 
contribution from unselective NH3 oxidation accelerated and produced NO, 
resulting in a ‘dip’ shape of the NO conversion curve in the NH3-SCR reaction in 
steamed Cu-ZSM-5 zeolites. The occurrence of unselective NH3 oxidation was 
found to be more significant in the more severely steamed Cu-ZSM-5 samples, 
which was ascribed to the aggregation of Cu whose structure is postulated to be 
[Cux(OH)2x-1]+ oligomers/clusters.

Combining the results from the operando UV-Vis DRS and DRIFTS experiments, 
we propose that Cu2+ probably degraded into [Cux(OH)2x-1]+ oligomers/clusters, 
which can further grow into Cu(OH)2 nanoparticles in the steamed zeolite Cu-
ZSM-5. The dynamic changes in the symmetry of the Cu2+ complex revealed 
via operando UV-Vis DRS show the structural reasons for the high NH3-SCR 
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reaction activity of the fresh Cu-ZSM-5 and the deactivation of steamed Cu-ZSM-
5. Octahedral Cu2+ with a coordination number of six can be formed during the 
NH3-SCR reaction in the fresh Cu-ZSM-5, facilitating the reaction with a high 
surface coverage of intermediates. The low temperature reaction showed the 
preference for NH3 coordination, which is replaced by O2--oriented ligands at 
elevated reaction temperature, confirming different reaction mechanisms in 
low- and high-temperature NH3-SCR reaction. There was a more pronounced 
formation of pseudo-tetrahedral Cu2+ in the steamed Cu-ZSM-5 during the low 
temperature reaction. The pseudo-tetrahedral symmetry is closely related to 
partially de-ammoniated Cu2+ and its adsorption of reaction intermediates on 
the surface of [Cux(OH)2x-1]+ oligomers/clusters. The relaxation of this distorted 
structure by further removal of NH3 ligand brings about the undesired NH3 
oxidation reaction. It should be noted that the same geometric structure of a Cu2+ 
center is shared with low-temperature NH3-SCR and NH3 oxidation, but higher 
NH3 conversion was found in the NH3-SCR reaction, stressing the important role 
of NO in NH3-SCR reaction.

The performed operando DRIFTS experiments suggest that isolated Cu2+ in the 
fresh Cu-ZSM-5 and the [Cux(OH)2x-1]+ oligomers/clusters in the steamed Cu-ZSM-
5 are the main sites participating in the NH3-SCR reaction up to 250 °C. This 
can be concluded from the competitive adsorption between NH3 and surface 
nitrates/nitric acid at 250 °C, because they share the same adsorption sites on 
Lewis acid sites. Surface nitrates are the key surface species to bridge the NH3-
SCR, NH3 oxidation and NO oxidation reactions. However, surface nitric acid was 
more prevalent in the steamed Cu-ZSM-5 because of the high density of hydroxyl 
groups. The high surface coverage of nitrates/nitric acid was reconciled by the 
reaction with NO to avoid the surface blockage; this reaction governs the nitrate-
nitrite equilibrium that determines the selectivity of the reaction. Additionally, 
no direct involvement of Brønsted acid sites in the NH3-SCR reaction was 
observed at the steady state, instead, the surface nitrates were perturbed by 
the nearby proton, probably from the Brønsted acid sites. Finally, a structure-
intermediate-performance relationship could be established to elucidate the low 
NH3-SCR activity and the ‘dip’ shape of NO conversion curve in the steamed Cu-
ZSM-5: the associated NH3 and nitrate/nitric acid on pseudo-tetrahedral Cu2+ 
complex of [Cux(OH)2x-1]+ oligomers/clusters exhibited low reactivity below 250 °C; 
further increase in temperature (above 250 °C) released the NH3 and directed the 
unselective NH3 oxidation. For practical implications, the formation of adsorbed 
NO2 and surface nitric acid should be considered for a better design of vehicle 
exhaust control systems to meet the requirement of future stringent regulations.
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Summary

Combustion of diesel fuel at high temperatures in an automotive engine 
leads to the formation of NOx which is harmful to the environment. To meet 
environmental regulations, an efficient emission control system is necessary 
to control and prevent tailpipe NOx emissions in cars and trucks. The Selective 
Catalytic Reduction (SCR) reaction is a promising technique to eliminate these 
NOx emissions, where NH3 is used to reduce NOx into N2 and H2O. In practice, 
hydrothermally robust catalysts are needed since the catalysts must survive 
the harsh hydrothermal tailpipe environment during the vehicle lifetime. 
Cu-exchanged zeolites show a relatively high NH3-SCR activity over a wide 
temperature range of 150 to 550 °C. Due to its superior hydrothermal stability, 
the small pore zeolite Cu-SSZ-13 has been commercially implemented in the 
NH3-SCR unit of diesel vehicle emission control systems. However, higher 
activities at lower temperatures (~150 °C) are now required to meet increasingly 
strict regulations. To optimize state-of-the-art catalysts, fundamental insights 
into the reaction mechanism and deactivation pathways are required. Although 
the reaction mechanism of NH3-SCR has been studied for vanadium oxide-based 
catalysts, applied in stationary power plants for NO elimination, recent studies 
indicate alternative reaction pathways on Cu-exchanged zeolites. The diversity 
and dynamics of Cu speciation brings about a more complex reaction system in 
Cu-exchanged zeolites, such that the functions of different structural moieties 
are more difficult to identify. Under real world operational conditions, catalysts 
work in a harsh hydrothermal environment leading to catalyst deterioration. 
Loss of activity and the occurrence of undesired side reactions take place on 
the aged catalysts.

In this PhD Thesis, the structural properties of the fresh and hydrothermally 
aged Cu-exchanged zeolites as NH3-SCR catalysts are investigated in detail 
using ex-situ/operando spectroscopic, microscopic, and microspectroscopic 
methods including Scanning Transmission X-ray Microscopy (STXM), Atom 
Probe Tomography (APT), UV-Visible Diffuse Reflectance Spectroscopy (UV-
Vis DRS) and Diffuse Reflectance Infrared Fourier-Transform Spectroscopy 
(DRIFTS). Combined with other conventional lab-based techniques, structure-
performance relationships are established, and the mechanistic implications of 
structural changes of the catalyst on NH3-SCR are revealed as well.

In Chapter 1, an introduction of the NH3-SCR reaction is provided, explaining 
the basic concept of the reaction and the catalytic process when using Cu-
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exchanged zeolites as catalysts. This Chapter starts with a general introduction 
of heterogeneous catalysis and zeolites catalysts, followed by the description 
of commercial NOx elimination system in vehicle tailpipes. The functions of 
structure moieties, reaction mechanisms and deactivation pathways of Cu-
exchanged zeolites are the main focuses in this Chapter, because further 
improving catalytic activity and durability requires fundamental understanding 
of the catalytic process at the molecular level. Currently, although intensive 
research has been performed on this topic, no consensus has been made on 
the structure of active sites and reaction pathways due to the variation of Cu 
species in the catalysts. Therefore, characterization techniques with high spatial 
resolutions, such as STXM and APT, are necessary to be employed to extend 
our insights of the working principals of the Cu-exchanged zeolites. A brief 
introduction of STXM and APT techniques is also given.

In Chapter 2, fresh and aged Cu-exchanged zeolites with framework structures 
of CHA and MFI were studied to elucidate the key deactivation mechanisms 
for the NH3-SCR reaction. STXM was employed to obtain two-dimensional 
chemical maps of Al and Cu, where abundant local information about the Al 
coordination environment and Cu formal oxidation state is provided by Al K-edge 
and Cu L-edge X-ray Absorption Near-Edge Structure (XANES) spectra. The same 
steaming condition induced a comparable level of dealumination in both Cu-CHA 
and Cu-MFI such that around 10% of framework Al degraded into octahedral and 
tri-coordinated Al. However, the NH3-SCR activity was largely maintained in 
the steamed Cu-CHA, stressing the importance of preserving Cu2+ active sites. 
Multiple Cu species were detected in the aged zeolite Cu-MFI, where Cu+ and 
CuxOy were formed, with little remaining isolated Cu2+. Spatial heterogeneity 
was only observed in the aged zeolite Cu-MFI from the Al and Cu chemical 
maps containing single-pixel XANES spectra. A spatial correlation was found 
between the extra-framework Al, Cu+ and CuxOy zoned on the surface (~250 nm) 
of individual particles of aged Cu-MFI. While in the main body of each catalyst 
particle, tri-coordinated Al and Cu+ were correlated, indicating a change in the 
interaction between Al and Cu species during the simulated aging process. The 
NH3-SCR active catalysts including Cu-CHA-fresh, Cu-CHA-aged and Cu-MFI-
fresh showed a homogenous distribution of both Al and Cu species. However, 
because the spatial resolution of the STXM experiments performed in this 
Chapter is 50 nm, a detailed spatial analysis of the Cu-CHA zeolites was limited 
by the small single particle size of ~250 nm. In this Chapter, it is concluded that 
the loss of isolated Cu2+ is detrimental to the NH3-SCR reaction and Cu species 
tend to agglomerate and migrate during the simulated aging process.

5
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In Chapter 3, the distribution and location of Al and Cu were investigated in 
a simulated 135,000-mile vehicle aged NH3-SCR catalyst zeolite Cu-SSZ-13 by 
a correlated APT-STXM experiment. A single Cu-SSZ-13 cubic crystal of ~4 
µm was thinned to ~0.5 µm using Focused Ion Beam (FIB) milling to allow 
for sufficient X-ray transmission through the material. After performing the 
STXM experiment, the sample was milled into a needle for the subsequent APT 
experiment with sub-nanometer resolution. Analysis of STXM-XANES spectra 
showed a more severe dealumination in the center of the zeolite crystal where 
Al concentration was higher. Meanwhile, the analyzed APT needle, coming 
from the severely dealuminated area revealed by STXM-XANES results, showed 
a significant Al-Al affinity. The combined APT-STMX results indicated that 
the dealumination of zeolite Cu-SSZ-13 lead to Al zoning at a sub-nanometer 
scale. The biggest challenge of correlating APT and STXM is the disconnection 
in resolution between these two techniques. The STXM analyzed area in this 
Chapter is ~30 times larger than that of the APT experiment, while the resolution 
is at least 50 times lower in STXM. Therefore, it is difficult to have STXM spatial 
resolution within an APT needle, as the STXM pixel size is approximately the 
size of an APT needle diameter. But overall, the heterogeneity of Al can be found 
at length scales of a micrometer to tens of nanometers in the correlated APT-
STXM study.

In Chapter 4, an operando spectroscopic study was performed on a series of fresh 
and steamed Cu-ZSM-5 zeolites. An unusual catalytic behavior was observed in 
the steamed Cu-ZSM-5, such that a ‘dip’ at around 275 °C was observed in the 
NO conversion curve. A maximum in the NH3 conversion was also found at the 
same reaction temperature. The unbalanced consumption of NO and NH3 at 
the standard NH3-SCR condition clearly indicated the occurrence of undesired 
side reactions, most importantly the unselective NH3 oxidation at a reaction 
temperature higher than 250 °C. This observation reinforces that side reactions 
and the formation of undesired reaction products are inevitable with aging 
catalysts at operational conditions in the automotive emission control system. 
The main structural reason for the promotion of unselective NH3 oxidation 
reaction is usually ascribed to the aggregation of Cu, and specifically in this 
Chapter, a [Cux(OH)2x-1]+ oligomer/cluster is postulated to be the structure that 
participated in the undesired NH3 oxidation reaction in the steamed Cu-ZSM-5. 
Structure-intermediate-performance relationships were elucidated by operando 
UV-Vis DRS and DRIFTS. In fresh Cu-ZSM-5, NH3 was found to preferentially 
associate with Cu2+ at a low reaction temperature (<250 °C) while framework O2- 
was more favorable for the high temperature (>300 °C) reaction. Isolated Cu2+ 
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was the active site for the NH3-SCR reaction where competitive adsorption of 
NH3 and nitrates took place. Octahedral Cu2+ with a coordination number of 
six was found throughout the NH3-SCR reaction process, maintaining the high 
surface coverage of nitrate intermediates. However, pseudo-tetrahedral Cu2+ 
with associated NH3 and nitric acid on the surface of [Cux(OH)2x-1]+ oligomers/
clusters was more prevalent in the most severely steamed Cu-ZSM-5 zeolites, but 
this structure limited the low-temperature NH3-SCR reaction. With increasing 
reaction temperature, the relaxation of this distorted structure by the removal of 
coordinated NH3 and the fast oxidation of NH3 led to the undesired NH3 oxidation 
reaction. In both fresh and steamed Cu-ZSM-5 zeolites, reaction between surface 
NO3

- and NO governed the nitrate-nitrite equilibrium and avoided surface 
blockage.

Future Perspectives
As diesel vehicles are still dominant in the market and expected to remain so 
due to shortcomings of electric vehicles to replace heavy duty applications, 
regulations of the NOx emissions from vehicle engines will remain paramount in 
the near future for air quality protection.1 To meet ever stricter regulations, the 
NH3-SCR module in automotive emission control system must have high activity 
and durability. Although the Cu-exchanged zeolite CHA has been practically 
implemented, its low-temperature activity and durability need to be improved 
to meet the ‘150 °C challenge’ that 90 % of pollutants must be reduced at 150 °C, 
which is practically important at cold start conditions.2

Heterogeneity is the distinct feature of Cu-exchanged zeolites according to 
Chapter 2-4 in this PhD Thesis, where zoning of Cu could be found at nano- 
and sub-nano scale. Multiple Cu species, including isolated Cu2+ and [CuOH]+, 
were detected in the fresh Cu-exchanged zeolites, while upon simulated aging, 
Cu+ and aggregation of Cu into CuxOy, CuAlxOy and [Cu2x(OH)2x-1]+ oligomers/
clusters/nanoparticles were also found. Even in the fresh Cu-exchanged zeolites, 
the industrial production can also generate heterogeneity, for instance local 
Al zoning originating from defects in zeolite crystals, and Cu agglomeration 
in zeolites with a high Cu loading. The isolated Cu2+ as an active redox center 
attracts most of the attention in studies of the NH3-SCR reaction. However, the 
heterogeneity of Cu2+ speciation makes it challenging to study this complex redox 
system to elucidate the reaction mechanism and deactivation pathways due to 
the entangling of multiple reactions under operational reaction conditions.

5
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Uniform Cu speciation is beneficial to understand the reaction mechanism of 
NH3-SCR. Cu-exchanged zeolites with a single Cu species could be obtained 
by controlling the concentration and location of Al in zeolites, which 
determines the type and location of isolated Cu2+. The distribution of Al has 
been successfully controlled in various types of zeolites such as CHA and MFI 
by tuning the types and ratio of organic/inorganic Structure Directing Agents 
(SDA).3,4 When N,N,N-trimethyl-1-admantylammonium cations (TMAda+) are the 
only SDA in the precursor solution, zeolite chabazite with only isolated Al sites is 
synthesized, whose charge cannot be balanced by the divalent Cu2+, but instead 
the monovalent [CuOH]+.3 Tuning the TMAda+/Na+ ratio in the crystallization 
medium changes the density of Al pairs where the Cu2+ is exchanged. The Al 
location can also be controlled by the types of SDAs used, for example Al atoms 
preferentially sit in the sinusoidal channels when using the branched-chain 
alcohol trimethylolethane as the SDA in zeolite ZSM-5 synthesis.4 Cu species in 
structurally well-defined zeolites have a more understandable structure that 
simplifies reaction mechanism studies.

The heterogeneities found in the Cu-exchanged zeolites in this PhD Thesis 
also reflect potential practical problems. Therefore, possible suggestions are 
provided here for further improvements of the automotive emission control 
system. First of all, catalysts with higher hydrothermal stability must be pursued 
to match the long lifetime of vehicles. Although Cu-ZSM-5 and Cu-Beta were 
discovered earlier due to their outstanding performance in the low temperature 
NH3-SCR reaction, they are not promising catalysts for practical use because of 
their relatively poor hydrothermal stability. The more hydrothermally robust 
zeolite Cu-SSZ-13 with the CHA framework structure was more recently adapted 
for the automotive emission control system since it was discovered to be NH3-
SCR active.5 The hydrothermal stability of the small pore zeolite Cu-SSZ-13 
can be further enhanced by tuning Si/Al ratio and Cu loading. As indicated in 
Chapter 2, the aggregation of Cu is more detrimental to the NH3-SCR reaction 
compared to local destruction of the zeolite framework. Therefore, Cu loading 
should be carefully optimized to avoid the agglomeration of Cu. Over exchange 
of Cu2+ is not advised due to its higher probability to form CuxOy nanoparticles. 
Instead, ion exchange levels of ~40-70% have been suggested.6,7 Besides, bare 
Cu2+ is favored to maintain the framework structure compared to [CuOH]+ with 
a lower hydrothermal stability. For this reason, Al pairs in the zeolite framework 
are required, which can be achieved by controlled synthesis of zeolites or lowing 
the Si/Al ratio. However, it should be noted that compared to the bare Cu2+, 
the redox-active [CuOH]+ is more beneficial for the low temperature NH3-SCR 
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reaction. Therefore, the amount of Cu2+, [CuOH]+ and Brønsted acid sites should 
be optimized to maximize the hydrothermal stability without sacrificing NH3-
SCR activity.

Figure 5.1 Schematic of NO2 diffusion distance as a function of the degree of mixing of metal 
oxide-based Selective Catalytic Oxidation (SCO) catalysts and zeolite-based NH3-Selective 
Catalytic Reduction (SCR) reaction catalysts.2 Copyright 2021 Elsevier.

Aging of the Cu-exchanged zeolites is a permanent process that is inevitable in 
the automotive emission control system because of the frequent exposure to 
high temperature steam. According to Chapter 4, NO2 and HNO3 were observed 
at a reaction temperature of 250 °C, and an unselective NH3 oxidation reaction 
occurred during the high temperature NH3-SCR reaction over the steamed 
zeolites. It suggested that NO cannot be completely removed at a low reaction 
temperature (<250 °C), and other undesired byproducts including NO2 and HNO3 
can also come from the NH3-SCR unit if the catalyst is not resistant to aging. 
Therefore, a trace amount of NOx and HNOx need to be treated after the NH3-SCR 
unit. Alkaline metal oxide based Lean NOx Trap (LNT) catalysts that can trap 
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NO/NO2 and react with HNO3 could be coupled after the NH3-SCR unit for the 
further removal of residual, undesired NOx. However, considering the high cost 
and bulky size of the emission control system, suitable amounts of LNT catalysts 
could coat the ceramic monolith together with NH3-SCR catalysts, and be placed 
close to the outlet of the NH3-SCR unit.

Improvement of the low-temperature NH3-SCR performance must also be 
emphasized. The exhaust temperature of a lean-burn engine is estimated to 
be 150 °C lower with increasing fuel efficiency.8 However, the NO cannot be 
completely removed at the low temperature of 150 °C using fresh Cu-exchanged 
zeolites as indicated in Chapter 2. One of the promising strategies to overcome 
this is to promote the occurrence of the fast SCR reaction which requires an 
equimolar ratio of NO/NO2. The state-of-the-art Diesel Oxidation Catalysts (DOC) 
in the upstream of the NH3-SCR unit can oxidize NO to NO2 in order to promote 
the reaction rate of the NH3-SCR reaction. Another possible approach aims to 
improve the low temperature activity by coupling metal oxide-based Selective 
Catalytic Oxidation (SCO) catalysts and zeolite-based NH3-SCR catalysts.2 The 
NO oxidation reaction takes place on SCO catalysts, providing NO2 for the 
subsequent fast NH3-SCR reaction. However, the conversion of NO on the SCO 
catalysts must be well controlled because an excessive amount of NO2 can 
decrease the reaction rate by following the slow NH3-SCR reaction. Therefore, 
the types and ratio of SCO and NH3-SCR catalysts need to be carefully selected. 
In addition, the proximity of oxides and zeolites can be tuned by the catalyst 
packing as indicated in Figure 5.1, i.e., dual bed packing, physical mixtures or 
direct deposition. Each method changes the diffusion distance of NO2 and thus 
the overall reaction rate. Currently, commercial application of this oxide-zeolite 
coupling concept still requires further investigations.

Conclusions
Isolated Cu2+ in the Cu-exchanged zeolites has been demonstrated to be 
responsible for the NH3-SCR reaction. The simulating aging (steaming) of the 
catalysts in the automotive emission control system results in heterogeneity of 
both Al and Cu species in the Cu-exchanged zeolites. It is common to find the 
degradation of tetrahedral framework Al into octahedral and tri-coordinated 
Al and the loss of isolated Cu2+ in the aged catalysts, and the latter is most 
detrimental to the NH3-SCR reaction. Upon steaming, Cu+, CuxOy, CuAlxOy 
nanoparticles and probably [Cux(OH)2x-1]+ oligomers/clusters can be formed, 
accompanied by the migration of Cu species to the surface of catalyst particles 
due to changes of the interaction between Al and Cu. With the aggregation of 
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Cu, the undesired, unselective NH3 oxidation reaction occurs in the steamed 
zeolites, causing the dramatic decrease of NO conversion and the formation of 
byproducts such as NO2 and HNO3. Changes of Cu speciation from the simulated 
aging procedure also change the coordination of Cu2+ with reactants and 
intermediates. The accumulation of the more distorted pseudo-tetrahedral Cu2+ 
coordinating with NH3 and surface nitric acid might limit the low temperature 
NH3-SCR reaction. Practical suggestions can be made from the studies in 
this PhD Thesis. A more hydrothermally robust zeolite structure is needed to 
stabilize the isolated Cu2+, and a post NH3-SCR treatment might be needed as 
well to treat the trace amount of undesired harmful byproducts generated from 
the aged NH3-SCR catalysts.
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Samenvatting
De ontbranding van diesel in automotoren vindt plaats bij hoge temperatuur wat 
leidt tot de vorming van schadelijke NOx gassen (NO en NO2). Om te voorkomen 
dat deze gassen worden uitgestoten wordt er bij moderne autos en vrachtwagens 
gebruik gemaakt van een emissiecontrole systeem, waarin NOx wordt omgezet 
naar minder schadelijke gassen. De Selectieve Katalytische Reductie (SKR) 
reactie is een veelbelovende reactie waarbij NH3 wordt gebruikt om NOx te 
reduceren naar N2 en H2O. Voor toepassing van deze techniek in de praktijk zijn 
robuuste katalysatoren nodig, bestand tegen hoge temperaturen en aanwezigheid 
van stoom tijdens de gehele levensduur van de auto. Koperhoudende zeolieten 
zijn interessante katalysatoren en hebben een relatief hoge NH3-SKR activiteit 
over een breed temperatuurbereik van 150 °C tot 550 °C. De Cu-SSZ-13 katalysator 
is gebaseerd op zeoliet met kleine poriën (kleiner dan 0.4 nm) en wordt dankzij 
een goede stabiliteit tegen hoge temperaturen en stoom, succesvol toegepast 
in commerciële emissie controle systemen. Echter, om tegemoet te komen aan 
toekomstige strengere emissie eisen is, onder andere, een verdere verbetering 
van de SKR activiteit bij lage temperaturen noodzakelijk.

Voor de ontwikkeling van huidige en toekomstige generaties NH3-
SKR katalysatoren zijn fundamentele inzichten in het reactie- en 
deactivatiemechanisme nodig. Hoewel het reactiemechanisme van NH3-SKR 
reeds bekend is voor vanadiumoxide katalysatoren die - bijvoorbeeld - toegepast 
worden in schoorstenen van energiecentrales, suggereren recente studies 
alternatieve reactiemechanismes voor koperhoudende zeolieten. De diversiteit 
en dynamiek van de koperspeciatie in koperhoudende zeolieten leiden tot een 
complex katalytisch systeem, waarin de verschillende structurele eigenschappen 
lastig te identificeren zijn. Daarnaast werken NH3-SKR katalysatoren bij hoge 
temperatuur en in aanwezigheid van stoom, zogenaamde ‘hydrothermische’ 
condities, wat de koperspeciatie verder beïnvloedt. Veroudering van de NH3-
SKR katalyator leidt tot verlies van de katalytische activiteit en ongewenste 
nevenreacties.

In deze PhD dissertatie worden relaties gelegd tussen de structuur en prestatie 
van nieuwe en verouderde katalysatoren, door gebruik te maken van ex-
situ/operando spectroscopische, microscopische en microspectroscopische 
methodes. Technieken die gebruikt worden zijn, transmissie Röntgenmicroscopie 
(Scanning Transmission X-ray Microscopy, STXM), Atoomprobe tomografie 
(Atom Probe Tomography, APT), Ultraviolet en zichtbaar licht diffuse reflectie 
spectroscopie (UV-Visible Diffuse Reflectance Spectroscopy, UV-Vis DRS) 
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en Diffuse reflectie infrarood spectroscopie (Diffuse Reflectance Infrared 
Fourier-Transform Spectroscopy, DRIFTS). Gecombineerd met resultaten 
van conventionele lab technieken, worden relaties gelegd tussen de structuur 
en de prestatie van de onderzochte katalysatoren. Daarnaast worden ook de 
implicaties van veroudering van de katalysator op het reactiemechanisme 
bestudeerd.

In Hoofdstuk 1 wordt een algemene inleiding gegeven over katalyse, zeolieten 
en wordt de NH3-SKR reactie geïntroduceerd voor koperhoudende zeolieten 
als katalysator. Verschillende soorten commerciële NH3-SKR systemen, 
die toegepast worden in auto’s en vrachtwagens, worden beschreven. Het 
belangrijkste onderdeel van de inleiding is de functie van de verschillende 
onderdelen van de structuur van de katalysatoren, en hun rol in reactie-en 
deactivatiemechanisme. Om de activiteit en stabiliteit van de huidige generatie 
katalysatoren te verbeteren is fundamentele kennis nodig van de katalytische 
reacties op moleculair niveau. Op dit moment zijn de toekenning van de actieve 
sites en reactie mechanismes voor NH3-SKR met koperhoudende zeolieten 
niet algemeen geaccepteerd. Dit wordt voornamelijk veroorzaakt door de 
verschillende verschijningsvormen van koper onder reactiecondities. Om die 
reden zijn geavanceerde karakterisatietechnieken nodig - zoals STXM en APT 
– waarmee nieuwe inzichten verkregen kunnen worden over de structuur van 
de katalysator op de nanoschaal en sub-nanoschaal. Een korte inleiding van de 
STXM en APT technieken maakt ook deel uit van dit hoofdstuk.

In Hoofdstuk 2 worden nieuwe en verouderde koperhoudende zeolieten met 
CHA en MFI structuren bestudeerd om deactivatiemechanismes te bestuderen. 
STXM werd gebruikt om twee dimensionale visualisaties te maken van de 
elementen Al en Cu. Lokale informatie over de Al coordinatie en Cu oxidatie 
toestand werd verkregen door Al K-edge en Cu L-edge X-ray Absorption Near-
Edge Structure (XANES) spectra. Stoombehandelingen veroorzaakten een 
vergelijkbaar niveau van dealuminatie in zowel Cu-CHA als Cu-MFI. Ongeveer 
10 % van het voormalig intrakristallijn Al was octaëdrisch en tri-gecoordineerd 
na de stoombehandeling. Echter, de NH3-SKR activiteit was stabiel in de 
gestoomde Cu/CHA katalysator, wat het belang van het behouden van Cu2+ als 
actieve component bevestigd. Meerdere Cu soorten werden vastgesteld in de 
verouderde Cu/MFI katalysatoren, onder andere Cu+ en CuxOy en slechts weinig 
geisoleerd Cu2+. Ruimtelijke heterogeniteit van de verschillende Cu soorten werd 
alleen vastgesteld in de verouderde zeoliet Cu/MFI. Een ruimtelijke correlatie 
werd gevonden tussen extra-framework Al, Cu+, and CuxOy die selectief aanwezig 
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waren aan het oppervlak (~250 nm) van individuele deeltjes van verouderd Cu/
MFI. Terwijl in het midden van elk katalysatordeeltje, tri-gecoordineerd Al en 
Cu+ konden worden gecorreleerd, indicatief voor een verandering in de interactie 
tussen Al en Cu soorten tijdens het gesimuleerde verouderings proces. Nieuw en 
verouderd Cu/CHA en nieuw Cu/MFI vertoonden een homogene verdeling van 
zowel Al als Cu soorten. Echter, omdat de ruimtelijke resolutie van de STXM 
experimenten uitgevoerd in dit hoofdstuk 50 nm is, werd een gedetaileerde 
analyse van de Cu-CHA zeolieten beperkt bij de kleine deeltjes grootte van ~250 
nm. In dit hoofdstuk werd het geconcludeerd dat het verlies van geisoleerd Cu2+ 
schadelijk is voor de NH3-SCR reactie en Cu soorten de neiging hebben om te 
agglomereren en migreren tijdens het gesimuleerde verouderings proces.

In Hoofdstuk 3 werden de verdeling en locatie van Al en Cu onderzocht in 
een gecorreleerd APT-STXM experiment voor een verouderde Cu-SSZ-13 
katalysator. Deze katalysator was verouderd in een simulatie experiment en 
was overeenkomstig met een katalysator die voor 217.000 km gebruikt is in een 
emissie controle systeem. Een enkel kubisch kristal van Cu-SSZ-13 van ~4 µm 
werd verdund tot ~0.5 µm met behulp van etsing door een gefocuste ionenbundel 
(Focused Ion Beam, FIB) zodat voldoende Röntgen transmissie door het 
materiaal werd bewerkstelligd. Na het uitvoeren van het STXM experiment werd 
het sample gemalen tot een naald voor het daaropvolgende APT experiment. 
Analyse van de STXM-XANES spectra vertoonden meer vergaande dealuminatie 
in het centrum van het zeoliet kristal waar de Al concentratie hoger was. Bij 
analyse van de APT naald werd een significante Al-Al affiniteit aangetoond, 
komend van de vergaande dealuminatie. De gecombineerde APT-STXM 
resultaten toonden aan dat de dealuminatie van het zeoliet Cu-SSZ-13 leidde tot 
lokaal verhoogde concentraties van Al. De grootste uitdaging van het correleren 
van APT en STXM is het in acht nemen van de verschillen in resolutie van deze 
twee technieken. De STXM oppervlak in dit hoofdstuk is ~30 keer groter dan 
die van het APT experiment terwijl de resolutie in STXM minstens 50 keer 
lager is. Daarom is het lastig om een STXM ruimtelijke resolutie in een APT 
naald te hebben, aangezien de STXM pixel grootte ongeveer de grootte heeft 
van de diameter van een APT naald. Concluderend kan worden gesteld dat de 
heterogeniteit van Al gevonden kan worden op lengteschalen van micrometers 
tot tienden van nanometers in de gecorreleerde APT-STXM studie.

In Hoofdstuk 4 werd een operando spectroscopische studie uitgevoerd op 
een serie nieuwe en gestoomde Cu-ZSM-5 zeolieten. Bij 275 °C werd een 
ongebruikelijk katalytisch gedrag geobserveerd in gestoomd Cu-ZSM-5. Er 
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was een dip zichtbaar in de NO conversie, terwijl er een maximum was in de 
NH3 conversie. Deze ongebalanceerde conversie van NO en NH3 duidde op het 
bestaan van ongewenste neven reacties, waarvan NH3 oxidatie de meest cruciale 
nevenreactie was. Deze reactie vindt plaats bij reactie temperaturen hoger 
dan 250 °C. Deze observatie bevestigd dat nevenreacties en de vorming van 
ongewenste reactieproducten onontkoombaar zijn bij verouderde en gestoomde 
katalysatoren. De reden voor het voorkomen van de NH3 oxidatie reactie is 
gewoonlijk toegeschreven aan de aggregatie van Cu. In dit hoofdstuk is een 
(Cux(OH)2x-1)+ oligomeer/cluster gepostuleerd als structuur die verantwoordelijk 
is voor het katalyseren van de NH3 oxidatie reactie. Structuur-tussenproduct-
prestatie relaties werden onderzocht met behulp van operando UV-VIS DRS 
en DRIFTS. In nieuwe Cu-ZSM-5 katalysatoren bleek NH3 preferentieel te 
associëren met Cu2+ bij lage reactie temperaturen (<250 °C) terwijl intra-
kristallijn O2- gunstiger bleek voor de hogere reactie temperaturen (>300 °C). 
Geïsoleerd Cu2+ was de katalytisch actieve site voor de NH3-SKR reactie waar de 
NH3 en nitraten competitief adsorberen. Octaedrisch Cu2+, met een coordinatie 
nummer van zes werd tijdens de gehele duur van het NH3-SKR proces gevonden 
en in alle gevallen met een hoge concentratie van nitraat tussenproducten. 
Echter, pseudo-tetraedrisch Cu2+ met geassocieerd NH3 en salperterzuur op 
het oppervlak van [Cux(OH)2x-1]+ oligomeren/clusters was meervoorkomend in 
de meer gestoomde Cu/ZSM-5 zeolieten. Echter, deze structuur was niet actief 
voor de lage temperatuur NH3-SKR reacties. Toenemende reactie temperatuur 
leidde tot een verwijdering van gecoördineerd NH3 en snelle oxidatie van NH3. 
In zowel de nieuwe als de gestoomde Cu/ZSM-5 zeolieten, bepaalden reacties 
tussen NO3

- en NO aanwezig op het oppervlak het nitraat-nitraat evenwicht en 
voorkwamen daardoor blokkage van het oppervlak.
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AIMD Ab Initio Molecular Dynamics

APT Atom Probe Tomography

APFIM Atom Probe Field Ion Microscopy

ASC Ammonia Slip Catalyst

DPF Diesel Particulate Filter

DOC Diesel Oxidation Catalyst

DOS Density of States

DRIFTS Diffuse Reflectance Infrared Fourier Transform Spectroscopy

DRS Diffuse Reflectance Spectroscopy

EELS Electron Energy Loss Spectroscopy

EM Expectation Maximization

EXAFS Extended X-ray Absorption Fine Structure

FIB Focused Ion Beam

FIM Field Ion Microscopy

FOV Field of View

FT-IR Fourier Transform Infrared
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MAS ssNMR Magic Angle Spinning Solid-state Nuclear Magnetic Resonance

MR Membered Ring

MCT Mercury-Cadmium-Telluride

MTH Methanol to Hydrocarbons

NH3-SCR Selective Catalytic Reduction with Ammonia

NH3-TPD Ammonia Temperature Programmed Desorption
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NOx Nitrogen Oxides
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PCA Principal Component Analysis

PXRD Powder X-Ray Diffraction
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SCO Selective Catalytic Oxidation

SDA Structure Directing Agent

SEM Scanning Electron Microscopy

STXM Scanning Transmission X-ray Microscopy

TCD Thermal Conductivity Detector

TEM Transmission Electron Microscopy

UV-Vis DRS Ultra Violet-Visible Diffuse Reflectance Spectroscopy

XANES X-ray Absorption Near-Edge Structure

XAS X-ray Absorption Spectroscopy

ZP Zone Plate
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A. Additional Figures and Tables of Chapter 2

Figure AIII1. Al K-edge X-ray Absorption Near-Edge Structure (XANES) spectra of references 
(zeolite ZSM-5: tetrahedral Al, α-Al2O3: octahedral Al). Data was previously collected by our 
group. The edge positions of the Al K-edge XANES of tetrahedral and octahedral Al exhibit a 
shift of ~1.3 eV between each other. Furthermore, because of the higher geometric symmetry 
of the octahedral structure, the XANES of octahedral Al, represented by α-Al2O3, also shows 
stronger absorption in the near-edge region accompanied by a double peak structure with a 
peak separation of about 4 eV. These distinct spectral features are therefore commonly used 
to distinguish tetrahedral Al and octahedral Al.

Figure AIII2. Least-Square Linear Combination (LSLC) fitting of Al K-edge Absorption Near-
Edge Structure (XANES) spectra of a) Cu-CHA-aged and b) Cu-MFI-aged. Zeolite ZSM-5 and 
α-Al2O3 were used as references. Fitting range: 1560.35 to 1574.35 eV indicated by red dot-dash 
lines. Results showed that the Cu-CHA-aged and Cu-MFI-aged had a comparable amount of 
octahedral Al.
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Table AIII1. Quantitative analysis of Al species in fresh and aged Cu-exchanged zeolites.

(AlTd + 3-fold Al)/%[a] AlOh/%[a] Integral pre-edge 
area[b]

Cu-CHA-fresh 100 0 N.D.

Cu-MFI-fresh 100 0 N.D.

Cu-CHA-aged 87.3±1.2 12.7±1.2 0.36

Cu-MFI-aged 90.2±1.4 9.8±1.4 0.56
[a] Determined by Least-Square Linear Combination (LSLC) fitting of Al K-edge X-ray Absorption 
Near-Edge Structure (XANES) spectra using zeolite ZSM-5 and α-Al2O3 as tetrahedral and 
octahedral Al references, respectively, and a fitting range from 1560.35 to 1574.35 eV.
[b] Integral of the pre-edge region of 1560.35-1565.15 eV, representing tri-coordinated (3-fold) Al.

Table AIII2. Cu L3-edge peak information of Cu-exchanged zeolites CHA and MFI.

Cu2+ L3-edge/eV Cu+ L3-edge/eV Cu+/%

Cu-CHA-fresh 931.5 935.2 6

Cu-CHA-aged 931.4 935.1 13

Cu-MFI-fresh 931.2 934.9 8

Cu-MFI-aged 931.0 935.0 36

Table AIII3. Relative amounts of AlOh, tri-coordinated Al and Cu+ of clusters Surface 1-4 in zeolite 
Cu-MFI-aged.

AlOh/%[a] Integral pre-edge area[b] Cu+/%[c]

Surface 1 12±2.3 1.14 49

Surface 2 12.1±2.2 1.02 45

Surface 3 10.7±2.2 1.00 41

Surface 4 14.6±2.2 0.73 35
[a] Determined by Least-Square Linear Combination (LSLC) fitting of Al K-edge X-ray Absorption 
Near-Edge Structure (XANES) spectra using zeolite ZSM-5 and α-Al2O3 as tetrahedral and 
octahedral Al references, respectively, and a fitting range from 1560.35 to 1574.35 eV.
[b] Integral of the pre-edge region of 1560.35-1565.15 eV, representing tri-coordinated (3-fold) Al.
[c] Determined by peak area of Cu2+ and Cu+ edge from Cu L3-edge XANES.
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Table AIII4. Relative amounts of AlOh, tri-coordinated Al and Cu+ of clusters Center 1-5 in zeolite 
Cu-MFI-aged.

AlOh/%[a] Integral pre-edge area[b] Cu+/%[c]

Center 1 11.2±1.6 0.13 31

Center 2 9.7±1.3 0.25 34

Center 3 9.0±1.3 0.3 39

Center 4 8.8±1.3 0.37 42

Center 5 8.1±1.2 0.42 47
[a] Determined by Least-Square Linear Combination (LSLC) fitting of Al K-edge X-ray Absorption 
Near-Edge Structure (XANES) spectra using zeolite ZSM-5 and α-Al2O3 as tetrahedral and 
octahedral Al references, respectively, and a fitting range from 1560.35 to 1574.35 eV.
[b] Integral of the pre-edge region of 1560.35-1565.15 eV, representing tri-coordinated (3-fold) Al.
[c] Determined by peak area of Cu2+ and Cu+ edge from Cu L3-edge XANES.
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B. Additional Figures of Chapter 4

Figure AIII3. Fitting curves and the corresponding bands of the fitting model in the d-d 
transition region in UV-Vis diffuse reflectance spectra a) before standard NH3-Selective Catalytic 
Reduction (SCR) reaction of NO and b-k) under steady-state conditions at different reaction 
temperatures performed on the fresh zeolite Cu-ZSM-5 material.

A
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Figure AIII4. Fitting curves and the corresponding bands of the fitting model in d-d transition 
region in UV-Vis diffuse reflectance spectra a) before standard NH3-Selective Catalytic 
Reduction (SCR) reaction of NO and b-k) under steady-state conditions at different reaction 
temperatures performed on 850 °C steamed zeolite Cu-ZSM-5 material.
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Figure AIII5. UV-Vis diffuse reflectance spectra of a) fresh and b) 850 °C steamed Cu-ZSM-5 in 
standard NH3-Selective Catalytic Reduction (SCR) reaction (blue), NH3 oxidation reaction (red) 
as well as NH3/He (yellow) flow at different reaction temperatures between 150-400 °C.
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Figure AIII6. UV-Vis diffuse reflectance spectra of the a) fresh and b) 850 °C steamed zeolite 
Cu-ZSM-5 obtained after calcination during the cooling procedure in O2/He (blue), and under 
Selective Catalytic Reduction (SCR) feed (red) at different reaction temperatures between 150-
400 °C.
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Figure AIII7. NO and NH3 conversion of the NH3-Selective Catalytic Reduction (SCR) of NO (in the 
temperature window of 150-450 °C) and its reversed cycle (450-150 °C) over the a) fresh and b) 850 
°C steamed zeolites Cu-ZSM-5. The corresponding operando UV-Vis diffuse reflectance spectra 
of the c) fresh and d) 850 °C steamed zeolites Cu-ZSM-5 were also collected in the reaction, and 
cycle 2 represent the reversed cycle. The comparable catalytic performance and spectroscopic 
observations in the two NH3-SCR cycles strongly suggest that the evolution of species observed 
during the first cycle was reversible, and not due to irreversible deactivation and degradation of 
Cu species (which may nonetheless occur over multiple catalytic cycles or prolonged testing).
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