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“The first principle is that you must not fool yourself – and you are the easiest person 

to fool.”  

           ~ Richard Feynman, Caltech, 1974 
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Chapter 1 

 

General Introduction 
 

The use of fossil fuels, such as coa l and crude oil, as a source of energy has had a 

major impact towards the development of modern society over the last two centuries. 

In fact, such has been our demand for these limited resources that our planet and its 

environment has been unable to cope with it. Worldwide statistics indicate that in 

2010, ~ 80 % of our energy came from fossil fuels.1,2 The International Energy 

Agency noted in their 2011 report that although fading in dominance, the age of fossil 

fuels is far from over.  By 2035, 75 % of our energy needs are still expected to come 

from fossil fuels.2 However, our continued dependence on these resources presents a 

high risk of their eventual depletion in the future. Alongside their scarce availability 

lies the secondary effect of using these fuels as an energy source. The combustion of 

these fuels leads to the release of several by-products including, but not limited to,  

volatile organics (VOC), carbon oxides (COx), nitrogen oxides (NOx) and sulphur 

oxides (SOx), all of which are considered as pollutants to our atmosphere. As a 

consequence, societal concerns over the impact of these pollutants on humans have 

led to the implementation of measures to control their release into the atmosphere.  

 

1.1. European Legislations Enforcing Exhaust Emission Control 
The last three decades have seen the introduction of several initiatives, both at a local 

and a global scale to counter the impact of the use of fossil fuels in our society. A 

good example is the introduction of the National Emissions Ceilings  Directive 

(NECD) by the European Commission as a framework to handle responsibility over 

the planning and implementation of controlling recognised atmospheric pollutants 

over 27 European countries (EU-27).3,4 The NECD strives to limit the release of 

acidifying and eutrophying pollutants (including ozone precursors) into the 

atmosphere to avoid their dispersion and prevalence in our atmosphere by 

implementing national directives over constant timeframes.5–7 The NECD recognises 

and stresses the control of four main air pollutants: (a) NOx; (b) SOx; (c) non-methane 

volatile organic compounds (NMVOCs) and (d) ammonia (NH3). Besides ammonia, 
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the source for which is mainly the agriculture sector, the other three major pollutants 

are directly linked to the use of fossils fuels. Owing to our high dependence on these 

fuels, one cannot simply reduce their consumption or switch to an alternative 

technology and still meet the rising energy demands of society. This results in the 

need for implementing additional measures by the use of catalysts, which can 

efficiently trap and chemically convert these air pollutants into harmless gases to be 

released into our atmosphere. 

 

 
Figure 1.1:  Comparison of ‘with measures’ (WM) projections of pollutants and designated 

ceilings (Annex I, red bars and Annex II, black bars). The data are aggregated over 27 European 

member states as reported by the individual states. The two ceilings are discussed in Annex I and 

II of the NECD. No ceiling was defined for NH3 in Annex II (Reproduced from  NEC Directive 

status report 2010).6

Figure 1.2:  Pie chart of the di fferent contributors to NOx emitted in to the atmos phere over 27 

EU member states following the regulations put forward by the NEC on behalf of the EU 

commission (Reproduced from NEC Directive status report 2010).6
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Figure 1.1 compares the ceilings put forward by the NECD on the four main 

pollutants and the corresponding projected emissions (aggregated over 27  EU 

countries) after implementation of measures, e.g. use of catalysts. Clearly, the 

emission ceiling for NOx appears to be the biggest challenge and 10 of the 27 member 

states reported they could not meet the 2010 ceilings. NOx abatement remains to be 

the biggest challenge faced by the NECD as the situation has been similar in the past 

years too. In the late 1980s, only two European countries, namely Germany and 

Sweden, had legal limits on the permitted release of NOx into the atmosphere.8 The 

Federal German government at the time should be given credit for their attempts to 

raise European legislations on NOx emissions comparable to those already existing in 

Japan and the United States.  

 

Figure 1.2 compares the sources for NOx in the EU-27 states as per an NECD report 

in 2005. As presented in the figure, an alarming ~ 40 % of the total NOx is emitted 

from road transport alone. Surprisingly, this figure had not changed in 2010 either. 

The NECD believes the reason behind this is that the automotive sector has increased 

significantly but has not always delivered the required NOx reductions. Over the past 

two decades, the automotive industry has reduced the total NOx emissions from road 

transport by 85 %. The fact that they still stand out as the primary contributor of NOx 

into the atmosphere is an alarming situation for manufacturers who need to implement 

new and effective strategies towards lowering their exhaust contributions.  After the 

2010 survey, 44 % of the member states were recognized with the need to introduce 

new additional measures to meet the expected ceilings.6 The ever-stringent directives, 

as seen, require the constant development of new catalytic technology to curb the 

release of NOx into our atmosphere to be  able to meet with the EU ceilings. This PhD 

thesis focuses on one such technology to control and curb the amount of NOx released 

from a diesel engine.  

 

1.2. Exhaust Emission Control in Diesel Engines 
Owing to their high efficiency, durability and reliability, diesel engines vehicles 

dominate the heavy duty vehicle market. Unlike the gasoline engines, however, diesel 

combustion has the additional problem of producing unwanted particulate matter 

(PM) along with NOx release. Moreover, diesel engines have an excess of oxygen 
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making it even more challenging to reduce the unwanted NOx. The conve ntional 

“Three-Way Catalysts (TWC)”, which efficiently deals with carbon monoxide (CO), 

hydrocarbons (HCs) and NOx emissions from gasoline engines, could not be 

implemented into diesel engines because of the two reasons listed above. Owing to 

the presence of excess oxygen, an additional reducing agent is also required to 

effectively reduce the NOx for med. Another issue with diesel engines is that they are 

used in automotives of different sizes, ranging from passenger cars and trucks to large 

ships. This requires the use of an optimized emission control system for each type of 

engine considering e.g. the total load and weight of the vehicle. Selective Catalytic 

Reduction (SCR) is a strategy employed to treat diesel engine exhausts in a way such 

that it helps deal with emissions by reducing the NOx species and at the same time by 

burning (or oxidizing) the unburnt HCs and CO present in the exhaust. Typically 

some (desired) metals are dispersed over a support material which is then coated onto 

monoliths to be placed towards the tail end of a vehicle. In the presence of the right 

reducing agent for the system, desired reactions can be achieved.  

There are different SCR technologies in practice of which worth mentioning are HC-

SCR, NOx storage/adsorption and Urea-SCR.9–12 HC-SCR uses HCs as a reducing 

agent for NOx gases present in the exhaust of vehicles. Since there is already a good 

amount of HCs present in the exhaust of diesel engines, this is a very attractive 

technique for most manufacturers, especially for light duty app lications. In one of the 

earlier versions, Volkswagen adapted this technology towards their light passenger 

vehicles.13 NOx adsorber catalysts work in the principle of alternating lean and rich 

cycles in which first NOx is stored (in lean conditions) as nitrates and then converted 

to nitrogen in rich periods. One of the best examples for the adaptation of NOx 

adsorption catalysts is the diesel particulate-NOx reduction (DPNR) catalyst used by 

Toyota which was successful in reducing the concentrations of both NOx gasses and 

PM in diesel engines.14,15 Recent efforts have also tried to combine HC-SCR with 

NOx storage systems and are commonly referred to as hydrocarbon- lean NOx trap 

(HC-LNT) systems. Ammonia assisted SCR was already in practice during the 1970s 

for removal of NOx from flue gas in stationary plants. Since ammonia is toxic and 

corrosive, it was risky to carry it in pressurized containers in vehicles. Hence the use 

of urea became common practice for the in-situ generation of ammonia. This, 

however, did mean that an add itional tank (or reserve) of urea would have to be  

carried on-board. Although this proved to be too demanding for passenger vehicles, 
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owing to their design, weight and power, heavier engines such as those on trucks and 

busses could efficiently use this technology. Urea-SCR will be discussed in detail in 

the following chapters of this PhD thesis.  

 

 
Figure 1.3:  Illustration of a typical strategy employed in Europe for the abatement of NOx in 

heavy duty diesel trucks. Multiple catalytic and non-catalytic filter units are placed in sequence 

at the tail end of the diesel engine to deal with multiple pollutants. This particular strategy uses 

additional urea (as a source for ammonia; common brand label ‘Ad Blue’) to effectively reduce 

the NOx produced by the diesel engine. The active component (eg. metal-exchanged zeolite) is 

coated onto ceramic monoliths, which are then placed in SCR units, after the diesel engine.  

A typical diesel engine exhaust comprises of four main unwanted components: (a) 

NOx; (b) PM; (c) CO; and (d)  HCs. C urrent state-of-the art in heavy duty engines, e.g. 

trucks, employs a three (or in some cases four) part exhaust treatment system to deal 

with their emissions. A diesel oxidation catalyst (DOC) is used to convert as much 

NOx NO2 and CO CO2 as possible. A non-catalytic diesel particulate filter 

(DPF) traps the PM and unburnt hydrocarbons. These units are typically regenerated 

by ‘burning-off’ the trapped material. Finally, a SCR unit coupled to a Urea dosing 

system is used to chemically reduce the NOx and NO2 present to harmless N2 that can 

be released into the atmosphere. Figure 1.3 illustrates such a strategy of emission 

abatement in a typical European heavy d uty truck, with a schematic view of the active 
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component (e.g. metal-exchanged zeolite), which is coated onto the ceramic 

monoliths. 
 

1.3. Scope of the PhD thesis 
The work presented and discussed in this PhD thesis focuses on the synthesis, 

characterization and use of molecular sieve-based materials active for the SCR 

reaction in the presence of NH3 as a reducing agent. The possibility to inc lude  

(transition) metal cations into these molecular sieves allows their tailoring towards 

being active catalysts in this reaction. Since commercially urea is used as a source for 

ammonia in the process, Urea-SCR is also referred to as NH3-SCR for the scope of 

this PhD thesis. The overall goal is to study the structural and electronic properties of 

the current systems (with a focus on the active metal component) using conve ntional 

as well as more sophisticated synchrotron-based techniques to get a better 

understanding of the working catalysts under realistic reaction conditions. Special 

attention is given towards the structural changes in the active site either as a function 

of different reaction conditions, or as a function of different preparation techniques. 

This allows for a better understanding, from a structural perspective, of the influence 

of such metal centers on the SCR reaction. Chapter 2 presents an outlook on the 

catalyst materials currently deployed for NH3-SCR, whilst focusing on the copper 

local environment and structure dependent activity demonstrated by these catalysts as 

reviewed from current literature. Chapter 3 compares the SCR performance of many 

of the different molecular sieve-based catalysts mentioned in Chapter 2 using an in-

house built catalytic rig, whilst mimicking realistic exhaust conditions. The focus of 

the chapter is eventually directed towards small pore zeolites, which have been 

recently realized as very active and selective catalysts for the SCR reaction. Chapter 

4 and Chapter 5 illustrate the use of combined synchrotron-based in-situ X-ray 

absorption spectroscopy (XAS) and X-ray diffraction (XRD) to study structure-

activity relationships for Cu-CHA based materials, which are considered as the most 

active systems to date for performing NH3-SCR. The combination of a spectroscopic 

technique sensitive to local structuring (i.e., XAS) with a scattering technique 

sensitive to the long-range order of crystalline materials (i.e., XRD) helped us to 

elucidate the active site in these catalytic systems under reaction conditions. Besides, 

this led to the further understanding of important interactions of individual SCR 

components with the Cu active sites. Chapter 6 presents the use of different synthetic 
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methods to try and alter the active species within the same zeolite support. The 

corresponding effect of these alternative species on the performance relates back to 

the need of having particular favorable environments to achieve a high performance. 

Within the same zeolite, alternative species of the same metal can be formed, which 

appear to alter the selectivity shown by the systems towards the SCR reaction. The 

PhD thesis ends with Chapter 7, which presents a summary, concluding remarks and 

outlook towards eventually realizing strategies beneficial for Euro VI and future 

emission standards.    
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Chapter 2 

 

Local Environment and Nature of Cu Active Sites in Zeolite-

based Catalysts for the Selective Catalytic Reduction of NOx  
 

Abstract 
Cu-exchanged zeolites have demonstrated a widespread use as catalyst materials in 
the abatement of NOx, especially from mobile sources. Recent studies focusing on 
Cu-exchanged zeolites with the CHA structure have demonstrated them to be the best 
performing catalysts in the Urea assisted Selective Catalytic Reduction (Urea-SCR) of 
NOx. Thorough characterization of these materials using state-of-the-art techniques 
has led to a significant improvement in the understanding of active sites present, 
which contributes towards a fundamental understanding o f the catalytic processes and 
the rational design of new materials. However, the availability of multiple techniques 
at our disposal has led to various obs ervations and conclus ions on the true nature of 
the active sites. This chapter begins with a brief introduction to exhaust emission 
control in the mobile sector, followed by an overview of Hydrocarbon-SCR and Urea-
SCR; the former technology having found common use in the light duty passenger 
vehicles, whilst the latter are applied for medium (or heavy) duty vehicles, such as 
trucks and busses. This is followed by an overview of zeolite-based catalysts, 
especially for Urea-SCR reaction with a focus towards zeolites known to possess 
good activity. They include zeolites Y (FAU framework), ZSM-5 (MFI framework) 
and SSZ-13 (CHA framework). A few common techniques used for the 
characterization of zeolites and the information that they bring to help determine the 
salient structural and mechanistic aspects of the Urea-SCR process are introduced. 
The combination and comparison of the information obtained from the approaches 
have resulted in an accurate elucidation of the local geometry and environment of Cu 
within zeolites, thus forming the active site. The chapter further focuses on three main 
aspects: (a) the crystallographic cation location of Cu within the structures compared 
to results from techniques more sensitive to the local environment; (b) the interaction 
of Cu at these sites with reactant or probe molecules, which illustrates their (potential) 
mobility and accessibility; and (c) the proposed active sites within the zeolites Y, 
ZSM-5 and SSZ-13 as evident in literature. The discussion is focused towards the 
influence of the zeolite structure, both from a long-range perspective and that of the 
local structure around the active Cu species, on the thus formed active sites and their 
implications towards the Urea-SCR reaction.      
 
 
This work is based on the manuscript: “Local Environment and Nature of Cu Active Sites in Zeolite-
based Catalysts for the Selective Catalytic Reduction of NOx.”, U. Deka, I. Lezcano-Gonzalez, B. M. 
Weckhuysen, A. M. Beale, ACS Catalysis, 2013, 3, 413. 



 

  16   

2.1. Introduction 
Growing concerns over climate change, our ecological footprint and human health 

have resulted in local and globa l measures to control the release of pollutants into our 

atmosphere. One such measure by the European Commission is the NECD, which sets 

limits on the amount of acidifying and eutrophying pollutants released into the 

atmosphere from both mobile and stationary sources.1–4 Owing to their efficiency and 

durability, diesel engines have seen their fair share of use in road transport, especially 

in the European market. Although slightly more efficient compared to their gasoline 

counterpart, diesel engines still use fossil fuels as a source for energy, which 

inevitably results in the formation of air polluting side products. In fact, all four air 

pollutants recognized by the NECD, as outlined in Chapter 1, can be formed as a 

product of combustion in a diesel engine, of which NOx is of pr imary concern. Studies 

within European member countries have confirmed that approximately 40 % of the 

total NOx released into the atmosphere comes from road transport alone, of which 75  

% is from the use of diesel engi nes.4,5 The last 20 years have witnessed a decrease of 

~ 95 % in NOx released from heavy duty diesel engines. Figure 2.1 illustrates the 

trend of decrease in the amounts of total NOx and PM in exhaust stream as per EU 

legislations. The initial standards merely required fine-tuning the engine to meet the 

required standards. However, continuous stringent measures (since 2005) have led to 

the use of catalyst materials as after treatment solutions to help reduce emissions. 

With upcoming Euro VI standards, to be implemented in 2015-2017, the need to 

recognize and optimize new catalytic technologies is of significant importance to the 

automotive industry.  

 

This chapter presents one such technology, namely the SCR of NOx in mobile exhaust 

streams. SCR is an effective and promising technology for the reduction of NOx 

gases. In the SCR process, NOx are converted into N2 using a sacrificial reducing 

agent over a catalyst surface.5–13 SCR technologies are sub-categorized based on the 

reducing agent used to achieve the same chemical reaction, i.e. the breakdown of NOx 

into N2. Two major SCR technologies, that have reached or are reaching 

commercialization, are HC-SCR and Urea-SCR (also referred to as NH3-SCR). 

Perhaps less popular has been SCR technologies using CO or H2 as a reducing agent,9 

although the latter has been found necessary to enable low temperature activity in 
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HC-SCR.14 Section 2.2 of this chapter presents a brief introduction into the SCR 

process using either HCs or NH3 as a reducing agent. Although both are closely 

related, the chapter is mainly focused on NH3-SCR rather than on HC-SCR. Many 

different catalysts have been studied for this reaction, however industrial and 

academic research studies on NH3-SCR have shown metal-exchanged zeolites to be 

excellent catalysts. Particularly, Cu-exchanged zeolites possessing the CHA structure 

appeared to show excellent activity and selectivity towards the SCR reaction.15–18 This 

chapter therefore discusses the origins of the high activity/selectivity of CHA type 

systems compared to other commonly applied zeolites namely, zeolite ZSM-5 and 

zeolite Y. 

 

Figure 2.1: The trend in permitted amounts of NOx and Particulate Matter (PM) in Europe as set 

by the European legislation with time. Euro VI, ini tially planned for 2013, is to be implemented 

in two stages during the 2015-2017 period.  

2.2. Selective Catalytic Reduction 
2.2.1. Hydrocarbon-Selective Catalytic Reduction 

As the name suggests, HC-SCR uses hydrocarbons as reducing agent for the SCR 

reaction. Since a sufficiently large amount of partially burnt/unburnt HCs are already 

present in the exhaust stream of diesel engines, this is a very attractive technique for 

most manufacturers. The use of Cu-zeolites for HC-SCR was realized early in the 

1990s.19,20 One of the earliest systems developed for this purpose by König and co-

workers around 1985 at Volkswagen used a Cu-exchanged mordenite catalyst, which 

was successful in reducing the concentrations of NOx in a gas mixture comprising of 
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NOx, HC (i.e., methane, ethene, propene or butane) and oxygen. Following up these 

results, the same group tested different metals including Cu, Cr, Fe, Mn, V, Co, Ni and 

Ag, although Cu was found to be the most effective amongst them. However, this Cu-

exchanged mordenite was found to be intolerant towards water present in the system, 

which was overcome by changing the support material to zeolite ZSM-5. N evertheless 

this work, along with work performed by Iwamoto et al. around the same time, led to 

further investigations in the area. As different metals and suppor ts were tested for the 

same catalytic reactions, Smedler et al. found that Ag/Al2O3 was an effective catalyst 

to reduce NOx at 400 oC using propane, propene or alkene as reducing agents.21 One 

of the major drawbacks of Ag/Al2O3 systems around this time was that they could not 

operate at lower temperatures. However, the addition of hydrogen appeared to 

overcome this problem.22,23 Very recent studies have demonstrated that Ag/Al2O3 

catalysts prepared via mechanochemical ball milling are active at temperatures as low 

at 250 oC, even without the add ition of hydrogen.24 A Pt(or Pd)/ Al2O3 system was 

also found to overcome this low-temperature activity prob lem, however with the 

unacceptable drawback of producing large amounts of N2O, which is a greenhouse 

gas > 300 times worse than CO2 and  additionally  responsible for the depletion of 

ozone.12  

 

2.2.2. Urea or Ammonia-Selective Catalytic Reduction 

Ammonia assisted SCR was already in use during the 1970s,25 although mainly for 

stationary applications. When put into mobile applications the drawback of NH3 is 

that it is toxic, corrosive and a pollutant and therefore presents a risk for being 

transported in pressurized containers. Hence urea came to be used (as a source for 

NH3), in heavy duty trucks and buses.26 The basic idea behind Urea-SCR is to 

decompose aqueous urea in water to NH3 via the following reactions: 

 

(NH2)CO  NH3 + HNCO                                                         (2.1) 

HNCO + H2O  NH3 + CO2                                                       (2.2) 

 

For the purpose of discussion, Urea-SCR will be referred to here as NH3-SCR since 

most research studies (includ ing o ur own) discussed and pr esented herein d irectly use 
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NH3 gas as the reducing agent.  The basic SCR reaction (known as the Standard SCR 

reaction) using ammonia can be described as: 

 

4 NH3 + 4 NO + O2  4 N2 + 6 H2O                                                  (2.3) 

 

Reaction (2.3) proceeds faster in the presence of a 1:1 mixture of NO and NO2 

(designated Fast SCR), although a typical diesel engine exhaust contains only a minor 

fraction of NO2.  

 

4 NH3 + 2 NO + 2 NO2  4 N2 + 6 H2O                                               (2.4) 

 

The advantage of having the 1:1 mixture for Fast-SCR, has led to the implementation 

of new technologies, such as the addition of a DOC or Exhaust Gas Recycling (EGR) 

to increase the amounts of NO2 in the feed. There are, however, several problems with 

NH3-SCR. To ment ion a few, depending on the conditions, the formation of N2O or 

explosive ammonium nitrates have been observed, which affect both emission quality 

and block catalyst pores leading to deactivation.27 The formation of the latter can be 

avoided by maintaining the temperature of the system above 200 oC, although this is 

not favourable for wide-scale applications.7 Another major hurdle is the reaction 

between SO3 (from diesel) and NH3, which leads to the formation of ammonium 

sulfates. These salts accumulate over time and effectively cause irreversible damage 

to the catalysts. Although the removal of sulfur from diesel is practiced at present, the 

amount of permitted sulfur varies globally and therefore cannot be ignored 

completely.  

 

From a catalyst perspective, SCR (whether it be HC-SCR or NH3-SCR) typically uses 

metal oxides, noble metals or metal-exchanged zeolites as catalyst materials. Figure 

2.2 illustrates a map of catalyst materials commonly active for SCR compared to the 

particular temperature ranges of their maximum activity. Although active in the low 

temperature range (175 – 250 oC), the drawbacks of noble metals (e.g. Pt), in addition 

to the formation of N2O, are their high costs.12 Metal oxides (especially based on 

vanadium), whilst being very effective and popular for stationary SCR applications, 

are being phased out in mobile applications because of toxicity concerns related to the 



 

  20   

volatility of vanadia above 650 oC. Metal-exchanged zeolites eventually came to 

receive attention as efficient catalysts in the 1990s.19,20 Initial concerns related to 

poisoning, or hydrothermal stability did prevent their commercialization for a long 

time.13 However, recent developments have clearly demonstrated that metal-

exchanged zeolites are highly suitable for NH3-SCR.15,28 Besides their high activity 

and selectivity towards N2, zeolites are relatively cheap to produce and are non-toxic, 

which make them excellent candidates for mobile emission control applications.6,7 

 

 

Figure 2.2: S ystems commonly used and tested for SCR of NO in the presence of different 

reducing agents. The results obtained are from multiple studies performed in different 

laboratories and under different conditions.7,11,12,16,18,29–32  Note: Ag/Al2O3 has been illustrated 

thrice in the graph above. The first system (left) is representative of the catalytic activity of 

Ag/Al2O3 in the presence of additional  H2. The second (center) represents the catalytic activity of 

Ag/Al2O3 prepared via a mechanochemical  ball milling approach and the third (far right) that of 

conventionally prepared Ag/Al2O3. 

 

2.3. Zeolite Materials for NH3-SCR 
2.3.1. Role of Zeolites in Catalytic Processes 

Zeolites are crystalline aluminosilicates comprising of repeating SiO4 and AlO4 

tetrahedra connected to form porous 3-dimensional networks, as shown in Figure 2.3. 

Known for over 250 years, they were traditionally found in nature as minerals. The 

realization of synthetic zeolites (main credit to Barrer and Miller) in the 1930s -1950s 

and their first subsequent use in the petrochemical industry in the 1960s  (FAU for  
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Fluid Catalytic Cracking (FCC) leading to a ~ 30 % increase in gasoline yield) were 

two milestones in the development and use of zeolites in the catalysis industry.33–35 

The current global consumption of synthetic zeolites is estimated at about 2 million 

metric tons/year generating a market worth over € 1.5 billion.34 The differing sizes of 

pores and ‘cages’ within zeolites (typically between 3 Å and 11 Å) enable them to act 

as excellent molecular sieves. Furthermore, the overall negative charge induced by the 

presence of Al3+ (instead of Si4+) in the zeolite framework provides them with both an 

acid functionality and ion exchange capacity. The versatility of these materials can be 

seen by comparing its use in multiple processes such as refinery operations (zeolite Y 

in FCC plants), cleaning o f exhaust streams (zeolite Cu-ZSM-5/ zeolite Cu-CHA) and 

the softening of water (zeolite A). Depending on the need for a particular chemical 

process, zeolites can be chosen (or modified post-synthesis) to provide distinct 

structural and compositional characteristics. The diverse properties offered by zeolites 

combined with their unique highly ‘ordered’ crystalline nature enables us to study 

these materials using a wide variety of tools specific to understanding particular 

structure-performance relationships. Since the pores and channels are a repetition of 

the basic unit cell of the crystalline structure, it further allows us to ‘direct’ chemical 

processes once the role of each component is clearly understood.  

   

 

Figure 2.3: 3-dimensional representation of the formation of zeolite ZS M-5.  Tetrahedrally 

coordinated Si and Al  bridged via oxygen atoms arrange in composite units. The different 

composite units rearrange to form a multidimensional framework. The final structure and 

corresponding building units depicted in the picture originate from the MFI framework and are 

reproduced from crystallographic information available at the Internation al Zeolite Association 

(IZA) structure database (www.iza-structure.org).   

Initially, zeolites in the NH3-SCR reaction were mainly used for high temperature 

applications (above 400 oC). The parent zeolite itself was not found to be as active as 
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its metal (cation-exchanged) counterpart. This was attributed to the fact that the 

presence of a transition metal ion (TMI) provides a redox catalytic center over the 

(internal) surface of the zeolite structure. Nonetheless, problems inherent to zeolites 

such as hydrothermal stability, a relatively small temperature window of operation, 

sensitivity to poisons, had to be tackled before their widespread implementation. 

 

2.3.2. Metal-Exchanged Zeolite Catalysts in NH3-SCR 

Over the past two decades, multiple combinations of zeolite frameworks with 

different metals were shown to be active for the SCR reaction, each with its own pros 

and cons. Few metals, namely as Cu, Fe, Cr, Ce and Ag, have now been established as 

most effective when compared to o thers, such as Co, N i, Mn, Mg, La and Zn.7 Cu and 

Fe have perhaps been the most widely studied transition metals for NH3-SCR, owing 

to their availability and high activity. A possible reason can be found in the fact that 

both Cu and Fe show good redox capacity.  

 

Typically,  Cu-zeolites were seen to be active at lower temperatures of ~ 200 oC, 

whilst Fe-zeolites reached maximum activity at higher temperature of ~ 300 oC. This 

effect has been observed and discussed widely in the literature. A general agreement 

has been that the Fe-ZSM-5 system is highly dependent on the amounts of NO2 

present in the gas composition, which appears to be the rate determining step.36 The 

Fe-ZSM-5 catalyst works on the basis of the conversion of NO  NO2 over Fe3+ 

sites. The conversion of Fe2+ to Fe3+ (NH3 reduces Fe3+ below 300 oC) is only 

effective at temperatures above 300 oC and so is the activity of the catalyst itself.37 

Further comparative studies between commercial Cu- and Fe-exchanged zeolites also 

showed that Cu-zeolites were less sensitive to the presence of NO2.38,39 Therefore, 

under standard SCR conditions, i.e. absence of NO2 in the feed, a Cu-zeolite system is 

expected to show maximum activity at lower temperatures when compared to a Fe-

ZSM-5 system. However, Cu-zeolites are known to oxidize ammonia at temperatures 

over 350 oC.7,38,39 A recent investigation on combining the effects of both Cu and Fe, 

used monoliths made up of either metal-exchanged zeolite in different sequential 

configurations.40 A system with a 50/50 mixture of a Cu-monolith and a Fe-monolith 

appeared to have the same effect as just described. Kucherov et al. performed another 

study in which they mod ified a series of Fe-beta with various amounts of Cu loadings 

with a similar observation.41 Electron Spin Resonance (ESR) studies showed that 
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upon add ition, Cu2+ replaced some of the Fe3+ present in their system. The activity 

profiles suggested that the presence of both metals gave rise to activity over a wider 

temperature range. 

 

From a zeolite perspective, ZSM-5 (MFI framework), Y (FAU framework), 

mordenite (MOR framework) and beta (BEA framework) have received most 

attention owing to their already widespread use in related catalysis, easy availability 

and framework stability at different temperatures of operation. Over time, it was seen 

that medium pore zeolites such as ZSM-5, ferrierite or mordenite were more active 

when compared to larger pore zeolites, e.g. zeolites Y, USY and beta. More recent 

studies between 2008-2010 have shown an increasing interest towards zeolites with 

even smaller pore windows (mainly with the CHA structure) both in the academic and 

patent literature.15,16,18,28,42 As a consequence, a lot of interest has spurred towards the 

study of these materials in the NH3-SCR reaction.  

 

The following sections of the chapter will discuss the role of various copper species 

found in zeolites explored for NH3-SCR. ZSM-5, Y and SSZ-13 (CHA framework) 

shall be the main focus considering their widespread investigation and efficiency of 

these materials in the reaction. Although Cu-beta has also been found to be an active 

system, the inherent disorder in the BEA framework results so far in a lack of 

structural information available. As a result, to date the catalysis itself rather than 

catalyst characterization has been the focus of Cu-beta studies.43–45 

 

2.4. Experimental Tools to Study Metal-containing Zeolite Catalysts 
A major contribution in the development of metal-containing zeolite catalysts for 

catalytic processes has been the thorough characterization of active sites within these 

porous materials. The ordered and well-defined crystalline lattices of zeolites on one 

hand make it possible to perform various spectroscopic studies into the nature 

(oxidation and coordination environment) of ions and species interacting with the 

framework itself. On the other hand, the combination of a reactive framework and 

multiple possible (metal) cationic sites often renders the direct probing of active sites 

and subsequent mechanistic insight to be difficult to obtain. Needless to say, there has 

therefore been much debate on the nature of the active species in the SCR reaction. 
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Narrowing it down to Cu-zeolites, after decades of study, the scientific community is 

yet to agree on the nature and role of copper species stabilized inside these zeolite 

pores and their role in NOx conversion. Dimeric copper species, isolated Cu2+ ions 

and even CuO have been proposed to be active sites for the SCR reaction.6,7,17,46–48 

The importance of a Cu+/Cu2+ redox func tionality has also been stressed.49–51 

Nonetheless, there is yet a lot to learn on the dynamic behavior and accessibility of 

the active site within the support and multiple possible reasons on why eventually 

such a catalyst deactivates.  

 

Developments towards the characterization of catalytic solids under realistic reaction 

conditions have gone a long way to help us answer these questions. Besides the 

development of conventional laboratory instrumentation, modern synchrotron 

radiation facilities with dedicated beamlines to study solid-gas interfaces have been 

pivotal towards the characterization of such materials and heterogeneous catalysts in 

general. A recent Chemical Society Reviews themed issue on the in-situ 

characterization of heterogeneous catalysts provides a great overview of some of 

these developments realized in the past few years.52 Two key aspects, as also 

highlighted in this issue, have been the improvement in the available time and spatial 

resolution of spectroscopic and scattering techniques towards the characterization of 

these materials, largely through the application of brighter radiation sources and more 

sensitive detectors. The possibilities of combining several complementary techniques 

both at laboratories and synchrotron radiation sources to study powdered catalysts 

have provided a powerful toolkit to study catalyst materials in great detail.53–55 

 

Various techniques used for catalyst characterization, some of which are also further 

used in this PhD thesis, will be covered in this chapter. Ultra Violet–Visible 

spectroscopy-Near Infrared (UV-Vis-NIR) spectroscopy, Electron Paramagnetic 

Resonance (EPR), Fourier Transform-Infrared spectroscopy (FT-IR), Temperature 

Programmed Desorption (TPR), X-ray Photoelectron Spectroscopy (XPS), X-ray 

Absorption Spectroscopy (XAS) and X-Ray Diffraction (XRD), which provide in-

depth information on structural and physicochemical properties, are used for such 

studies and therefore are briefly introduced. The advantages and limitations of each 

technique are tabulated in Table 2.1. 
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X-ray diffraction 

XRD is a very reliable and direct probe for the characterization of crystalline 

materials, such as zeolites. The development of powder diffraction and analysis 

techniques thereof has enabled complete structure solution of various materials.56–60 

Since metal cations in zeolites have a pre-determined position they become part of the 

long-range order of the zeolite itself and can be represented by scattering vectors at 

particular positions. XRD can therefore be used to identify the location of framework 

and extra-framework atoms within a unit cell of the zeolite. As such, XRD can 

provide atomic resolution into the structure of a crystalline material, although the 

information on the asymmetric unit itself is obtained in reciprocal space. A second 

disadvantage of XRD is that it cannot distinguish between elements with similar 

scattering factors (e.g. Si and Al in zeolites). Typically XRD cannot be used to 

identify very low amounts of exchanged cations and averaged information over the 

whole crystalline lattice is obtained. Therefore (especially for powdered samples), 

partial site occupancies are typically averaged and have to be used to determine to 

what extent a particular site is occupied.  

X-ray absorption spectroscopy 

XAS can be used to obtain local insight into the geometric and electronic structure of 

the materials in question. As a consequence of exciting a core electron to unoccupied 

electronic states and eventually to the continuum, detailed information regarding the 

absorbing atom and surrounding scattering atoms can be obtained. The X-ray 

Absorption Near-Edge Structure (XANES), which precedes and follows the ‘rising 

edge’ of an ejected electron to the continuum, can give detailed information on the 

electronic structure (electronic density of states) and the corresponding coordination 

geometry of the absorbing atom. Extended X-ray Absorption Fine Structure (EXAFS) 

probes the scattering and disorder of the ejected photoelectron off neighboring atoms, 

thereby giving information on the number and distance of neighboring atoms. The 

disadvantage of XAFS, however, is that the information obtained can only be treated 

locally in the order of a few ~ 5 Å away from the absorbing atom. Zeolites are multi-

dimensional structures made up of different building units, which repeat themselves. 

As a result, a number of local environments might be present, which whilst appearing 

similar, could actually be built of a number of completely different sub-units. A good 

example is the presence of two types of 6-membered rings in zeolite Y, as illustrated 

in Figure 2.3 (c). One type of 6-membered ring be longs to the hexagonal prisms (d6r) 
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and the other to the sodalite cavities (sod). EXAFS, however, would not be able to 

distinguish between the two given the spatial resolution that can be obtained from this 

technique. A second disadvantage of XAFS comes from the averaging of information 

over the absorbing atom. Therefore, if Cu were to be present in two different 

coordination environments/oxidation states, EXAFS would only provide averaged 

bond distances and coordination numbers. Finally, XAFS normally requires the use of 

synchrotron light to perform experiments rendering the technique rather less common. 

 

Electron paramagnetic resonance 

EPR is a well established and highly sensitive technique to study paramagnetic 

species with one or more unpaired electrons.61,62 Since Cu2+ cations possess an 

unpa ired electron, EPR can provide very sensitive information on the different 

coordination environments for Cu2+. The earliest literature reports on Cu2+ 

coordination environments date back to the 1950s-60s, much before the development 

of most other techniques offering better structural resolution.63,64 Therefore, in 

combination with crystallographic studies, it provided an ideal toolbox for people to 

study the various cation environments in zeolites. The disadvantage of EPR has been 

that typically experiments need to be performed under dehydrated conditions and at 

liquid N2 temperatures. Unfortunately, the high sensitivity often results in problems 

with the presence of highly paramagnetic (or ferromagnetic) impurities, such as Fe3+ 

and Mn2+, which can be present in the parent zeolite material. Finally, since the 

technique can only be used to study systems with unpaired electrons, it is not fully 

ideal to follow redox behavior in systems. EPR remains however, a very powerful 

technique for determining the presence/absence of important interactions between 

reactant and catalyst.   

 

Ultraviolet-visible-near infrared spectroscopy 

UV-Vis-NIR spectroscopy can be used to probe the electronic transitions in the Ultra-

Violet (50000 – 25000 cm-1), Visible (25000 – 12500 cm-1) and Near Infrared (12500 

– 4000 cm-1) regions, respectively.61,62 Over the years, this technique has proved 

facile to use, is commonly available and has led to the accurate determination of TMI 

centers within zeolite based materials with a high time resolution (sub-second).65 

Most commonly, samples are studied in diffuse reflectance mode, and the thus 

obtained spectra can serve to provide a ‘fingerprint’ of the TMI environment in the 
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respective zeolites, since the absorption and excitation energies of the 3d electrons 

depend directly on the ligand field surrounding the absorbing atom. One of the 

problems often encountered is the presence of multiple components in the UV-Vis-

NIR spectra, which can however be deconvoluted into the particular individual 

components. For simplification therefore, often samples with a lower exchange level 

are preferred over high amounts of Cu. Furthermore, UV-Vis-NIR in general cannot  

provide atomic resolution into the different materials under study. Bond distances, for 

example, cannot be extracted from UV-Vis-NIR measurements. As a result, it is often 

required to combine such studies with crystallographic evidence or further theoretical 

calculations to enable accurate determination of the local structure.  

  

Fourier transform infrared spectroscopy 

IR spectroscopy can be used to probe the vibrational states of species that possess a 

permanent or induced dipole moment upon interaction with electromagnetic 

radiation.61,62 Thus it can be used to probe molecular vibrations of chemical bonds, 

particularly those of the adsorbates, in the Infrared region (12500 – 10 cm-1). Since 

most studies are performed in the mid-IR region (4000 – 400 cm-1), our discussion in 

this chapter shall be mainly limited to this. Fourier Transform IR (FT-IR) 

spectroscopy has been extensively used in the study of acid/base characteristics of 

zeolites. More specifically for the case of Cu-zeolites, it has mostly been used for the 

study CO, NO (or NH3 for Brönsted acid sites) as probe molecules to indirectly locate 

the oxidation state and thereby coordination environment of the different extra-

framework Cu species. FT-IR spectroscopy, much like UV-Vis-NIR can provide 

insight into the presence and possible role of reaction intermediates involved in a 

catalytic process. However, like UV-Vis-NIR, FT-IR data cannot provide the atomic 

resolution required to completely understand a catalytic process on its own. 

Furthermore, FT-IR is generally employed in an indirect manner, i.e. changes in the 

vibrational modes of the probe molecule are used to interpret the surrounding 

environment and therefore the oxidation state and local environment of Cu. 

Complementing this with other experimental or theoretical techniques, however, can 

yield very useful information.     
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Table 2.1: Characterization techniques commonly used for the interrogation of Cu-zeolites, 

including their associated strengths and limitations. 

 
Technique 

 
Strengths 

 
Limitations 

 
 

XRD 

 Atomic resolution. 
 Cu ion location with respect to 

zeolite structure. 
 Sensitive to structural changes 
at the unit cell level, i.e. bond 

distances. 

 Lack of short-range sensitivity. 
 Averaging over partially occupied 

Cu positions. 
 Limited by reciprocal space. 

 
XAS 

 Atomic resolution. 
 Cu oxidation state. 

 Cu coordination geometry. 

 Long-range sensitivity, i.e. limited 
to ~ 5 Å around the absorbing 

atom. 
 Averaging over Cu in multip le 

environments and oxidation states. 
 
 

EPR 

 Sensitive to paramagnetic 
species. 

 Can probe mult iple Cu cation 
local environments. 

 Indirectly Cu oxidation state. 

 Presence of water/ high 
temperatures. 

 Highly sensitive to paramagnetic 
impurities/. 

 Not sensitive to diamagnetic 
species e.g. Cu+ is EPR silent. 

 
 

UV-Vis-NIR 

 Sensitive to specific electronic 
environment. 

 Ligand field environment. 
 Fast acquisition. 

 No atomic resolution. 
 Environment probed limited to the 

ligand field. 
 Presence of multip le components, 
e.g. at high metal loadings requires 

deconvolution. 
 

FT-IR 
 Sensitive to molecular 

vibrations. 
 Fast acquisition. 

 Reaction intermediates probing. 

 No atomic resolution. 
 Indirect probing of the Cu 
environment based on the 

behaviour of the probe molecules. 
 

TPR 
 Quantify species with different 

redox states. 
 Heterogeneity of a particular 

reducible material. 

 No structural information. 
 No atomic resolution. 

 
 

XPS 

 Surface sensitive. 
 Accurate determination of 

elemental composition. 
 Chemical and electronic state 

of elements probed. 

 Necessity of ultra-high vacuum 
conditions. 

 In-situ characterization not 
possible. 

 

 
Temperature programmed reduction 

TPR can be used to quantify the reducibility of an oxidic material. Samples are treated 

to a flow of a reducible gas, and a thermal conductivity detector is used to measure 

changes in the outlet gas stream (over a temperature range) and consequently 

converted to a particular concentration of the gas compared to a calibration standard. 

Typically,  TPR is very useful in the characterization of metal oxides (as bulk or 
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dispersed over a support) since it provides quantitative information on the 

heterogeneity of the reducible surface. However, TPR is a bulk technique, which 

gives information on the entire sample. Furthermore, TPR does not have any atomic 

resolut ion and therefore cannot provide any structural information.  

 

X-ray photoelectron spectroscopy 

XPS is a surface sensitive technique that can provide accurate information on the 

surface composition of materials. XPS measures the kinetic energy and number of 

electrons that escape first 1-10 nm of the sample under study as a consequence of X-

ray irradiation. XPS thereby can provide accurate elemental composition of the 

surface including the chemical and electronic state of each element. Since the 

technique is based on the measurement of those electrons that ejected out of the 

material, XPS normally requires ultra-high vacuum conditions, an inherent limitation 

of the technique. Therefore, although samples can be pre treated in different gas 

atmospheres, all materials need to be evacuated prior to characterization using XPS. 

 

2.5. Cu Species in Zeolites for NH3-SCR 

The dispersion of TMI species in zeolites is influenced by several factors, such as 

Si/Al ratio of the zeolite, type of metal salt used to load the zeolites, the medium of 

exchange and pre-treatment of the parent and as-prepared material, which are beyond 

the scope of this chapter. Details regarding the respective roles that these factors play 

have been summarized in review articles.6,7 Since XRD is the most widely accepted 

technique for the determination of zeolite structures and location of extra-framework 

cations within zeolite structures, each sub-section henceforth will begin with 

crystallographic studies performed on elucidating the position of Cu cations within 

zeolites Y, ZSM-5 and SSZ-13. As demonstrated in literature, the geometric and 

electronic characteristics, i.e. the ‘spectroscopic signature’ of a TMI in a zeolite is a 

combination of its crystallographic position and the number of Al3+ atoms in the 

neighboring environment.66–68 Therefore, whilst crystallographic results present an 

average position for the TMI based on all the possible (distorted) locations, 

spectroscopic signatures will change for the same crystallographic position as a 

consequence of differences in the immediate surrounding environment. As such, 

discrepancies are often found for all the cation positions represented 
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crystallographically and that reported based on spectroscopic data. Therefore, 

following the crystallographic locations, studies further related to the local 

environment of the Cu species and their interactions thereof with probe molecules or 

NH3-SCR reactants are presented. Finally, the discussion highlights the active sites 

within the zeolite structures as proposed by in-situ experiments.   

 
Table 2.2: Structural composite units and pore/channel limitations of zeolites Y, ZS M-5 and SSZ-

13 as obtained from the IZA database (www.iza-structure.org). 

Name; 

(Framework); 

Dimensionality 

Composite units Size of inclusion  

(in pore cages) 

Diffusion along  

pore channel  

Y; (FAU); 3d

 

 

11.24 Å

 

a/b/c: 7.35 Å

ZSM-5; (MFI);  

3d

 
 

 

6.36 Å 

 

a: 4.7 Å; 

b/c: 4.46 Å  

SSZ-13; (CHA) 

3d  

 

7.37 Å 

 

a/b/c: 3.72 Å 

Table 2.2 lists the structural composite units and the pore size dimensions of zeolites 

Y, ZSM-5 and SSZ-13. All structures presented hereafter are based on the 

crystallographic information of the corresponding framework type available in the 

International Zeolite Association (IZA) structure database (www.iza-structure.o rg). 

As per convention, the vertices of the structures represent the T-atoms (in this case 

either Si or Al, in grey) and the connecting lines represent the bridging oxygen atoms 

(in red). The crystallographic symmetry of each zeolite determines the position of 

individual T-atoms and O-atoms of the framework. Depending on the number of T-

atoms circumscribing the pores, the materials can also be categorized as small, 

medium or large pore zeolites for 8, 10 and 12-membered ring pore-windows, 

respectively. 
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2.5.1. Cu Species within Zeolite Y  

Crystal structure and Cu2+ cation location  

Figure 2.4 illustrates the crystal structure of FAU with the corresponding cation 

locations for Cu2+ ions in zeolite Y. Zeolite Y is a three-dimensional large pore zeolite 

made up of d6r and sod composite units. Several studies have been pe rformed on Cu-

Y using X-rays and neutrons on hydrated and dehydrated structures using both 

partially and fully exchanged samples. For the sake of simplicity, we shall consider 

Cu sites in SI’, SII and SIII sites as per agreements in literature.69–73 Sites I’ and II are 

present on the 6-membered rings of the sodalite cavity, with the former being part of 

the d6r sub-units. Site III is located in the supercages of the structure. It is worth to 

note that site SIII is only present for low Si/Al ratios, i.e. for zeolite X, which also has 

the FAU structure.74 However, as discussed later in this section, much of the past 

literature on NH3-SCR over Cu-Y zeolites have proposed the location of Cu in site 

SIII as crucial and as the active sites for the reaction and therefore is considered in our 

study. It is also worth to note here that in two sequential studies, Bordiga et al. could 

show that due to its location between soda lite cavities, site SI’ is not accessible to CO 

or N2, but accessible to H2.75,76  

 

Local environment of the Cu2+ cations as influenced by the zeolite framework  

Pierloot et al. performed EPR and ab initio cluster calculations on Cu2+-exchanged 

zeolites A (LTA), Y (FAU) and ZK-4 (LTA). The results indicated the interaction of 

Cu with four framework oxygen atoms.66 The authors could also demonstrate that in 

zeolites with a lower Si/Al, e.g. Zeolite A, Cu would closely coordinated with two 

oxygen atoms (~ 1.9 Å), followed by another O-atom at ~ 2 Å and finally a fourth 

oxygen at 2.2 Å. However, with increasing amounts of Si, and thereby a lower 

propensity of Al3+, the interaction is different with three close Cu-O distances (~ 1.95 

- 2.0 Å) and a fourth distant oxygen at ~ 2.4 Å. Considering the issue of hydrothermal 

stability in the SCR reaction, zeolites with higher Si/Al ratios are preferred. Therefore, 

we shall consider the latter model as applicable. An illustration of this shifted position 

is presented in Figure 2.5. Recent single crystal studies performed on Cu-Y also 

support this theory.72 The study showed that at site II, Cu coordinates with three close 

oxygen atoms at 1.85 – 2.0 Å and a fourth distant oxygen at ~ 2.5 Å. The resulting 

structure is a distorted square planar Cu2+, positioned closer to one side of the 6-

membered ring unit.  
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Figure 2.4: (a) Crystal structure of the FAU framework with the corresponding composite units 

represented as ‘balls and sticks’ to highlight their position in the structure. (b) Crystallographic 

positions for Cu (blue balls) in zeolite Y as proposed from single crystal and powder XRD studies. 

The structure is generated based on crystallographic information available in the literature.72,77

SI’ lies on the face of the d6r subunits, next to sodalite cavi ties of the FAU structure. Site S II is 

present on the 6-membered ring faces of the sodalite cavities. SIII is located on 4-membered rings 

facing  the supercages. Note: The capped sticks highlight the local  environments of Cu in the 

structure. 

 

Figure 2.5: Cu2+ local environment in 6-membered rings of zeolite Y. (a) Initial crystallographic 

model showing the position of Cu2+ in the center of the 6-membered ring. Shifted position of Cu2+ 

in the 6-membered ring based on EPR spectra and ab initio calculations considering the location 

of one Al atom in the 6-membered ring. The local environment is a result of a distortion of the 

ring as well a shift of the Cu2+ to achieve a distorted planar coordination. The distances shown 

are based on combined EPR and ab ini tio calculations reported in literature.66 The same can be 

considered for Cu-SSZ-13 where the Cu2+ ions are located on the 6-membered ring planes as part 

of the d6r sub-units.  

Interaction with probe molecules and NH3-SCR reactants  

Early FT-IR and EPR studies performed by Lunsford and co-workers showed that in 

zeolite Y, Cu formed tetraamine complexes in the presence of NH3 and O2 up to 

temperatures of 180 oC.78,79 This observation was subsequently made in the presence 
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of additional NO in the feed, and the authors proposed the formation of this complex 

as an active reaction intermediate for the SCR reaction; the reaction proposed to 

proceed via an organometallic homogeneous-type complex formed within the zeolite 

pores.25 Delabie et al. however could conclude otherwise based on in-situ UV-Vis-

NIR spectroscopy combined with density functional theory (DFT) calculations. The 

authors observed a similar tetra-amine complex, however, the Cu2+ maintained 

coordination with at least one framework oxygen. Although the study was not  

performed under SCR conditions, a similar local environment could be postulated for 

the SCR reaction, where the coordination of Cu to the zeolite lattice would be rather 

crucial. FT-IR studies performed by Howard and Nicol on Cu-Y accounted for the 

presence of CO (as a probe for Cu ions) in addition to NH3 in their system.80 Besides 

the already identified Cu-amine complex, the authors further established the 

interaction of NH3 with hydroxyl groups of the zeolite framework. Furthermore, upon 

evacuation of NH3 the authors reported that the amounts of Cu-amine complexes in 

their system increased indicating a higher affinity of NH3 towards the Cu sites as 

compared to the hydroxyl groups. However, in the presence of CO, the authors 

postulated the formation of a CuCO(NH3)n complex accompanied by a reduction of 

the Cu. Lamberti et al. performed XAS and UV-Vis-NIR studies on a Cu+-Y sample 

prepared by a gas phase reaction between HY and CuCl. The resulting material was 

reported to possess Cu+ ions exclus ive ly within the structure. Interaction of these Cu+ 

ions with CO resulted in the formation of metallic Cu for about 10 % of the sample. In 

subsequent work, the same group performed XRD, XAS and FT-IR experiments on a 

Cu-Y sample prepared in the same gas phase manner as stated above.74 The authors 

could locate the Cu+ cations in sites SI’, SII and SII’ (which is attributed as SII, but 

slightly positioned towards the sodalite cavities). The authors observed a significant 

migration of the Cu+ into the supe rcages of zeolites Y upon expos ure to CO. The 

same migration was, however, not observed in the presence of NO since it is a weaker 

base than CO. Nonetheless, the authors postulated the formation of both mono-

nitrosyl and di-nitrosyl complexes being formed in sites SII’ and SII, respectively.  

The studies above showed the possible location of Cu+ ions in the supercages of 

zeolite Y resulted in a high mobility for the cations and could have both beneficial 

and adverse effects. On one hand, favorable species (as suggested) could be formed 

due to the interaction with NH3. However, it should be noted that formation of a 

strong complex could result in a ‘blocking effect’ on the active sites. On the other 
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hand, the high mobility resulted in a migration of the Cu+ ions away from their initial 

coordination with the lattice oxygens. For example, under reducing environments, 

such as CO (one of the components in truck exhaust), the Cu ions were seen to 

migrate from their known positions into the supercages, thereby forming competing 

complexes or even metallic clusters; the latter is known to not favor the SCR 

reaction.7,12  

 

Active sites in Cu-Y 

Early studies performed on Cu-Y by Kieger et al. proposed two types of active sites 

present in their catalysts.81 Below 277 oC the authors proposed Cu ions, of [Cu-O-

Cu]2+ nature, to be the active sites stabilized by NH3 present in the supercages (site 

SIII). The assignment of the species was based on UV-Vis-NIR data. However, such 

species in the supercages of zeolite Y had not been identified and the authors 

proposed the presence of Cu ions in close proximity in sites SII and SIII. A similar 

observation of Cu occupancy in site SII and SIII with the formation of Cu-oxo species 

was made by Iwamoto et al., although this study dealt with direct decomposition of 

NO.82 As stated earlier, site SIII in the FAU structure is not always occupied by Cu 

ions. Therefore, although the local Cu environment could be accurately determined, 

the use of only UV-Vis-NIR limited the approach to speculation on the exact location 

of Cu within the zeolite structure. Nonetheless, based on FT-IR data, Kieger et al. 

proposed the reaction to proceed further via a Cu2+ <—> Cu+ redox cycle, where Cu+ 

is oxidized in the presence of NO + O2. The authors also postulated that above 600 K, 

all Cu ions became active for SCR. In this study and another subsequent work, the 

authors reported the formation of CuO clusters and Cu ions in small (sodalite) cages 

within the FAU structure as the origin of unwanted N2O in their system.83–85 

Following studies by the same group showed using catalytic data and TPR that by 

‘blocking’ the soda lite cavities using various co-cations (e.g., Ca, Ba and lanthanides), 

the Cu-Y system could be active at lower temperatures (by ~ 150 oC) and could avoid 

the formation of N2O.86 This further allowed the authors to introduce a higher content 

of Cu within the zeolite Y pores thereby increasing the presence of Cu in the 

supe rcages and the formation of dimeric [Cu-O-Cu]2+ species. In a follow up 

investigation, Delahay et al. also demonstrated a direct dependence on the amounts of 

H+ (versus Na+) as a counter cation on the SCR activity.87 This was a very crucial find 

since H+, Na+ or NH4
+ are the most commonly present counter cations in parent 
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zeolites. While close attention is given to the amounts of active TMI or the Si/Al 

ratios of a zeolite, the additional presence charge balancing counter cations is not 

often considered. The study illustrated that the increasing presence of H+ instead of 

Na+ increased low temperature activity. Based on FT-IR and TPR, the effect was 

explained by an increased migration of Cu from the ‘hidden’ soda lite cavities to the 

more accessible SIII sites in the supercages as a consequence of replacing H+ for Na+. 

Quantum mechanical calculations could then help show that in the presence of Na+, 

Cu behaved more like an alkali cation whilst in the presence of H+, it behaved more 

like a TMI. Therefore, the redox process of Cu+ <—> Cu2+ (which the authors 

considered as rate determining) could occur faster in the presence of protons. 

Unfortunately, further structural characterization was not performed on the same 

systems, although this could have helped greatly in the understanding o f the impor tant 

issue of Cu mobility between the different sub-units or sites within the zeolite 

structure. From an active site point of view, the multiple cation locations in zeolite Y 

make it rather challenging to directly probe active sites. The literature suggests, 

however, [Cu-O-Cu]2+ species to be the active NH3-SCR species within zeolite Y. 

 

2.5.2. Cu Species within Zeolite ZSM-5 

Crystal structure and Cu2+ cation location  

Figure 2.6 illustrates the crystal structure of MFI with the corresponding cation 

locations for Cu2+ ions in ZSM-5. ZSM-5, a medium pore zeolite is a three-

dimensional structure made up of mor, cas, mel and mfi composite units. Based on 

XRD studies, Mentzen and Bergeret could locate five different cationic positions for 

Cu in ZSM-5.88 Sites Cu1, Cu3 and Cu3’ in the ZSM-5 structure appear in the 5-

membered ring and 6-membered ring sub-units of the zeolites structure, which do not 

intersect with the main channels of ZSM-5. Sites Cu2 and Cu2’, which could account 

for ~ 60 % of the total Cu content, were found in the vicinity of the 10-membered ring 

windows of the structure. It was therefore proposed that these two sites might have a 

significant role to play in catalysis considering their position closer to the large 

channels of the zeolites and their higher occupancy. 
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Figure 2.6: (a) Crystal structure of the MFI framework with the corresponding composite units 

represented as ‘balls and sticks’ to highlight their position in the structure. (b) Crystallographic 

positions of Cu2+ (blue balls) in ZS M-5 as proposed from single crystal XRD studies. The 

structure has been generated using crystallographic information provided in literature.88 Sites 

Cu1, Cu3 and Cu3’ are present in 5-membered ring and 6-membered ring units of the structure. 

Sites Cu2 and Cu2’ (which together account for ~ 60 %  of the total Cu content) are located on the 

face of the channel system of the structure. Note: The capped sticks highlight the local  

environment of Cu2+ in the structure.   

Figure 2.7: Cu2+ local environment in zeolite ZS M-5. Top: Local environments of sites Cu1, Cu2, 

ly. The final bond 

distances are as obtained from EPR and ab initio calculations.68 The position of Al3+ corresponds  

representation of the published work and are not original geometry optimized structures.        
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Local environment of the Cu2+ cations as influenced by the zeolite framework 

The local Cu geometries in Cu-ZSM-5 are slightly difficult to address due to the 

complex composite units that make up the structure as illustrated in Table 2.2 and 

Figure 2.6. Unlike zeolite Y, the cation sites are not positioned in defined sub-units, 

rather a combination of various 5-membered rings and 6-membered rings of the 

zeolite structure. Nonetheless, combinations of Density Functional Theory (DFT)/ab 

initio calculations with EPR results have allowed the determination of Cu 

coordination geometry in some of these sites.68 Generally speaking, the most relevant 

and agreed upon sites for Cu cations (Cu2,  Cu2’ and Cu3) in ZSM-5 are located either 

in the 10-membered ring channels or the channel interactions and therefore we shall 

consider the local environment for these three species.  

 

Figure 2.7 shows the crystallographic sites for Cu in zeolite ZSM-5 and compares it to 

the optimized local environment of Cu at sites Cu2, Cu2’ and Cu3. As in the case of 

Cu-Y, particular examples with one Al3+ per 5-membered ring or 6-membered ring is 

considered for discussion since this would be most representative of a local 

environment within a zeolite with a high Si/Al ratio as favored in SCR.The cations 

could be coordinated to 5-membe r or 6-member rings, in some cases (Cu2) both, 

according to crystallographic locations. Compared to the crystallographic studies, 

, respectively. 

Both are 6-membered ring sites, however, with add itional O-T-O bridges. Cu at these 

sites were shown to bind closely to four lattice oxygen atoms, all with a distance of ~ 

1.95 Å. Cu2’ from the crystallographic studies was found located in a 5-membered 

ring structure. The comparable 5-membered ring environment from the EPR/DFT 

osely coordinated to two 

oxygen atoms at ~ 1.93 Å and two distant oxygen atoms at ~ 2.02 Å. Therefore, 

similar to the case of Cu-Y, the local environment around the Cu cation appeared 

slightly different when analyzed with a technique more sensitive to the local 

arrangement of atoms around the Cu. 

 

Interaction with probe molecules and NH3-SCR reactants  

Lamberti et al. performed combined experiments on Cu-ZSM-5 samples prepared via 

gas phase exchange of CuCl salts into H-ZSM-5.89 The idea of the preparative 

approach was to obtain well-dispersed and isolated Cu+ ions, which the authors 
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confirmed by their XAFS, UV-Vis-NIR, FT-IR and EPR results. To maintain the Cu+ 

oxidation state, the sample had to be kept under vacuum when not exposed to probe 

gasses, i.e. N2, CO and NO. Nonetheless, Lamberti and co-workers observed two 

types of Cu+ species (labeled as family I and II in the study), both accessible via large 

channels. Besides differing in the number of CO molecules either site could adsorb, 

the Cu cations did not appear to be mobile. More interestingly, adsorption of NO lead 

to NO decomposition (to N2O) already at room temperature with formation of 

Cu2+(NO)(NO2), which demonstrated the propensity of the Cu ions to oxidize under 

such environments. In a subsequent study, Palomino et al. performed similar 

experiments on a Cu-ZSM-5 prepared via conventional wet ion exchange.73 Based on 

FT-IR, the obtained Cu2+ species appeared to change coordination (rather than reduce) 

under vacuum dehydration treatments, up to 200 oC. Further heating to 400 oC though, 

led to the gradual reduction of the Cu2+ species. Interestingly, contrary to the previous 

case, where the authors managed to obtain only isolated Cu+, the EXAFS data herein 

suggested the presence of Cu-O-Cu dimeric oxocations, highlighting the tendency of 

Cu ions in ZSM-5 (prepared by conventional techniques) to form Cu-O-Cu type  

species irrespective of their oxidation state and gas environment. Subsequent 

exposure to H2O at room temperature was not seen to affect the oxidation state, but 

led to a change in the coordination environment and a decrease in the number of Cu-

O-Cu species as observed in EXAFS. However, exposure to O2 in the presence of 

H2O appeared to oxidize the Cu+ and also led to the formation of Cu-O-Cu species 

alongside  isolated C u2+ species. Neylon et al. studied the redox behavior of Cu in Cu-

ZSM-5 using temperature programmed reduction combined with XAFS 

spectroscopy.90 The authors noted that initially Cu2+ ions are located in two sites, 

namely isolated Cu2+ and bridged Cu-O-Cu clusters. The authors noted that reduction 

in H2 resulted in migration of Cu (above 375 oC) to form small clusters, while 

exposure to CO only resulted in a change in oxidation state from Cu2+ to Cu+. Based 

on EPR, Larsen et al. had pointed out two types of species in dehydrated Cu-ZSM-5, 

namely square pyramidal and square planar sites.91 The relative concentration of the 

former appeared to increase with increasing amounts of Cu. The species could sit on 

either 5-membered rings or 6-membered rings, with a preference for the former. The 

two types of species observed herein could be compared to those observed by Neylon 

and co-workers, i.e. Cu-O-Cu type species on a 6-membered ring (or adjoining 6-

membered rings) and the isolated Cu2+ ions in 5-member rings. Additional theoretical 
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calculations by Teraishi et al.92 and Broclawik et al.93 could also support this 

observation and additionally proposed the oxo-species as more reactive than the lone 

pair Cu towards interaction with probe molecules, such as CO or NO. 

 

Active sites in Cu-ZSM-5 

From their origina l series of studies in Cu-ZSM-5, Iwamoto et al. proposed the 

formation of paired Cu species bridged by oxygen atoms of Cu-O-Cu nature to be  the 

active sites in the closely related HC-SCR and NO decomposition reactions.19,94–96 

This proposal was based on the observation that increasing amounts of Cu (Cu/Al > 

0.2) led to higher activity. This finding could be further explained by Groothaert et al. 

who reported the formation of a -oxo)dicopper species at a Cu/Al ratio of 0.34 

but not at a Cu/Al ratio of 0.14.97 The detailed EXAFS/UV-Vis-NIR/kinetic studies 

under NO decomposition conditions could directly probe these Cu cores. The 

advantage of performing such a combined study was the possibility to accurately 

elucidate the particular species involved in the reaction under in-situ conditions. A 

similar observation was made by Da Costa et al. who proposed the presence of 

isolated Cu2+ and Cu-dimers [Cu-O-Cu]2+ after calcination in Cu-ZSM-5 samples.98 

The authors could also relate the increasing Cu/Al ratio (0.12 – 0.60) to an increase in 

the amount of Cu-dimers, while the amounts of isolated Cu2+ started to level off. 

Further EPR studies comparing different Cu-zeolites performed by Smeets et al. 

showed a d -oxo)dicopper in zeolite ZSM-5 

and the superior catalytic activity of the system.99 Krivoruchko  et al. studied the 

electronic state of Cu under HC-SCR conditions and proposed otherwise. The authors 

proposed that below 1 % wt. loading, isolated octahedrally coordinated Cu2+, and 

Cu2+ associated with extra-framework Al3+ forming spinel- like structures were mainly 

present. The authors propos ed these as the active sites in the SCR process when 

propane was used as a reducing agent. At wt. loadings > 1 %, they proposed the 

formation of nanocrystalline Cu-hydroxo type species, which were only active at 

temperatures higher than 300 oC. These studies were however performed ex-situ and 

the samples were unusually prepared by an inc ipient wetness impregnation method  

using CuCl2 salts, which could explain the contradictory results observed. The 

presence of [Cu-O-Cu]2+ was also observed by Sachtler and co-workers in a series of 

‘over-exchanged’ Cu-ZSM-5 catalysts. Based on the FT-IR and EPR, the authors 

demonstrated the presence of Cu2+ dimers and isolated Cu2+ ions.100,101 The dimers 
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further formed the [Cu-O-Cu]2+ species upon heating and in the presence of oxygen. 

On a similar ‘over-exchanged’ type of Cu-ZSM-5 sample, Shpiro et al. demonstrated 

the presence of both isolated and multinuclear (O-bridged) Cu species on the basis of 

XPS and stressed the predominance of +2 oxidation state of Cu during NOx reduction 

conditions. On the other hand, Hamada et al. based on XAFS studies, proposed the 

presence of isolated Cu2+ species as opposed to CuO, Cu2O, metallic Cu, Cu-acetates 

or hydroxide clusters.102 The EXAFS studies in this case allowed them to elucidate 

the near neighbor atoms and they repor ted the formation of Cu-Cu pairs only at higher 

Cu loadings. It should be noted, however, that the parent zeolite had a rather high 

Si/Al ratio of 35, thereby rendering the proximal location of two Cu ions as 

disfavored. Shelef had also proposed the role of square planar isolated Cu2+ as active 

species in the NO decomposition on the basis of EPR observations from earlier 

studies.103 A detailed combined XPS and X-ray Excited Auger Electron Spectroscopy 

(XAES) study by Grünert et al. tested several Cu-ZSM-5 catalysts prepared by 

different methods, including excessive and controlled wet ion exchange, wet 

impregnation, solid state exchange and physical mixtures.104 The study concluded that 

the samples most active in propene-SCR contained both isolated Cu2+ in low 

symmetry environments and Cu clusters linked by extra-framework oxygen atoms.  

 

It is clear that the Cu environment in zeolite ZSM-5 is rather complex as the various 

coordination environments make it possible for a variety of Cu species to form. The 

method of introducing Cu ions no doubt plays a major role in the initial coordination 

environment of Cu found in these systems. However, in the presence of additional 

reactants, migration of Cu leads to further interaction with other Cu ions or oxygen 

atoms leading to the formation of small clusters. In other words, depending on the 

degree of Cu exchange and the presence of oxygen in the system, bot h Cu2+ ions and 

[Cu-O-Cu]2+ species can be considered as the predominant Cu species 105–107 and most 

likely both species are active for SCR. 

 

 

2.5.3. Cu Species within Zeolite SSZ-13 

Crystal structure and Cu2+ cation location 

Figure 2.8 illustrates the crystal structure of CHA with the corresponding unique 

cation location for Cu2+ ions in zeolite SSZ-13. SSZ-13 is a 3-dimensional small pore 
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zeolite made up of d6r and cha composite units. Fickel et al. performed powder XRD 

studies on Cu-SSZ-13 to propose the location of the cations therein.108 Contrary to the 

other zeolites, Cu2+ is exclusively located on the face of the d6r units of the SSZ-13 

structure after calcination. The authors also studied the same sample under increasing 

temperature conditions and could demonstrate that the location of Cu2+ does not 

change, even at elevated temperatures up to 600 oC. 

 

Figure 2.8: (a) Crystal structure of the CHA framework with the corresponding composite units 

represented as ‘balls and sticks’ to highlight their position in the structure. (b) Crystallographic 

position of Cu2+ (blue ball) in SSZ-13 (CHA framework) as proposed from powder XRD 

studies.108 The unique location for Cu cations in this structure is on the plane of the d6r sub-units 

facing the cha cavi ty. Note: The capped sticks highlight the local Cu2+ environment in the 

structure.   

 

Figure 2.9: The local environment of Cu2+ in the d6r sub-units of zeolite SSZ-13, which has been 

proposed as the active site for the NH3 -SCR reaction.17,48 The nearest neighbor lattice O-atoms 

have been labeled with an asterix  (*). 
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Active sites in Cu-SSZ-13 

Recent studies performed by Korhonen et al. proposed isolated Cu2+ cations on the 

plane of d6r rings in Cu-SSZ-13 as active sites for the NH3-SCR reaction based on 

ex-situ EXAFS and in-situ UV-Vis-NIR studies.17 The comparative study showed that 

whilst Cu-ZSM-5 was active for both the SCR and NO decomposition reactions, Cu-

SSZ-13 showed a higher activity NH3-SCR than Cu-ZSM-5, but no activity in NO 

decomposition. The Cu-cations were located in the centre of d6r units of the SSZ-13 

structure, a unique site for Cu2+ in this zeolite. The above study further showed that 

the Cu2+ ions were slightly shifted towards the edge of the 6-membered rings, as 

illustrated in Figure 2.9. The reason for this discrepancy lies in the fact that the cation 

locations were determined using XRD, which is sensitive to the long-range order of 

materials. Pointed out as one of the drawbacks of XRD in section 2.4, atomic 

pos itions with fractional occupancies such as that of Cu in this case, a re averaged over 

the whole sample. EXAFS on the other hand is sensitive to the local, real space 

environment, in this case of the absorbing Cu-atom and therefore could be used much 

more accurately to determine the local structure.  

 

These findings  were further confirmed by Deka et al. using combined XAFS/XRD 

studies, which could probe the location of Cu2+ ions on the plane of d6r rings of SSZ-

13 as the active sites under SCR reaction conditions and temperatures (Chapter 4 of 

this PhD thesis).48 The study demonstrated that at lower temperatures, a direct Cu-

NH3 interaction was observed, concurrent with lower activity of the system. At higher 

temperatures though, Cu2+ was consistently located on the plane of the d6r sub-units 

of the structure. Figure 2.10 illustrates the model showing the changing Cu local 

environment as a function of temperature. The authors in both cases did not observe a 

redox functionality for the active Cu sites, which has been proposed as an important 

step in the past, for the HC-SCR reaction.49,50 More recently, Kispersky et al. 

performed comparative operando XAFS studies on Cu-SSZ-13, Cu-SAPO-34 and 

Cu-ZSM-5 under NH3-SCR conditions.51 The studies showed a mixture of Cu+ and 

Cu2+ species to be present in all three catalysts. The amount of Cu+ species at 200oC 

under reaction conditions, were 15 %, 45 % and 65 % for Cu-SSZ-13, Cu-SAPO-34 

and Cu-ZSM-5, respectively. However, the authors also calculated the reaction rates 

per mole of Cu and could not correlate this with the amounts of Cu+ present. Further 

studies were performed by the same group integrating the XAFS studies with pe riod ic 
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DFT calculations on Cu-SSZ-13.109 The combined studies suggested that in the 

presence of the ‘Fast-SCR’ reaction, i.e. 1:1 ratio of NO and NO2 in the feed, Cu was 

exclusively present as Cu2+ species. However, under standard reaction conditions, a 

mixture of four-fold C u2+ and two-fold Cu+ were the most stable active species on the 

catalyst surface. The theoretical calculations further suggested the two-fold Cu+

coordinated with an additional water molecule as the key and stable species under 

standard SCR conditions. Although there is disagreement in the redox functionality of 

Cu species as evidenced by the two studies presented above, the location of the 

monomeric Cu2+ ions on the 6-membered rings as active sites in Cu-SSZ-13 is 

consistent in both studies. A recent work by Kwak et al. on Cu-SSZ-13 with 

increasing Cu loadings in the samples, however, suggested otherwise. The study 

claims that at lower weight loadings, Cu predominantly occupies the 6-membered ring 

sites. However, upon reaching higher than 60 % weight loadings of Cu in the samples, 

TPR and FT-IR studies suggested the presence of a second Cu species located in the 

zeolite cages. The studies, however, require further complementary evidence and 

characterization since the observed differences in the TPR and FT-IR profiles can be 

explained by the differences in e.g. Brönsted acidity or presence of co-cations, as 

shown in studies performed with zeolite Y86,87 or from the influence of extra-

framework multinuclear Cu species as shown recently with Cu-SAPO-34.30  

 

 

Figure 2.10: Illustrations of the local Cu2+ environment in d6r sub-unit of CHA.48 (a) Local  

structure after calcination with Cu2+ on the plane and slightly distorted from the center of the d6r 

sub-unit of CHA; (b) interaction with NH3 at ~ 125 oC under SCR conditions resulting in a 

coordination geometry change; (c) under SCR conditions above 250 oC. The local environment is 

obtained from EXAFS fits using an initial model  proposed from the refinement of the 

corresponding di ffraction data collected at the different temperatures. 
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Although the focus of this chapter was on zeolite-based catalyst materials, closely 

related silicoaluminophosphates, especially Cu-SAPO-34, have also been shown to be  

active in the SCR reaction as evidenced in both patent and academic 

literature.18,29,30,42 SAPO-34, although not a zeolite in the original sense, has also the 

CHA structure. Cu cations can be introduced into the structure via ion exchange or 

precipitation methods and isolated Cu2+ species have been proposed as active sites in 

these catalysts based on TPR and FT-IR.18,30,110 A more direct proof from XRD 

studies on Cu-SAPO-34 prepared via direct synthesis also supported this conclusion 

and could show the location of isolated Cu2+ ions near the d6r sub-units of the SAPO-

34 structure. Compared to Cu-SSZ-13, however, these ions were located slightly away 

(~ 0.5 Å) from the plane of the 6-membered ring towards the cages of the structure. 

Nonetheless, Cu2+ ions appeared to have a preference for the location o n the d6r units 

within CHA, and this appeared to have a positive effect on the NH3-SCR catalytic 

performance.  

 

2.6. Rationalization of the Active Sites in Cu-Zeolites  

The nature and location of Cu2+ ions in the zeolite structure as discussed in the 

previous sections provided a good indication of the type of interactions made possible 

due to its location and environment within the zeolite framework. Spectroscopic 

studies have proved to be  very helpful in determining the interaction of Cu-exchanged 

species with the zeolite framework. The role of each individual site, however, is rather 

challenging to address. Besides other considerations, both reducibility and interaction 

of Cu sites within the various composite units can differ significantly as a 

consequence of the chemical softness of lattice oxygen atoms, the presence of Al3+ in 

the local vicinity of Cu and the Si/Al ratio of the zeolite. Although the discussion of 

these effects are beyond the scope of this chapter, a general agreement can be found in 

the preference of zeolites with a high Si/Al ratio as favorable towards SCR. The 

underlying reason behind this is the inherent hydrothermal stability of systems with a 

high Si/Al ratio, a crucial requirement for active SCR catalysts. Perhaps less obvious 

is the indirect effect of high Si/Al ratios on the amount of isolated metal cations 

present in a zeolite. Zeolites with a high Si/Al ratio would only be able to 

accommodate a finite number of cations (e.g. Cu2+) within the structure. Furthermore, 
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the probability of more than one Al3+ (and therefore more than one cation) in close 

vicinity to each other is further reduced resulting in well dispersed isolated metal 

species, which appear to be favorable towards a high catalytic performance. On the 

contrary, a high amount of Al3+ could possibly favor the proximal location of two 

cations and the formation multinuclear Cu species, which does not appear to catalyze 

the SCR reaction.   

 

Although speculative, the high activity of Cu-SSZ-13 as compared to Cu-ZSM-5 and 

Cu-Y can be explained in structural terms after consideration of the various sub-units, 

Cu location and studies performed to demonstrate the accessibility and mobility of the 

Cu ions at the various loc ations. In Cu-SSZ-13, Cu2+ cations are located on 6-member 

rings, part of the d6r structure and facing the cha cage. Cu-Cu interaction is not  

observed over the structure, which otherwise could result in the formation of dimeric 

species or Cu clusters.17,48,108 However, the sufficient ly large windows of the cha cage 

allowed the diffusion of gas molecules in and out of the system. Furthermore, this still 

allowed the Cu2+ cations enough mobility to interact with guest molecules within the 

cages. Figure 2.11 presents an illustration of the Cu active sites in Cu-SSZ-13 and 

interactions thereof as a function of temperature. Cu-ZSM-5, as evidence suggested, 

appeared to have two predominant Cu-species.97,98,104,111 Isolated Cu2+ ions were 

located in 5-membered rings of the structure, while [Cu-O-Cu]2+ species (formed due 

to two proximal Cu) were found on 6-membered rings.90,91 Literature studies suggest 

that the for mer species could be represented by Cu2’ in Figure 2.5, while the latter 

formed on Cu2 and Cu3 sites. This is further illustrated in Figure 2.12 along with the 

proposed interactions as a function of temperature. With increasing Cu loadings and 

the presence of O2 (the latter being present under SCR conditions), the O-bridged Cu 

species are favored as the isolated Cu2+ cations start to level off.97,98 Both types of 

species are present in close proximity of the 10-membered ring channels and therefore 

do not suffer from issues of accessibility of guest molecules. Therefore, ZSM-5 shows 

very good activity in the SCR reaction. However, Cu-SSZ-13 turns out to be slightly 

better, which could be attributed to one of the two reasons: (a) only isolated Cu2+ ions 

are active species (for NH3-SCR) and therefore the formation of O-bridged clusters do 

not support the SCR reaction but rather follows the NO decomposition pathway or (b) 

location of isolated Cu2+ ions in the 6-membered rings favors the low temperature 

SCR activity and at higher temperatures all Cu species become active. Owing to the 
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predominant presence of isolated Cu2+ ions in 6-membered rings, Cu-SSZ-13 exhibits 

the low temperature advantage.  

 

Figure 2.11: Rationalizing the Cu active sites in Cu-SSZ-13 as a function of temperature. Image 

(a): Cu-SSZ-13 at low temperatures (~ 125 oC). The Cu2+ site is easily accessible to all the 

reactant molecules due to the large windows  of the cha  cavity. A Cu-NH3 interaction, leading  to a 

change for Cu2+ geometry from square planar to distorted tetrahedron appears to be 

predominantly present at these temperatures.  Image (b): Cu-SSZ-13 at NH3-SCR active 

temperatures. Cu2+ maintains its location on the plane of the d6r units. Reactant and product 

molecules do not have accessibility issues. Cu-Cu interactions are not observed.   

Finally, zeolite Y, has sites SI’, SII and SIII populated with Cu2+ or Cu+ ions.66,72,77 

Site SI is akin to that seen in SSZ-13 and therefore should be postulated as an active 

site. However, the limiting dimensions of the soda lite cavity hinders movement of 

reactant molecules as observed in the past.75,76 Thereby, the site, although potentially 

active, is inaccessible to NO and NH3. Site SII is located in 6-membered rings and 

therefore should be active at low temperatures as per the arguments presented above. 

However, the Cu ions in this site have also been proposed to be highly mobile and 

tend to migrate into the supercages losing coordination with the lattice oxygen atoms. 

The same could be postulated for site SIII. As proposed by Kieger et al., Cu-O-Cu 

type species could be formed over this site with neighboring Cu from site SII.81 

Thereby, the observed mobile character appears to favor the formation of multiple Cu 

species, and leads eventually to the poor SCR activity. This is illustrated in Figure 

2.13.  
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Figure 2.12: Rationalizing the Cu active sites in Cu-ZS M-5 as a function of temperature. Image

(a): Active sites postulated for Cu-ZS M-5, in the vicinity of the 10-membered ring  channel  

allowing easy accessibility to all reactant molecules. Interaction of closely located Cu2+ cations 

with O2 leads to the formation of bis- -oxo type s pecies already at lower temperatures. Image (b): 

Proposed view of Cu-ZS M-5 under ‘active’ conditions. Cu bis- -oxo s pecies are known active 

sites in NO decomposition and one can expect the same reaction to occur over these sites. The 

isolated Cu2+ in 5-membered ring sites can be expected to be active for NH3-SCR akin to that 

seen in Cu-SSZ-13.  

 

Figure 2.13: Rationalizing the Cu active sites in Cu-Y as a function of temperature.  Image (a): 
Cu-Y at low temperatures. Cu2+ cations at site SI’ (d6r units) are inaccessible to reactant 

molecules because of the small windows of the sod cages. Cu2+ at site S III has been proposed to 

form Cu-O-Cu type species stabilized by NH3. Interaction with NO/CO results in a slight 

movement of Cu2+ cations from 6-membered rings of the sod cavities (illustrated here in site SII). 

Interaction with NH3 leads to the formation of tetra-amine complexes in the cages of the zeolite. 

Image (b): Proposed view of Cu-Y at active temperatures. NO decomposition expected to occur 

over the Cu-oxo s pecies. Cu2+ present at site SII (sod 6-membered ring) can be expected to 

contribute to the NH3-SCR reaction. Finally, possible migration of Cu2+ ions leading  to the 

formation of clustered species in the supercages not active for NH3-SCR.   
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2.7. Conclusions 
Cu-exchanged zeolites are well-established catalytic systems for the abatement of 

NOx from mobile sources. The nature and composition of the zeolite structure allows 

for the location of Cu at specific extra-framework cation sites thus forming the active 

sites of the catalyst materials. The following concluding remarks can be made on the 

nature of these active sites based on the literature available:  

 

o The local chemistry of Cu was seen to slightly differ within these cation sites 

as a function of the presence of framework Al3+ atoms in close vicinity. As 

was observed in the case of zeolite Y or SSZ-13, Cu cations tend to locate off 

the center of 6-membered ring planes to maintain close coordination with 

three lattice oxygen atoms (and a distant O) in a distorted square planar 

environment.  ZSM-5 has a rather diverse local environment for Cu cations 

composed of distorted 5-membered ring and 6-membered ring environments. 

The presence of multiple types of Cu makes it rather challenging so as to be 

able to determine the exact local geometry of the systems, which have been 

observed as square pyramidal, square planar or octahedral coordination, with a 

preference for the former two in dehydrated systems.   

o Interaction of Cu-active sites (sites SII and SIII) with various reactant gasses 

in Cu-Y (e.g. NH3) results in migration of these species into the supercages of 

this zeolite structure. These could further form Cu dimeric species of an oxidic 

or metallic nature. The limiting dimensions of the soda lite cages, on the other 

hand, renders Cu to remain within these cages (site SI’) and hence they are 

inaccessible to reactant molecules. Neither of the above mentioned properties 

appears favorable towards NH3-SCR. 

o The Cu species in Cu-ZSM-5 appears to favor the formation of both isolated 

and Cu-oxo clusters in oxygen-rich atmospheres, in close vicinity of the 10-

membered ring channels of this zeolite structure. The formation of the latter 

appears to be favored due to the close proximity of two occupied Cu cation 

sites. These species are also seen to dominate the zeolite pores with increasing 

amounts of Cu as the isolated C u2+ species are seen to level off.  

o Cu-SSZ-13 has a unique planar location for isolated Cu2+ in d6r units of the 

structure. Interaction with NH3 under SCR conditions at temperatures below 



 

  49   

125 oC appears to change the local geometry to distorted square planar. The 

planar coordination on 6-membered rings of the zeolite structure is maintained 

under reaction conditions.  Whilst the windows of the cha cages are large 

enough to allow passage of all reactant molecules, the formation of dimeric or 

clustered Cu species appears to be avoided over the framework.   

o Comparison of the activity and selectivity of zeolites Y, ZSM-5 and SSZ-13 

demonstrated that the isolated location of Cu2+ in planar 6-membered ring 

environments appears to favor the SCR reaction, especially at low 

temperatures. The predominant presence of Cu2+ at these sites for zeolite SSZ-

13 appears to contribute to the low temperature activity. In addition to isolated 

Cu2+, Cu-ZSM-5 was found to have a predominant presence of Cu-oxo 

clusters, which are active in NO decomposition but do not necessarily 

contribute to NH3-SCR. The prope nsity of Cu to cluster within the supercages 

of zeolite Y and inaccessibility of other sites appears to hinder activity of this 

system.  

o The presence of a single site for Cu2+ in Cu-SSZ-13 also presents the system 

as a model system for further fundamental studies. The predominant presence 

of Cu2+ over one type of local environment would allow for the direct probing 

of structural and electronic effects using commonly available volume averaged 

characterization tools.    
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Chapter 3 

 

Cu-based Molecular sieves: An Analysis of the 

Physicochemical Characteristics Favorable for NH3-

Selective Catalytic Reduction Activity 
 

 

 

 

Abstract 
The NH3-SCR activities of different Cu2+-exchanged molecular sieves, including 
large pore zeolites beta (BEA) and mordenite (MOR), medium pore zeolite ZSM-5 
(MFI) and small pore zeolites chabasite (CHA), SSZ-13 (CHA), zeolite A (LTA), 
ZK-5 (KFI) and phillipsite (PHI), have been investigated using an in-house plug flow 
reactor system. As a further comparison, a silicoaluminophosphate, Cu-STA-7 with 
the SAV framework was also tested for activity. The materials were characterized 
using laboratory powder X-ray diffraction and UV-Vis-NIR diffuse reflectance 
spectroscopy. Cu-SSZ-13 was found to have the highest rate of conversion to N2 

followed by Cu-STA-7 and Cu-ZSM-5. The activity profiles suggested a wide 
temperature window of operation for Cu-SSZ-13 as compared to the other catalysts, 
especially with respect to the activity observed at lower temperatures. The results of 
the study further demonstrated: (a) the pore dimensions of the molecular sieves did 
not directly influence the SCR reaction; (b) an increasing Si/Al ratio resulted in an 
improved selectivity in the SCR reaction; (c) the total Cu2+ content did not directly 
influence the catalytic performance; (d) predominant presence of Cu2+ in 6-membered 
rings enhanced the low temperature activity of the systems; and (e) the SCR reaction 
is favored by isolated Cu2+ ion sites over dimeric Cu or Cu-oxo type species. Zeolite 
Cu-SSZ-13 not only showed excellent activity and selectivity, but the presence of a 
single site for Cu2+ renders it as a suitable model system for further characterization 
studies.  
 
 
 
 
 
 
 
U. Deka, I. Lezcano-Gonzalez, B. M. Weckhuysen, A. M. Beale, “Cu based molecu lar sieves in NH3-
SCR: an analysis of the physical characteristics favorable for NH3-SCR activ ity”, in p reparation. 
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3.1. Introduction 
Each year, over 30 million tons of anthropogenic NOx are released into the earth’s 

atmosphere, a large part of which comes from road transport. As a result, the past two 

decades have seen a series of legislations introduced in Europe, USA and Japan 

limiting the amounts of harmful exhaust gases released from automobiles. More 

recent regulations, specifically in diesel emission control, are expected to require as 

high as a five-fold reduction in the amount of NOx present in the exhaust.1,2 This has 

increased the need to develop new, efficient catalysts with a wide temperature range 

of activity (especially at lower temperatures) and a high selectivity towards N2.  

 

As discussed in Chapter 2, NH3-SCR is an effective deNOx technology for mobile 

applications, widely used in the heavy duty diesel engine market. NH3-SCR typically 

uses metal oxides, noble metals or metal-exchanged zeolites as catalysts. The toxic 

nature of metal oxides (i.e. based on vanadium) prevents their use in the mobile 

sector. On the other hand, noble metals are expensive and are known to produce N2O, 

an unwanted green-house gas recently introduced in automotive emission 

regulations.3 As shown in the previous chapter, Cu-exchanged zeolites are promising 

catalysts for mobile emission control applications due to their lower price, non-

toxicity, high activity and selectivity to N2.
4–9  

 

In this chapter, we explore the activity of different Cu-exchanged molecular sieves for 

the NH3-SCR of NO using an in-house catalytic rig. As a bench-mark,  well 

established Cu-ZSM-5 (MFI framework) is compared to Cu-exchanged beta (BEA 

framework), mordenite (MOR framework) and chabasite (CHA framework) to follow 

the effect of changing pore size and dimensionality of the zeolite. Following this 

approach, the focus is put towards small pore zeolites, including Cu-SSZ-13 (CHA 

framework), Cu-A (LTA framework), Cu-ZK-5 (KFI framework) and Cu-phillipsite 

(PHI framework). These are also compared to Cu-STA-7, an aluminosilicophosphate 

with the SAV framework. Although not a zeolite by definition, the related structures 

of SSZ-13 and STA-7 provide a good comparison towards the role of the structural 

composition (additional presence of P in STA-7) in this particular reaction. In this 

manner, the study allowed for the comparison of preparation protocols, since all other 

samples were prepared by a two step process of first making the zeolite followed by 
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conventional wet ion exchange method, whilst Cu-STA-7 was realized in a one-pot 

synt hesis as outlined by Picone et al.10  

 

3.2. Experimental  
3.2.1. Catalyst Preparat ion 

Zeolites ZSM-5 (MFI; Si/Al: 11.5), beta (BEA; Si/Al: 12.5) and mordenite (MOR; 

Si/Al: 10) were purchased from Zeolyst International in their ammonium form. 

Natural chabasite (CHA; Si/Al: 2) was kindly provided by Tosoh corporation also in 

its ammonium form. The as-obtained materials were further calcined at 550 oC in air 

to obtain the H-form of the zeolites.  

 

All chemicals used for the synthesis of parent zeolites and the consequent ion-

exchange were purchased from Sigma-Aldrich unless stated otherwise. Zeolite A 

(LTA; Si/Al: 1) was synthesized using a clear solution method as stated by O’Brien et 

al., without the use of Ge in the synthesis mixture.11 8.56 g of a 

tetramethylammonium silicate solution (15 - 20 wt %) was mixed with 10.60 g of 

tetramethylammonium hydroxide and 1.37 g of deionized H2O. To this, 0.29 g of 10 

M NaOH solution and 1 g of aluminum isopropoxide was added and stirred until a 

clear solution was obtained. This solution was then transferred into a gas tight glass 

vial and left in the oven at 90 oC for 24 h. The obtained product was washed with 

water and centrifuged to obtain zeolite A as the precipitate. The precipitate was dried 

at 120 oC and used as prepared for ion exchange.  

 

Phillipsite (PHI; Si/Al: 1.6) was synthesized according to a procedure reported by 

Hayhurst and Sand.12 19.20 g of H2O, 2.76 g of KOH (85 %) and 25 g of sodium 

silicate solution (20 %) was brought to reflux in a 2-neck round bottom flask. To this, 

1.36 g of sodium aluminate was added over 15 min and the reaction was carried out 

for 48 h under reflux conditions. The final product was washed with 2 L H2O and 

dried at 120 oC.  

 

ZK-5 (KFI; Si/Al: 3.7 ) was synthesized according to a procedure reported by 

Chatelain et al.13 1.57 g of deionized water, 0.43 g of KOH (85%) and 0.23 g of 

aluminum hydroxide were heated until the solution was clear. Any loss of water was 
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corrected for by adding additional deionized H2O. In another vessel, 2.67 g of 

deionized H2O, 0.03 g of strontium nitrate, 0.39 g of 18-crown-6 and 2.14 g of silica 

sol (Ludox AS-40) was mixed until the gel turned homogeneous. The gel and the 

clear solution were then transferred to a PTFE-lined stainless steel autoclave and put 

in an oven at 150 oC for five days. 

 

SSZ-13 (CHA; Si/Al: 18) was kindly provided by collaborators (Einar A. Eilertsen, 

University of Oslo) and details of the synthesis can also be found in literature.14,15 

Cu-STA-7 (SAV; Si/(Si + Al + P): 0.125) was also provided by collaborators (Wright 

and co-workers, University of St. Andrews) and the one-pot synthesis of the catalyst 

is detailed in literature by Picone et al.10 The rest of the zeolites were ion-exchanged 

in conventional aqueous media with different metal salts to obtain the metal-

exchanged zeolite. 

 

Cu-ZSM-5, Cu-beta, Cu-mordenite, Cu-A, Cu-phillipsite, Cu-ZK-5, Cu-chabasite and 

Cu-SSZ-13 were prepared using an identical protocol. 1 g of the parent material was 

mixed with a solution of 0.1 M CuSO4 (Aldrich) in 50 ml deionized water. The slurry 

was continuously stirred for 3 h at 80 oC. The ion-exchanged zeolite was separated 

using vacuum filtration, dried overnight at 120 oC and further calcined in air at 500 oC 

to obtain the corresponding Cu-zeolite.  

 

3.2.2. Catalyst Characterization 

Laboratory-based XRD was collected using a Bruker AXS D8 advance diffractometer 

( : 1.79026 Å), equipped with an automatic divergence slit and a Våntec-

1 detector. Diffraction patterns were obtained from 5 – 60 o 2  using a step size of 

0.017 o 2  and a collection time of 1s per step.  

 

Ex-situ UV-Vis-NIR spectra were collected using Varian Cary 500 UV-Vis-NIR 

spectrometer equipped with a diffuse reflectance (DR) spectroscopy accessory. 

Spectra were collected between 5000-50000 cm-1 wavenumbers with a data interval of 

10 cm-1 and at a rate of 6000 cm-1/min. Cu metal loading of catalysts were measured 

by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis. 

These measurements were performed by Mikroanalytisches Laboratorium KOLBE, 

Germany.  



59 

3.2.3. In-house Catalyst Testing 

Catalytic activity tests were performed in an in-house built catalytic rig under plug 

flow conditions using 200 mg of powdered catalyst (sieve fractions of 0.45-0.125 

feed composition of 1000 ppm NO, 1000 ppm NH3 and 5 % O2 (with He for 

balance) was used adding up to a Gas Hourly Space Velocity (GHSV) of 36000 h-1. 

All gases were provided by Linde and the flows were controlled using a set of Brooks 

5850 mass flow controllers. During catalytic experiments all lines between the mass 

flow controllers and the analysis instruments were heated to 120 oC to avoid any 

condensation, especially of water formed as a product in the reaction. The heating for  

the lines and the oven along with gas flows were all controlled using an automated 

interface created using the Labview software.  

 

 

Figure 3.1: Schematic of the in-house built catalytic rig used to mimic exhaust conditions and 

perform selective catalytic reduction (SCR) of NO in the presence of NH3. All gas lines used were 

stainless steel grade. All (red colored) lines between the mass flow controllers and analysis 

instruments (via the reactor) were heated using electrical heat tracing  and insulated using quartz 

wool bands. The electronics, including controls for the MFC units, heating for the gas lines and 

oven are excluded for clari ty. The whole setup can be interfaced into one computer using 

commercially available lab-view software for automation of the running process. The analytical  

instruments can work as stand-alone (as in this case) for ease of individual software use, or can 

be interfaced together with the rest of the setup.     
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To study their activity, the catalysts were pre-calcined at 500 oC in a 10 % O2/He 

flow. Following the calcination, samples were heated from 50 oC to 500 oC at a rate of 

2 oC/min, whilst the output gases were analysed online by mass spectrometry (MS, 

Hiden Analytical, HPR-20 QIC), and FT-IR spectroscopy (Perkin-Elmer, Spectrum 

One). A gas cell with KBr windows and a path length of ~ 5 cm was used for the IR 

analysis. The spectra were measured in continuous mode (using Time-Base software 

by Perkin-Elmer) in the range 4000-700 cm-1 with a spectral resolution of 8 cm-1 and 

an acquisition of 40 scans per spectrum, resulting in a time interval of 44 s between 

each spectrum. Figure 3.1 shows a simplified schematic representation of the catalytic 

rig used for the in-house studies. 

 

3.3. Results and Discussion 
Table 3.1 lists structural parameters of all parent materials used in this study, 

including an illustration of the unit cell structure, pore dimensionality, Si/Al ratios of 

the materials used and limiting dimensions within the pores and channels owing to 

framework characteristics. It is important to note that as a convention, limiting 

dimensions through the channels rather than size of cages formed within the structure 

are considered when categorizing zeolites as large, medium or small pore zeolites. 

ZSM-5 with 10-membered ring windows for the channels is a medium pore zeolite, 

while zeolites beta with 12-membered ring windows and mordenite with 12 and 8-

membered ring windows are large pore zeolites. Mordenite, be ing a one-dimensional 

structure has smaller windows along two axes and larger windows along the third 

axis. Zeolites A, chabasite, SSZ-13, ZK-5, phillipsite and aluminosilicophosphate 

STA-7 all have 8-membered ring windows at the openings of their channel systems 

and are considered as small pore zeolites.  
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Table 3.1: Structural parameters of zeolites used in the study including Si/Al ratio of the material  

used, unit cell structure, and limiting dimensions within cages and through channels. All unit-cell 

structures were generated using crystallographic information files from the IZA database 

(www.iza-structure.org). Limiting structural dimensions were also taken from the IZA database 

for the res pective zeolite analogues. The table is continued in the following page. 

 

Zeolite; 

(Si/Al); 

# of T atoms 

circumscribing 

pore/channel 

windowa  

 

 

Framework structure; 

(axis along which unit-cell is 

viewed); pore dimensionality  

 

 

Limiting structural dimensions 

 

 Max size of 

inclusion  

(in pore cages) 

 

Diffusion along  

pore channel‡  

ZSM-5 (11.5) 

(10) 

MFI 

(a-

axis) 

3D 

 

6.36 Å 

  

a: 4.7 Å; 

b/c: 4.46 Å 

Beta (12.5) 

(12)

BEA*  

(b-axis) 

3D 

 

 

6.68 Å 

 

 

a/b/c: 5.96 Å  

Mordenite (10) 

(12)

 

MOR  

(c-axis) 

1D

 

 

6.70 Å 

 

a: 1.57 Å; 

b: 2.95 Å; 

c: 6.45 Å 

Chabasite (2)  

and SSZ-13 

(18) 

(8) 

CHA  

(a-axis) 

3D

 

7.37 Å 

 

a/b/c: 3.72 Å 

Continued on next page
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Zeolite; 

(Si/Al); 

# of T atoms 

circumscribing 

pore/channel 

windowa

Framework structure; 

(axis along which unit-cell is 

viewed); pore dimensionality  

Limiting structural dimensions 

Size of inclusion  

(in pore cages) 

Diffusion along 

pore channel‡  

STA-7 (0.125)b 

(8) 

 

SAV  

(c-axis) 

3D 

 

 

8.82 Å 

 

 

a/b: 3.75 Å; 

c: 4.10 Å 

Zeolite A (1) 

(8) 

 

LTA  

(a-

axis) 

3D

 

 

11.05 Å 

 

 

a/b/c: 4.21 Å 

ZK-5 (3. 7) 

(8) 

KFI 

(a-axis) 

3D 

 

10.67 Å 

 

a/b/c: 4.04 Å 

Phillipsite (1.6) 

(8) 

 

PHI  

(a-axis) 

3D

 

 

5.40 Å 

 

a: 3.69 Å; 

b: 3.11 Å; 

c: 3.31 Å  

a Corresponds to the largest pore/window in the given framework structure. * BEA exists as a 

disordered polymorph structure and the structural parameters presented are that of the major polymorph 

A. ‡ Unit-cell axes a,b and c used to describe pore orientation. b Corresponds to Si/(Si + Al + P).

3.3.1. Catalyst Pre-charac terization 

Several different zeolite materials from multiple sources were used in this study as 

outlined in Table 3.1. Powder X-ray diffraction patterns were collected on all samples 

to test for crystallinity and phase purity. Figure 3.2 shows the powder X-ray 

diffraction patterns of the parent zeolites acquired from commercial suppliers. The red 

lines below each pattern show the expected reflections for the corresponding 

framework type as defined in the International Zeolite Association (IZA) database. 
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Since the Si/Al ratios and hydration levels of the parent zeolites used herein and that 

defined in the IZA database might vary, there can be a slight mismatch on the exact 

served peaks. The BEA framework is known to possess an 

intergrowth structure, which is reflected in the diffraction pattern of zeolite beta with 

very few broad peaks and overlapping reflections. Zeolites mordenite and ZSM-5 

show sharp, narrow peaks indicative of a highly crystalline material. No additional 

contributions besides those expected from the zeolite indicate phase purity of the three 

materials. The XRD pattern for the chabasite phase suggests also that only one 

crystalline phase is present although, the high background contribution in this pattern 

is consistent with the presence of an add itional amorphous phase.  

 

 

Figure 3.2: Powder X-ray di ffraction patterns of zeolite materials purchased from commercial  
suppliers. The red lines below each diffraction pattern depict the expected lattice reflections for 
the particular s pace group of the zeolite and a standard unit cell size as taken from the IZA 
database. Note: The slight mismatch in 2  peak positions might occur and is due to possible 
di fference in the Si/Al ratio or hydration level between the sample used herein and that reported 
in the IZA database (www.iza-structure.org/databases).      

 

Figure 3.3 shows the diffraction patterns of the parent zeolites, which were 

synthesized in-house or obtained from academic collaborators. Since Cu-STA-7 was 

prepared in a one step, one pot approach, the diffraction pattern shown in Figure 3.3 
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corresponds to Cu-STA-7 after the template removal process (calcination). The initial 

-STA-7 pattern arises as a 

consequence of using large detector slits and not from an amorphous contribution. 

Nonetheless the observed reflections correspond to the SAV framework and no 

add itional phases are seen confirming the successful synthesis. Zeolites A, ZK-5 and 

SSZ-13 show expected, very sharp peaks confirming the presence of very crystalline 

material, without the presence of phase impurities.  Zeolite phillipsite however also 

possesses some amorphous content. With the exception of chabasite and phillipsite, 

where an amorphous phase is observed, the pre-characterization of the parent zeolite 

materials using powder X-ray diffraction show all other parent materials to be 

crystalline and without the presence of any visible phase impurities.  

 

Figure 3.3: Powder X-ray diffraction patterns of parent zeolite materials. The red lines below 
each diffraction pattern depict the expected lattice reflections for the particular space group of 
the zeolite and a standard unit cell size as taken from the IZA database. Note: The slight 
mismatch in 2  peak positions might occur and is due possible difference in the Si/Al ratio or 
hydration levels between the sample used and that reported in the IZA database (www.iza-
structure.org/databases). 
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3.3.2. Catalytic Performance in the Conversion of NO  

Figure 3.4 compares the conversion of NO over Cu-exchanged mordenite, beta, ZSM-

5 and chabasite. The four samples provide a comparison of the changing activity as a 

consequence of moving from large (beta and mordenite) to a medium (ZSM-5) and 

further to a small pore (chabasite) zeolite. Since ZSM-5 is the most widely studied 

zeolite for the NH3-SCR reaction, this sample provided a benchmark for the catalytic 

tests.3,4,16 The results, as expected, showed Cu-ZSM-5 to be active at lower 

temperatures with higher than 90 % conversion between ~ 200 oC – 350 oC. 

Furthermore, the observed drop in activity at temperatures above 350 oC, seen for Cu-

ZSM-5, can be attributed to ammonia oxidation over this catalyst, which is also 

discussed in literature.4,17,18 Clearly, Cu-mordenite and Cu-beta appear to have a 

lower activity than Cu-ZSM-5. Cu-mordenite showed a maximum of ~ 80 – 85 % 

conversion between 300 – 450 oC, while Cu-beta performed slightly better with 

higher than 90 % activity between 300 - 375 oC. Finally, the small pore Cu-chabasite 

showed exceptional activity compared to the other samples. Besides a 100 % activity 

at ~ 200 oC, the system also appeared to be active at higher temperatures, where NH3 

oxidation is a known problem in Cu-based zeolites. Therefore, from a structural 

perspective, it appears that moving from a large pore system (Cu-beta and Cu-

mordenite) to a medium (Cu-ZSM-5) and further to a small pore system (Cu-

chabasite), leads to a significant gain in catalytic activity. However, this does, by no 

means, serve as a confirmation of the effect of pore size on the SCR reaction.  

 

Figure 3.4: Conversion of NO over (a) Cu-mordenite; (b) Cu-beta; (c) Cu-ZS M-5; and (d) Cu-

chabasite as a function of temperature. Plug  flow conditions: 1000 ppm NO; 1000 ppm NH3; 5  % 

O2 and GHSV: 36000 h-1. 
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To extend the scope  of the study further, a few other Cu-exchanged small pore 

zeolites were also tested for their activity. Figure 3.5 illustrates the conversion of NO 

over Cu-A, Cu-ZK-5 and Cu-SSZ-13. The conversion profiles in this case show that 

not  all small zeolites are very active for the SCR reaction. Cu-SSZ-13 showed the best 

activity over a large temperature window of operation, especially at lower 

temperatures with higher than 90 % activity at ~ 175 oC. Cu-A appears similar to Cu-

ZSM-5 with close to 100 % conversion between 200 – 350 oC. Cu-ZK-5 showed a 

much lower activity with > 90 % conversion between 225 – 325 oC. Cu-phillipsite 

was also tested for activity; however no results are shown since the PHI zeolite 

structure was not stable and collapsed under the reaction conditions showing a 

maximum of 40 % activity at 250 oC. The results therefore suggest that the SCR 

reaction is not dependent on pore size dimensions of the zeolite. 

 

 

Figure 3.5: Conversion of NO over (a) Cu-SSZ-13; (b) Cu-A and (c) Cu-ZK-5 as a function of 

temperature. Plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 5%  O2  and GHSV: 36000 h-1. 

 

To test for an effect of Si/Al ratios and the presence of an additional framework 

substituent (i.e. P in STA-7), a further comparison was made with Cu-chabasite, Cu-

SSZ-13 (already shown above) and Cu-STA-7. Figure 3.6 illustrates the conversion of 

NO over Cu-chabasite, Cu-SSZ-13 and Cu-STA-7. Cu-SSZ-13 is a synthetic analogue 

of the natural chabasite and can be prepared with a higher Si/Al ratio. Cu-STA-7, a 

molecular sieve with the SAV framework, was prepared in a one-pot  synthesis and 

provides a comparison with analogous structures prepared via a tailored, one-step 
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approach towards  the inc lusion of Cu in the system, with the presence of an additional 

subs tituent (P) in the framework. As clearly seen from the conversion profiles, all 

three catalysts exhibited excellent activity in the conversion of NO. Cu-SSZ-13 

especially had the added benefit of being active at even lower temperatures, with 

higher than 90 % activity already at ~ 175 oC. Cu-STA-7, although slightly better than 

Cu-chabasite in the low temperature regime, exhibited higher than 90 % conversion at 

~ 200 oC. All three catalysts demonstrated a high conversion at temperatures above 

350 oC compared to the other Cu-zeolites discussed earlier in the study. 

 

 

Figure 3.6: Conversion of NO over (a) Cu-chabasite; (b) Cu-S TA-7 and (c) Cu-SSZ-13 as a 

function of temperature. Plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 5 %  O2 and 

GHS V: 36000 h-1. 

 

Besides the activity profile in the conversion of NO, it is also important that all 

catalysts used in the NH3-SCR reaction demonstrate a high selectivity towards N2 and 

do not form unwanted N2O, which has been pointed out as a problem in Cu-zeolite 

systems.3,4 The catalysts discussed in this chapter all produced different amounts of 

N2O as a by-product. Although none of them demonstrated more than 10 % (only 

seen in Cu-mordenite) selectivity towards N2O (at any point over the tested 

temperature range), this still becomes an important consideration for any system to be  

adapted as a SCR catalyst. Figure 3.7 summarizes the results of the Cu-exchanged 

systems discussed in this chapter with the corresponding selectivity to desired N2 and 

unwanted N2O. Only the regions of highest selectivity towards either product have 

been highlighted in each case.  
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Figure 3.7:  Selectivity towards desired N2 (top half) and undesired N2O (bottom half) over Cu-

zeolite catalysts during NH3-SCR of NO under plug flow conditions.  All samples tested under 

plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 5%  O2 and GHSV: 36000 h-1. 

 

Cu-STA-7, Cu-SSZ-13, Cu-ZSM-5 and Cu-beta all exhibited higher than 90 % 

selectivity towards nitrogen. The temperature window of this high selectivity is 

however much smaller for Cu-ZSM-5 and Cu-beta as compared to Cu-STA-7 and Cu-

SSZ-13. Cu-mordenite, Cu-beta and Cu-A were seen to produce the most amounts of 

unwanted N2O and over a wide temperature window of function.  Although NO2 or 

unreacted NH3 can also be present at the outlet, we have omitted them in the figure 

for clarity. The highest amounts of NH3 slip was observed for Cu-beta followed by 

Cu-mordenite and Cu-ZK-5 at 100 oC – 200 oC, whilst Cu-SSZ-13 and Cu-STA-7 

showed the least. Comparing the activity profiles, it appears that the ability to store 

ammonia at these temperatures could lead to an improved activity at the lower 

temperatures. However, additional ammonia storage and ammonia oxidation 

measurements need to be performed to confirm this hypothesis. Cu-SSZ-13 and Cu-

chabasite were seen to produce large amounts of (unreacted) NO2 at temperatures 

between 100 oC - 150 oC. Since NO2 is a stronger oxidizing agent as compared to O2, 

any NO2 for med in-situ is expected to be consumed during the reaction. In fact in 

practice, a DOC is used to increase the amounts of NO2 flowing into the SCR units 

and therefore achieve the ‘fast’ SCR conditions (NO/NO2: 1/1) and benefit the low 

temperature activity. The observation here suggests the NO2 present at these low 
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temperatures do not react within the catalytic system. However, comparative studies 

with varying NO/NO2 ratios in the feed need to be performed to arrive at definitive 

conclusions.  

  

3.3.3. I nfluence of Cu coordination environment and Cu content on SCR activity 

UV-Vis-NIR DR spectra were collected on the powdered zeolites samples in order to 

extract information on the nature and type of Cu species present in the zeolites.19 

Figure 3.8 shows the UV-Vis-NIR DR spectra of Cu-ZSM-5, Cu-mordenite, Cu-beta 

and Cu-chabasite. Cu-ZSM-5 showed the typical transitions expected.20,21 The first 

band centered at ~ 12000 cm-1 is known to occur from d-d transitions of isolated Cu2+ 

ions present in extra-framework positions. The shoulder around 22000 – 24000 cm-1 

has been thoroughly investigated in literature and arises from dimeric Cu species of 

various different geometries, which can be correlated with the exact location of the 

band.22,23 Finally, the band centered at ~ 48000 cm-1 is assigned to a ligand-to-metal 

(O Cu) charge transfer (LMCT) arising from Cu coordinated to oxygen atoms from 

the zeolite framework. Both Cu-mordenite and Cu-beta appear to have the three 

characteristic bands observed for Cu-ZSM-5 at ~ 12000, 24000 and 48000 cm-1, 

suggesting the presence of both isolated Cu2+ ions and dimeric Cu species. 

Furthermore, both Cu-mordenite and Cu-beta have two additional bands at ~ 32500 

and ~ 42000 cm-1. The band at 32500 cm-1 has been observed in Cu-beta and can be 

assigned to Cu bis- -oxo species.24 This indicates the formation of further clustered 

Cu-species in the samples. The band at 42000 cm-1 appears due another O  Cu 

LMCT, and is similar in nature to that seen at 48000 cm-1 arising from zeolitic 

oxygens. More interestingly, the spectra from Cu-chabasite only shows isolated Cu-

species as depicted from the presence of only two bands at 12000 and 48000 cm-1.  
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Figure 3.8: Ex-situ UV-Vis-NIR DR s pectra of (a) Cu-mordenite; (b) Cu-beta; (c) Cu-ZS M-5 and 

(d) Cu-chabasite collected after wet ion-exchange and consequent calcination treatment.  

 

 

Figure 3.9: Ex-situ UV-Vis-NIR DR s pectra of (a) Cu-chabasite; (b) Cu-STA-7; and (c) Cu-SSZ-

13. Spectra (a) and (c) are collected after wet ion-exchange and consequent calcination treatment. 

Spectrum (b) is collected after calcination (template removal) of the as-prepared sample.  

 

Figure 3.9 shows the UV-Vis-NIR DR spectra of Cu-chabasite (discussed above), Cu-

SSZ-13 and Cu-STA-7. The d-d transition at ~ 12000 cm-1 is seen for all three 

samples. The intens ity of the band shows that Cu-chabasite has the highest amount of 

Cu followed by Cu-STA-7 and finally Cu-SSZ-13. Considering the activity profiles of 

the three samples, this observation suggests that the reaction does not depend on the 

amount of Cu present within the zeolites material within the given range of 

comparison. Furthermore, all three samples have the charge transfer band expected at 
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~ 48000 cm-1. Cu-STA-7 had an additional band centered ~ 39600 cm-1, which is also 

assigned to a O  Cu LMCT.20 The presence of this additional band in the Cu-STA-7 

structure as compared to the other two samples is due to the nature of the suppo rt 

structure and the resulting position of Cu in four different sites (therefore different 

coordination with the framework oxygen atoms) as shown from diffraction analysis 

performed on the same sample.10 Contrary to the case of the medium and large pore 

zeolites, the spectra for all three samples suggests the presence of only isolated Cu2+ 

species in the zeolites pores.  

 

 

Figure 3.10:  Ex-situ UV-Vis-NIR DR spectra of (a) Cu-SSZ-13; (b) Cu-A; and (c) Cu-ZK-5  

collected after wet ion-exchange and consequent calcination treatment. 

 

Figure 3.10 shows the UV-Vis-NIR DR spectra of Cu-SSZ-13, Cu-A and Cu-ZK-5. 

The spectra suggest clear differences in the Cu environments present in the samples. 

Cu-A, besides the d-d transition and the LMCT band, also showed a broad absorption 

in the region between 25000 – 40000 cm-1. The nature of the absorpt ion band makes it 

difficult to assign any particular transition without performing any deconvolution 

algorithms. But the spectrum clearly suggests the presence of agglomerated Cu 

species within the zeolite structures. Cu-ZK-5 appears similar to Cu-ZSM-5, with the 

presence of the d-d transition, the LMCT band and a (comparatively less intense) 

band at around 22000 - 24000 cm-1, assigned to the dimeric Cu species. 

 

As mentioned earlier, the d-d transition in the UV-Vis-NIR DR spectra of the studied 

samples can be used to quantify the amounts of Cu2+ species in each catalyst. 
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Conside ring the intensity of the d-d band, the catalysts can be presented in descending 

order of Cu content as: Cu-A > Cu-chabasite > Cu-beta >> Cu-STA-7 > Cu-ZSM-5 

Cu-SSZ-13  Cu-mordenite > Cu-ZK-5. Importantly then, there is no observed direct 

trend between the amount of Cu and the activity profiles of the catalysts listed above. 

Although a direct conclusion would be premature, the UV-Vis-NIR DR spectra do 

provide an indication towards the preferred Cu environments for the SCR reaction. 

Given the high activity demonstrated by the Cu-chabasite, Cu-SSZ-13, and Cu-STA-7 

catalysts and the presence of only isolated Cu2+ species in these samples suggests that 

the SCR reaction is favored over isolated Cu-sites as compared to CuO nanoclusters 

or other dimeric Cu species. Thereby, it is possible to suggest that besides a certain 

(minimum) amount of Cu, the nature of the Cu species plays a key role in the activity 

shown by each system. Figure 3.11 illustrates the calculated wt. % of Cu2+ in the 

samples studied here against the intensity of the Cu2+ d-d transition band (in Kubelka-

Munk units19) from the UV-Vis NIR DR spectra. Four Cu-samples with known 

amount of Cu (measured by ICP analyses) are used to build the relationship. Table 3.2 

summarizes the Cu wt. % present in the samples studied in this chapter and compares 

it to the turnover frequencies (TOF) for the formation of N2 over each catalyst at 175 
oC and 300 oC. 

 

Figure 3.11: Amount of Cu (wt. % ) calculated based on the d-d band intensity. The red squares 

represent Cu wt. %  in samples as determined by ICP analysis and are used as calibration points.      

 

At 175 oC, Cu-SSZ-13 shows the highest turnover frequency (TOF) followed by Cu-

STA-7 and Cu-ZSM-5. The same trend is also observed at 300 oC. The values further 

show the dependence of particular Cu environments in the NH3-SCR of NO as 
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already pointed out in the earlier sections. From the given results, the presence of Cu 

in multiple Cu species did not appear to benefit the SCR reaction. 

Table 3.2: Amount of Cu in the parent framework structure (wt. % ) and turnover frequencies 

(TOF) for the catalysts tested. 

 

 

Catalyst 

 

Amount of Cu  

(wt. % ) * 

 

TOF (s-1) 

@ 175 oC @ 300 oC 

Cu-ZSM-5 1.9% 2.1 x 10-3  2.9 x 10-3  

Cu-beta 3.95 % 9.5 x 10-4  1.7 x 10-3  

Cu-mordenite  1.8 % 1.6 x 10-3  2.1 x 10-3  

Cu-chabasite 4.9 % 4.5 x 10-4  1.2 x 10-3  

Cu-A  5.3 % 2.8 x 10-4  8.9 x 10-4  

Cu-SSZ-13 1.9 % 3.7 x 10-3  5.8 x 10-3  

Cu-STA-7 2.7 % 2.8 x 10-3  4.2 x 10-3  

Cu-ZK-5 1.45 % 8.1 x 10-4  2.2 x 10-3  

*As determined from the intensity of the d-d transition band (in KM units). 
 

3.3.4. Cu2+ Cation Location in the Catalyst Materials under Study 

We observed earlier that the total amount of Cu itself is not enough to explain an 

optimally functioning NH3-SCR catalyst. Therefore, it might be worthwhile to 

compare the possible types of Cu2+ cation exchange sites in zeolites to shed some 

insight into the role of structure in the performance of each catalyst.  

 

Cu cation location in Cu-SSZ-13 

Recent studies have shown that Cu-SSZ-13 catalysts have unique isolated locations 

for Cu2+ species under ex-situ and in-situ conditions, and the system has demonstrated 

a high activity and selectivity in the SCR reaction.8,14,15  Therefore, we shall begin 

with an illustration of the Cu cation location in the SSZ-13 structure. Furthermore, the 

proposed cation locations of Cu within the other tested zeolites are compared with 

that of SSZ-13 to rationalize the catalytic performance of the particular system. Figure 

3.12 illustrates the position of Cu cations in Cu-SSZ-13. There has been an inherent 

discrepancy in the Cu-O (framework) distances obtained from XRD analysis and 

EXAFS analysis in past literature. Therefore, next to the pos ition of Cu cations in the 

structures, depicted by blue balls, an offset location (yellow circles) is proposed 
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considering c lose proximity to at least 3 zeolite framework oxyge n atoms at a distance 

of ~ 2 Å.  In this particular case of Cu-SZZ-13, Cu1 (the only location for Cu cations) 

is located on the plane of the d6r sub-units of the zeolite structure. To obtain close 

coordination with framework oxygen atoms, Cu2+ ions tend to be located offset from 

the center of the 6-membered ring and towards the edge of the ring. The obtained Cu-

O bond distance as according to EXAFS in this case was 1.93 Å. The structure and its 

significance in the SCR reaction are further discussed in detail in the following 

chapters. Herein, the model provides a comparison towards Cu ion location in the 

other zeolite structures studied. 

 

Cu cation locations in Cu-ZSM-5 

Figure 3.13 presents the location of Cu cations in ZSM-5 as evidenced by single 

crystal XRD studies.25 Sites Cu1, Cu3 and Cu3’ in the ZSM-5 structure appear in the 

pentasil sub-units of the zeolite structure. Sites Cu2 and Cu2’ were found in the 

vicinity of the 10-membered ring windows of the structure. The local environment for 

Cu2 and Cu2’ are illustrated in Figure 3.13 (inset). Cu2 is located in a distorted 6-

member ring and consequently coo rdinates to an add itional 5-membered ring. Cu2’ is 

located in a planar arrangement on a 5-membered ring of the structure. Even though a t 

first sight site Cu1 might appear comparable to the location of Cu in SSZ-13, it is 

actually located in a distorted 6-membered ring part of a mel composite unit of the 

zeolite and should not be confused with 6-membered rings present in other zeolites. 

Furthermore, only 7 % of the total Cu was located at this site. Additionally, the close 

proximity of Cu1 to Cu2 and Cu3 (~3.96 Å and 4.27 Å) could possibly lead to the 

formation of binuclear (bis- -oxo type) Cu species as observed in the UV-Vis-NIR 

DR spectra. 
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Figure 3.12: Cation position for Cu in Cu-SSZ-13  (and therefore corresponding Cu-chabasite) as 
according to published literature.14,15 Site Cu1 is located in the plane of d6r sub-units part of the 

CHA framework structure. Note: The blue ball represents the location of the cation, and the 

yellow circle represents a slightly shifted location to enable close coordination (~ 2 Å) with at least 

three oxygen atoms of the zeolite framework as obtained from an EXAFS analysis of Cu-SSZ-13.8 

The coordinates (a,b and c) denote the axes of the unit cell.  

 

Figure 3.13: Cu cation position for Cu in Cu-ZS M-5 based on single crystal studies.25 Note: The 

structure has been reproduced using the crystallographic information provided in the particular 

study. The numbers next to the site labels show the %  of total Cu present at that particular site. 

Site Cu1, Cu3 and Cu3’ are located in pentasil sub-units away from the large channel in ZS M-5. 

Sites Cu2 and Cu2’ are located on the face of the 10-ring channels of the structure. The blue ball 

represents the location of the cation, and the yellow circle represents a slightly shifted location to 

enable close coordination (~ 2 Å) with at least three oxygen atoms of the zeolite framework. The 

local environment for Cu2 and Cu2’ are illustrated in the inset. Cu2 coordinates to a distorted 6-

member ring and an adjoining 5-member ring. Cu2’ has a planar geometry on a 5-member ring. 

The coordinates (a,b and c) denote the axes of the unit cell.      
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Interestingly, the occupancy of sites Cu2 and Cu2’ in Cu-ZSM-5 together made up for  

65% of the total Cu present in the sample. It was therefore proposed in the past that 

these two sites might have a significant role to play in catalysis considering their 

position closer to the large channels of the zeolites and their higher occupancy. 

Although not  analogous to the Cu site in SSZ-13, Cu2’ is present in a comparable 

planar 5-membered ring environment and Cu2 in a comparable distorted 6-membered 

ring of the structure. Due to its location off the plane of the distor ted 6-membered 

ring, Cu at this site further coordinates with an oxygen atom from an adjoining 5-

membered ring. Furthermore, the high accessibility of these two sites might prove 

helpful for the SCR reaction. As such, we postulate sites Cu2 and Cu2’ to be active 

towards the SCR reaction.   

 

Cu cation locations in Cu-mordenite  

Figure 3.14 presents three crystallographic sites proposed for Cu cations in Cu-

mordenite as shown in previous literature.26 The same system was also tested for 

deNOx activity and the studies demonstrated that the under-coordinated and easily 

accessible Cu positions offer catalytically active sites for the reaction to proceed. All 

three sites were almost equally populated. It is important to note here that mordenite 

has a one dimensional channel system. Sites Cu2 and Cu3 are accessible to the 12-

membered ring channel system, while Cu1 lies in the 8-membered ring system, 

further away from the channel system of the structure. Based on the coordination 

environment, all three sites could be proposed as ‘active’. However, it was also 

observed that in the hydrated state, the framework had 2 instead of 3 sites for Cu.26 In 

the hydrated state, one of the sites found were close to site Cu1 mentioned herein. The 

second site was found in the center of the 12-membered channel system, coordinated 

to water molecules. Both sites again had an equal occupancy. Considering the fact 

that the deNOx reaction produces water, it could suggest a high mobility of the Cu 

cations during the reaction itself leading to a structural re-arrangement of the Cu ions. 

Site Cu1, however, does appear to be both stable and has a comparable coordination 

to that in the 6-membered rings of SSZ-13. Although accessibility of this site might 

prove to be an issue, it could be postulated as the active site within the Cu-mordenite 

system. In this study, besides a (relatively) poor conversion, Cu-mordenite was also 

seen to produce the most amounts of N2O as compared to the other systems. Past 
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studies have propo sed CuO clusters, Cu-dimers or  CuAlO2 to result in the formation 

of N2O.27–30 Considering the Cu-mordenite structure, it is feasible that the possible 

migration of Cu, especially into the 12-membered rings could result in the formation 

of dimeric or oxidic Cu nanoclusters or CuAlO2 (in the presence of extra-framework 

aluminum). Therefore, although structurally isolated from each other, the Cu-cation 

sites in Cu-mordenite do not appear ideal and thereby could result in the poor activity 

and selectivity demonstrated by the catalyst.  

 

Cu cation locations in Cu-beta 

Zeolite beta has an intergrowth structure and therefore the presented Cu-beta structure 

is considering the presence of pure polymorph A. Lobo et al. performed NMR 

experiments in a Li+-exchanged beta and could propose cation exchange sites based 

on interaction (or lack thereof) with oxygen molecules.31 The postulated sites, labeled 

Cu1, Cu2 and Cu3, herein were present in either pentasil or 6-membered rings of the 

structure as shown in Figure 3.15a. The NMR study had concluded that very few of 

the sites were actually accessible to oxygen. Since Cu-beta in this study does show 

activity in the deNOx reaction, we would have to assume structurally accessible sites 

to be present. Therefore, Figure 3.15(b) presents a slightly different picture for the 

proposed positions of the Cu cations. Cu1 is presented in a structurally analogous 6-

membered ring, but facing the 12-membered ring channel. Site Cu2 is presented in the 

same position. Site Cu3 was found to be too close to two framework oxygen atoms 

(Cu-O = 1.3 Å) and therefore moved to the alternate location in a different 5-

memebred ring facing the 12-ring channel. This would allow for the position of Cu in 

accessible sites over which the catalytic process could take place. Interestingly, both 

sites Cu1 and Cu3 in the alternate mode l are in locations comparable to that of the 

planar arrangement within 6-membered rings of the SSZ-13 structure and could be 

proposed as active for the SCR reaction. Similar to Cu-mordenite, Cu-beta was also 

seen to produce a consistent amount of N2O over a wide temperature window, as 

illustrated in Figure 3.10. Considering a similarity in the locations for Cu1 and Cu3 

herein and sites Cu2 and Cu3 in the Cu-mordenite structure (Fig. 3.14), the presence 

of water could possibly influence the location of Cu similar to that observed for Cu-

mordenite. If Cu in these sites (Fig. 3.15b) were susceptible to such mobility, a 

situation similar to Cu-mordenite can be assumed for Cu-beta too, thus leading to the 

formation of unwanted Cu species. It should be pointed out that in Cu-ZSM-5, the 
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most populated sites are also located on the face of the 10-membered ring channels. 

The Cu cations in Cu-ZSM-5 system, however, do not appear to show the same 

behavior as that observed for Cu in Cu-mordenite.  

 

Figure 3.14: Cation position for Cu in Cu-mordenite.26 Note: The structure has been reproduced 

using the crystallographic information provided in the particular study. The numbers next to the 

site labels show the %  of total Cu present at that particular site. Site Cu1 is located on the face of 

distorted 8-membered rings. Sites Cu2 and Cu3 are located in the channel of mordenite. The blue 

balls represents the location of the cation, and the yellow circles represents a slightly shifted 

location to enable close coordination (~ 2 Å) with at least three oxygen atoms of the zeolite 

framework. The distorted local environment of the cation sites are illustrated in the inset.  The 

coordinates (a,b and c) denote the axes of the unit cell. 

 

Figure 3.15: Cation position for Cu in Cu-beta. Structure (a) is a proposal  based on NMR 

experiments performed with Li+ as a cation31 and structure (b) is an alternative proposal based 

on, and closely related to, structure (a). Note: Blue balls represent the location of the Cu cation, 

and the yellow circles represent a slightly shifted location to enable close coordination (~ 2 Å) 

with at least three oxygen atoms of the zeolite framework. The coordinates (a,b and c) denote the 

axes of the unit cell. 
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Cu cation locations in Cu-STA-7 

Figure 3.16 illustrates the four positions for Cu in Cu-STA-7. Cu1 is in close vicinity 

of the d6r units of the zeolites structure, analogous to that seen for Cu-SSZ-13. Site 

Cu2 is present in 8-membered rings of the structure while Cu3 is present in a 

structurally different 8-membered ring. Cu4 is located in the close vicinity of 4-

membered ring windows and part of the cages in STA-7. All positions are structurally 

distant from each other and separated by different cages and sub-units of STA-7. The 

location of Cu1 in this structure is directly comparable to that of Cu in SSZ-13. 

Approximately 50 % of the Cu was located in site Cu1 with an increase in occupancy 

as a factor of increasing temperature. Sites Cu2 and Cu3 were found to have 18% and 

24% of the total Cu respectively. Considering the high occupancy of Cu1 and the 

structural similarity to Cu-SSZ-13, the high activity demonstrated by Cu-STA-7 could 

be attributed to presence of Cu at these sites. The exact role of sites Cu2 and Cu3 are 

difficult to elucidate given the scope of the study. Compared to Cu-SSZ-13, given the 

higher amount of Cu but slightly lower TOF, the additional species in Cu-STA-7 

could possibly be of no real benefit towards the SCR reaction itself.    

 

 

Figure 3.16: Cation position for Cu in Cu-STA-7.10 The structure has been reproduced from the 

crystallographic information provided in the particular study. The numbers next to the site labels 

show the %  of total  Cu present at that particular site. Site Cu1 is located in the vicinity of the d6r 

sub-units of the SAV framework structure. Site Cu2 is located on the face of 8-membered ring  

windows while Cu3 is observed in a structurally di fferent 8-membered ring. Cu4 is located near 

4-membered rings, part of the cages of the structure. Note: Blue balls represent the location of 

the Cu cation, and the yellow circles represent a slightly shifted location to enable close 

coordination (~ 2 Å) with at least three oxygen atoms of the zeolite framework. The coordinates 

(a,b and c) denote the axes of the unit cell. 
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Cu cation locations in Cu-A 

Since zeolite A has a Si/Al ratio of 1,  it is possible to accommodate a large amount of 

Cu cations in this zeolite. Therefore, depending on the degree of exchange, different 

cation sites for Cu have been proposed in the past in the  zeolite A structure.32 Figure 

3.17 presents two of the proposed sites based on agreement in literature. It is generally 

noted that position Cu1 also referred to as site SII, is the only site occupied by Cu2+ 

cations in this zeolite structure.33 The site occurs on the plane of the 6-membered 

rings, pa rt of the sodalite cages in the structure. But single crystal studies in the past 

have shown more locations Cu in zeolite A and considering the UV-Vis-NIR DR 

spectra for Cu-A, we propose the possible location of Cu in an additional site 

observed in the past studies.32 Site Cu2 lies in the 8-membered ring windows, part of 

the large cavities in zeolite A. From the given structure, Cu1 appears to provide an 

ideal environment for the SCR reaction. The isolated location on the plane of the 6-

membered rings and planar coordination to oxygen atoms provides an environment 

similar to that seen in Cu-SSZ-13. It is worth noting however, that zeolite A is 

densely populated with such sodalite cages, with locations for the Cu2+ cations.  

 

Furthermore, since zeolite A has a very low Si/Al ratio,  it would also be: (a) highly 

sensitive towards the SCR reaction due to the presence of water and result in partial 

dealumination; and (b) able to accommodate a very high amount of Cu due to its 

charge density (as seen in Table 3.2). Therefore, although located initially as isolated 

sites, the formation of CuO, Cu-dimers or Cu-aluminate species (all propos ed to form 

N2O), is favored over the catalyst which could result in the poor activity and 

formation of N2O over a wide temperature range as seen in Figure 3.10. 
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Figure 3.17: Cu cation positions Cu-A based on single crystal studies performed on four different 

Cu-A crystals and further compared with studies done on powdered samples.32 Site Cu1 is 

located on the face of the sodalite cavities and is also referred to as site SII in literature. Most 

reports consider this to be the only occupied site in the LTA structure. Site Cu2 is located on the 

face of 8-membered rings. Note: The blue balls represent the location of the cation and the yellow 

circles represent a slightly shifted location to enable close coordination (~ 2 Å) with at least three 

oxygen atoms of the zeolite framework. The coordinates (a,b and c) denote the axes of the unit 

cell. 

 
Figure 3.18 : Cation positions for Cu in Cu-ZK-5. The structure is a proposal based on cation 

locations for K+ in the KFI structure.34 The numbers next to the site labels show the %  of total K+ 

present at that particular site in the reported study and have been adapted for Cu. Cu1 is located 

on the face of 8-membered rings. Site Cu2 is located on the face of a different distorted 8-

membered ring. Site Cu3 is located in the vicinity of d6r units and can be considered analogous to 

that seen in Cu-SSZ-13. Note: Blue balls represent the location of the cation, and the yellow 

circles represent a slightly shifted location to enable close coordination (~ 2 Å) with at least 3 

oxygen atoms of the zeolite framework. The coordinates (a,b and c) denote the axes of the unit 

cell. 
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Cu cation locations in Cu-ZK-5 

Crystallographic studies using Cu-ZK-5 have not been performed in the past, 

therefore figure 3.18 uses positions of K+ cations to propose the location of Cu2+ 

cations presented herein.34 The cation pos itions in K-KFI are very similar to that 

found in Cu-STA-7 and therefore a direct comparison can be made between the two. 

Site Cu1 is located in 8-membered rings, but was not resolved for all the samples in 

the study with K+ cations. However, since other structures have proposed locations of 

Cu2+ in such 8-membered rings, we propose that this position is also likely to be 

filled. Site Cu2 appears in a distorted 8-membered ring and was found to be the most 

populated site in the performed study with ~ 60 % of the cations present at this site. 

Cation site Cu3 is located in the vicinity of the d6r units of the structure and was the 

second most populated site in the study with ~ 30 % of the cations present. Since this 

is a known location for Cu2+ ions in bo th Cu-STA-7 and Cu-SSZ-13, we can consider 

this as a possible location for Cu in the KFI structure, and active towards the SCR 

reaction. Therefore, Cu-ZK-5, with two (or three at most) possible locations for Cu is 

not as dense in population of Cu species as compared to Cu-A (also due to the 

inherent Si/Al ratios). But a higher preference for the location of Cu in the 8-

membered rings rather than the d6r units could explain the low catalytic performance 

of this system. Therefore, although structurally comparable to the SAV or CHA 

framework, the KFI framework structure is strangely not ideal for the SCR as seen 

from the activity profile.   

 

3.4. Summary of the Interplay between the Observed Trends 
The comparison presented above allows an appreciation of the local Cu environments 

in zeolite structures in addition to factors, such as pore dimensions, total Cu content 

and type of Cu species. Although each of these factors will undoubtedly play a role in 

the catalytic performance of each system, not all present a direct trend between the 

given factors and the catalytic performance of the catalyst materials.  

 

Pore dimensions and structure  

As seen from the activity profiles in section 3.2, the NH3-SCR reaction cannot be 

directly correlated to the pore size dimensions of the different catalyst materials under 

investigation. While small pore zeolites, such as Cu-SSZ-13, Cu-STA-7 and Cu-
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chabasite, showed excellent activity as compared to Cu-ZSM-5, other small pore 

zeolites, such as Cu-A, Cu-ZK-5 and Cu-phillipsite, did not follow the same trend. 

Therefore the presence of small-pore, 8-membered ring windows in zeolite systems 

does not suffice to benefit the SCR reaction as also evidenced in recent literature.9  

 

Quite often, accessibility through porous networks and the structure of the networks 

have been used as a rational argument to explain observed trends in activities. In this 

study, zeolite structures MFI, MOR and BEA have channel- type systems. The 

proximity of Cu (or cationic) species to the main channel system in Cu-ZSM-5, Cu-

mordenite, Cu-beta was suggested as favorable in terms of accessibility towards 

reactant molecules.25,26,31 On the other hand, zeolite structures CHA, SAV and LTA 

are considered as cage-type  systems.  In the given study, Cu-SSZ-13 and Cu-STA-7 

were the zeolite materials that showed the highest activity, followed by Cu-ZSM-5. It 

could be rationalized from this that the NH3-SCR reaction benefits from the presence 

cages. However, the same trend was not observed for Cu-A, which is also a cage 

system, but did not show a high catalytic performance as compared to Cu-ZSM-5. 

Therefore, it appears that the type of pore structure, i.e. channel (e.g. MFI, MOR, 

BEA) v/s cage type (e.g. CHA, SAV, LTA) also does not play an significant role in 

the SCR reaction.  

 

Si/Al ratios  

Si/Al ratios of the parent zeolites is another factor that can play a role either directly 

(acid sites) or indirectly (metal cation loading) in the catalytic performance of zeolite 

catalysts. Besides acidity, the amount of aluminum in a zeolite would directly 

influence stability under hydrothermal conditions, such as that present in NH3-SCR. 

As listed in Table 3.1, the Si/Al ratios of the zeolite-based catalysts under study can be 

presented in descending order as: SSZ-13 > beta -5 > mordenite >> ZK-5 > 

chabasite > zeolite A. Since zeolites of different framework structures have been used 

in this study, a direct comparison of the Si/Al ratios could be rather tricky. However, 

comparing Cu-chabasite and Cu-SSZ-13, (which have the same CHA framework 

structure) and significantly different Si/Al, a trend could be observed with the latter 

being more selective towards N2 and being more active at lower temperatures. 

Extending the scope slightly further, a trend was seen upon comparing Cu-SSZ-13, 
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Cu-ZSM-5, Cu-beta, Cu-chabasite and Cu-A in that order of decreasing Si/Al ratios 

and correspondingly decreasing selectivity towards N2. An inverse relation, however, 

was observed for the amounts of N2O formed over the system which increased with 

decreasing Si/Al. It should be pointed out that Cu-beta and Cu-mordenite showed 

even higher amounts of N2O, but this was attributed to the close proximity and 

mobility therein of Cu cations within the channel systems of the two zeolites. Cu-

chabasite also showed a very low selectivity towards N2O, although it has a low Si/Al 

ratio (2). But the observed discrepancy of ~ 1% in comparison with Cu-SSZ-13 could 

indeed arise from a reproducibility error. From the given evidence, it appears that a 

higher Si/Al ratio could result in an improved NH3-SCR selectivity. 

 

Cu content and local environment 

A comparison of the Cu content of the different zeolite materials under study showed 

no dependency of the NH3-SCR catalytic performance on the Cu content. After 

rationalizing the location of Cu cations in their respective suppor t structures however, 

a trend could be observed. One of the added benefits of using Cu-SSZ-13 in the NH3-

SCR reaction, as mentioned in literature, has been the improved low temperature 

activity of the system, as also seen from the conversion profiles in section 3.2. In the 

given study, besides Cu-SSZ-13, Cu-chabasite, Cu-STA-7, Cu-A and Cu-ZSM-5 

show > 90 % conversion at 200 oC. It has also been shown in section 3.4 that within 

these structures, the majority of Cu cations are located in 6-membered rings (or a 

closely related distorted 6-membered ring and a 5-membered ring for ZSM-5). In all 

cases, initially the Cu is in a planar or clos e-to-planar coordination, but yet has the 

(limited) freedom to further form distorted complexes in the nearby cages or channels. 

It appears that such an environment is conducive towards the low temperature NH3-

SCR activity as demonstrated by the system. Furthermore, as observed from Cu-SSZ-

13 and Cu-STA-7, a major ity (or exclus ive) location of Cu in d6r sub-units appeared 

to favor catalytic performance over the whole range of temperature studied. This 

could therefore be considered as an ideal location for the NH3-SCR reaction.  

 

The relation between location of Cu cations, zeolite structure and catalytic 

performance, although easy to point out, is rather difficult to rationalize. Besides 

those discussed herein, factors such as Al3+ location within zeolite structures and its 
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influence on the coordinating cation are also expected to play a major role in local 

environments for transition metals present in zeolites. Although comparison of this is 

beyond the scope of this chapter, the importance of such local effects should not be 

completely ignored. Nonetheless, besides the high performance, Cu-SSZ-13 offers an 

added benefit owing to the unique cation location. The single site catalyst is ideal for 

characterization studies us ing volume averaged methods. Most advanced techniques 

for catalyst characterization (e.g. XAFS) suffer from the inherent problem of 

averaging information over the whole sample of study. As a consequence, in the 

presence of multiple coordination environments, the results obtained, e.g. bond 

distances and near neighbors, are averaged over all the local environments found over 

the sample. Due to its single site nature, Cu-SSZ-13 does not inherit this problem.  

 

3.5. Conclusions 
The NH3-SCR activity of a wide range of Cu-exchanged molecular sieves with 

varying pore sizes was compared. The following conclusions could be drawn from the 

systematic study performed: 

o Features, such as pore dimensions, pore type and Cu content although 

relevant, could not be used to directly correlate to the NH3-SCR performance 

of the different catalysts.  

o The NH3-SCR reaction appeared to also be favored over 

silicoaluminophosphates as seen from the results on Cu-STA-7.  

o Cu-SSZ-13, Cu-STA-7 and Cu-ZSM-5 in that order were most effective in 

terms of turnover frequency and towards the selective production of N2.  

o Increasing Si/Al ratio appeared to have a positive influence towards N2 

selectivity over most of the systems under study. An increasing Si/Al ratio 

also appeared to suppress the amounts of N2O formed under the given 

conditions over most catalysts. 

o Cu-SSZ-13 and Cu-STA-7 have the added benefit of improved low 

temperature activity in comparison to the other catalysts tested. It also 

appeared that the preferential location of Cu2+ in 6-membe red rings of the 

zeolite structure improved the low tempe rature NH3-SCR activity. 

Furthermore, the isolated location of Cu cations within the support structure 

appear crucial to the high performance of Cu-SSZ-13 and Cu-STA-7.  
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The unique location of Cu2+ ions in Cu-SSZ-13 renders them as ideal model systems 

for further characterization studies from both a fundamental and application 

perspective. As a consequence, this system will be considered for further studies in 

this PhD thesis.   
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Chapter 4 

 

Elucidating the Active Sites in Cu-SSZ-13 Zeolite Materials 

for the NH3-Selective Catalytic Reduction of NOx 
 

 

 

Abstract 
It is known that copp er-exchanged molecular sieves are excellent catalyst materials 
for the NH3-SCR of NO from mobile sources. In particular Cu-SSZ-13 w ith the CHA 
framework structure shows exceptional activity and hydrothermal stability, which is 
far better than other known molecular sieves. As also suggested in chapters 2 and 3, 
the origin of this superior performance lies in the possibility that Cu has to acquire a 
specific local environment within this particular framework structure. In this work, we 
have studied the origin of the NH3-SCR performance of Cu-SSZ-13. This has been 
possible by using a combination of synchrotron and laboratory-based techniques. Ex-
situ neutron scattering experiments were performed to locate the position of copper 
ions at ion exchange sites within the CHA structure. Synchrotron-based in-situ X-ray 
absorption/ X-ray diffraction (XAFS/XRD) measurements were then used to provide 
complementary information on the local copper environment under realistic NH3-SCR 
conditions. Crucial then to the catalytic activity of Cu-SSZ-13 is the local 
environment of the copper species. Cu-SSZ-13 contains mononuclear Cu2+ species, 
located in the face of the double-6-membered ring (d6r) sub-unit of the zeolite after 
calcination where it remains under reaction conditions. At lower temperatures (with 
low activity), XAFS and XRD data revealed a conformational change in the local 
geometry of the copper from a planar form towards a distorted tetrahedron as the 
result of an interaction with NH3. This process appears necessary for activity, but 
results in a stymieing of activity at low temperatures. At higher temperatures, Cu2+ 

possesses a local coordination state akin to that seen after calcination. 
 
 
 
 
 
 
 
 
This work is based on the manuscript: “Confirmation of Isolated Cu2+ ions in Cu-SSZ-13 Zeo lite as 
Active Sites in NH3-Select ive Catalytic Reduction”, U. Deka, A. Juhin, E. A. Eilertsen, H. Emerich, M. 
A. Green, S. T. Korhonen, B. M. Weckhuysen, A. M. Beale, J. Phys. Chem. C, 2012, 116, 4809.  
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4.1. Introduction 
The release of anthropogenic NOx into the atmosphere has caused increasing societal 

concerns over its effect on our atmosphere. As an effective strategy towards mobile 

emission abatement from diesel sources, NH3-SCR has successfully employed metal-

exchanged molecular sieves as catalyst materials.1,2 In particular, metal-exchanged 

zeolites, such as Cu-ZSM-5, Fe-ZSM-5 and Fe-beta, were found to be efficient 

catalysts for the NH3-SCR reaction. These materials have received much attention 

both from academia and industry. However, as shown in Chapter 3 and as discussed 

in recent studies, Cu-loaded SSZ-13 zeolites with the CHA framework structure, are 

very promising catalysts expected to meet with our future needs, especially owing to 

their low temperature activity and high hydrothermal stability.3,4 Although several 

mechanistic and characterization studies have been performed on NH3-SCR systems, 

the active sites for this reaction still remain a topic of debate. In the case of Cu-based 

systems active for SCR or NO decomposition, both di-meric Cu species2,5 and 

monomeric Cu2+ ions6,7 have been proposed as the active sites. From a more 

mechanistic perspective, the importance of a Cu2+/Cu+ redox pair-based mechanism 

has also been stressed.8,9,10 Recently, Fickel et al. were able to successfully show the 

location of copper ions in the double six member (d6r) ring of Cu-SSZ-13 using 

Rietveld refinement of their X-ray diffraction data.11 Further catalytic studies 

combined with in-situ UV-Vis and ex-situ XAFS measurements were performed by 

Korhonen et al. comparing Cu-ZSM-5 and Cu-SSZ-13 zeolites for both SCR and NO 

decomposition reactions.12 Based on these findings, our group has proposed that 

isolated Cu2+ ions located in the plane and slightly off the center of the d6r in CHA 

are the active sites for the NH3-SCR reaction.  

 

Despite several mechanistic, kinetic and spectroscopic studies previously performed, 

no conclusive evidence of particular active species in copper-based zeolites for the 

NH3-SCR reaction under in-situ conditions have been established. The focus of this 

Chapter will be to probe the active copper species for the NH3-SCR process under 

realistic reaction conditions using a combination of conventional ex-situ laboratory 

techniques, ex-situ neutron scattering analysis and synchrotron-based in-situ X-ray 

absorpt ion spectroscopy and diffraction studies. The study aims to establish a 

structure-performance relationship for Cu-SSZ-13 under different temperature ranges 
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of operation that a typical catalyst is expected to face under practical NH3-SCR 

conditions.  

 

4.2. Experimental  
Details regarding the preparation of Cu-SSZ-13, catalyst pre-characterization and in-

house catalyst testing are already discussed in Chapter 3.  

 

4.2.1. Neutron Scat tering Measurements  

Constant wavelength (CW) neutron scattering measurements were performed at 

beamline BT1 of the NIST Center for Neutron Research (Gaithersburg, MD, USA). 

The experiments were performed at room temperature on a calcined Cu-SSZ-13 

sample using a Ge(311) monochromator yielding neutrons at a wavelength of 2.079 

Å. Scattering data were recorded between 3–140 o 2  using 32 Helium-3 detectors at 

5 o (2 ) offsets. Rietveld refinement of the scattering data was performed using the 

GSAS13 core along with EXPGUI (graphical interface).14 The initial hexagonal unit 

cell dimensions (a = b = 13.675 Å; c = 14.767 Å) with a R-3m space group were taken 

from the IZA website for the CHA framework.15 Starting atomic coordinates were 

taken from the structure by Fickel et al.11 The background profile was edited manually 

choosing 22 points over the pattern and further us ing a 6-term power series function. 

The peak profiles were modeled using a Pseudo-Voigt function. Only symmetry 

constraints were used, while modeling the position of atoms in the unit cell. All 

tetrahedral positions were modeled as Si atoms. The thermal parameters (Uiso) for all 

oxygen atoms were grouped during the refinement. 

 

4.2.2. X-ray Absorption Near Edge  Structure Spectroscopy Simulations 

First-principles Cu K-edge XANES calculations were performed using the 

QUANTUM-ESPRESSO code based on DFT.16 The code uses plane waves and 

periodic boundary conditions. By adopting the General Gradient Approximation, the 

simulated XANES spectrum was obtained in two steps: first the charge density was 

calculated self-consistently for the structure including the 1s core-hole us ing the PW 

package, then the absorption cross-section was computed as a continued fraction 

using the XSPECTRA package.17–19 The simulations were based on the structural 

model as obtained from EXAFS data using a Cu-SSZ-13 unit cell of 114 atoms. For 
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Cu, Si and O, ultrasoft pseudo-potentials were used. The electronic configurations 

were, respectively, 3d10 4s1 4p0 with non-linear core correction for Cu, 3s2 3p2 with 

non- linear core correction for Si and 2s2 2p4 for O. The pseudo-potential of the Cu 

absorbing atom was obtained by considering only one 1s electron in the electronic 

con guration of the copper atom. The absorption cross section was computed in the 

electric dipole approximation and the isotropic XANES spectrum was calculated. 

Convergence of the XANES spectrum was reached for the following set of 

parameters: a 35 Ry energy cutoff for the plane-wave expansion, a 1 x 1 x 1 k-point 

grid for the self-consistent charge density calculation and a 3 x 3 x 3 k-point grid for 

the absorption cross-section calculation. For the convolution of the XANES spectrum, 

we used a constant broadening parameter of 2.2 eV directly within the continued 

fraction. 

 

4.2.3. Synchrotron-based combined in-situ X-ray Absorption Fine Structure and 

X-ray Diffraction  

In-situ combined XAFS/XRD measurements were performed at the Swiss-Norwegian 

beamline (SNBL) of ESRF (Grenoble, France). Using a Si (111) double crystal 

monochromator, X-ray absorption data at the Cu K-edge (8979 eV) was collected in 

transmission mode. X-ray diffraction was recorded between 2 – 25 o 2  at a 

Å. This diffractometer features 6 Si -111 analyzer crystals. 

The diffracted X-rays for each channel get finally detected by their respective single 

photon scintillation counters. A schematic of the setup used is illustrated in Figure 

4.1. The collected diffraction data was then summed and averaged over all the 

detectors. The diffraction and absorption data were collected in rapid succession to 

each other during all stages of the experiment. The measurements were performed on 

powdered samples packed (sieve fractions of 90 - ies 

under flow conditions. A pre-assembled gas rig at the beamline was used to dose the 

samples with the required gases at different flow rates. The outlet gases were analyzed 

by a mass spectrometer to identify the product composition. The samples were 

calcined at 500 oC in 10 % O2/He prior to being exposed to SCR conditions. The 

catalyst materials were then studied under SCR conditions with a feed composition of 

1000 ppm NO, 1000 ppm NH3, 5 % O2 and He for balance making up to a GHSV of 

100000 h-1. Under the mentioned flow conditions, the system was heated to 300 oC 
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with a ramp of 2 oC/min and allowed to dwell at 300 oC for 30 min to reach a steady 

state. 

 

The X-ray absorption spectroscopy data were background corrected using Athena 

(IFFEFIT software package). The normalized data were k3-weighed and a least 

squares fitting analysis was performed in a k-range of 2.8 (or 3) - 10 Å-1. The FT of 

the k3-weighed data were phase corrected and fit to the proposed theoretical model 

using the DL-EXCURV program.20 Multiple scattering calculations on a defined 

cluster of 5 Å were performed on the data obtained after calcination. The coordination 

numbers were fixed and the Debye-Waller factors were grouped during fitting. Data 

collected under SCR conditions were analyzed in the same k-range, but considering 

only single scattering paths. An amplitude reduction factor (So
2) value of 0.9 was used 

for all data sets with the R-factor being used as a determinant for the best fit. Rietveld 

refinement of all X-ray diffraction data (2.8 – 20o 

FULLPROF21 package along with WinPLOTR interface22. The initial hexagonal unit 

cell dimensions (a = b = 13.675 Å; c = 14.767 Å) with a R-3m space group were taken 

from the International Zeolite Association (IZA) website for the CHA framework.15 

Starting atomic coordinates were taken from the structure solved from the Neutron 

scattering data. The background profile was edited manually by choosing 40 points 

over the pattern and further using a cubic-spline interpolation. The peak profiles were 

modeled using a Pseudo-Voigt function, whilst accounting for asymmetry below 10 o 

2 . Only symmetry constraints were used, while modeling the position of atoms in the 

unit cell. All tetrahedral positions were modeled as Si atoms. The thermal parameters 

(Uiso) for all oxygen atoms were grouped during the refinement. 
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Figure 4.1: Schematic of the experimental  setup along with photographs of particular 

components used to perform combined in-situ XAS/XRD measurements on Cu-SSZ-13 catalyst 

materials under reaction conditions. The sample is placed in a quartz capillary and connected to 

a pre-assembled gas rig at the beamline. Absorption and scattering  data are collected in 

succession.  

4.3. Results and Discussion 

4.3.1. Catalytic Activity Testing   

Figure 4.2(I) shows the conversion of NO over Cu-SSZ-13 under NH3-SCR 

conditions as a function of reaction temperature. Additionally, the amounts of N2 and 

N2O formed during the same reaction are plotted in Figure 4.2(II). As can be seen, 

Cu-SSZ-13 shows remarkable NOx conversion activity over a wide temperature 

window (> 90 % conversion between ~ 175 and 350 oC). The catalyst material also 

shows very high selectivity towards N2, whilst only small amounts (max. 30 ppm at 

225 oC) of undesired N2O is formed over the tested temperature window. Steady-state 

activity tests were also performed on Cu-SSZ-13 under the same flow conditions at 

300 oC and the results are illustrated in Figure 4.3. 



 

  95   

 

Figure 4.2: Conversion of (I) NO and (II) formation of (a) N2 and (b) N2O as a function of 

temperature during  NH3-SCR over Cu-SSZ-13. Plug  flow conditions: 1000 ppm NO; 1000 ppm 

NH3; 5%  O2 and GHSV: 100000 h-1. 

 

Figure 4.3: Outlet gas compositions during steady state experiments performed at 300oC over 

Cu-SSZ-13. (I) SCR plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 5%  O2; GHSV: 100000 

h-1. (II) NO decomposition plug flow conditions: 1000 ppm NO; (II, after 30 min) NO oxidation 

conditions: 1000 ppm NO; 5%  O2. 

 

Figure 4.3(I) shows the outlet composition during NH3-SCR performed over Cu-SSZ-

13 at 300 oC. As clearly seen N2 is the main product over the tested 60  min with trace 

amounts of N2O and NO seen at the outlet. Figure 4.3(II) shows the outlet 

composition upon flown either NO or NO + O2 over Cu-SSZ-13. This was performed 

to test both the NO decomposition and NO oxidation activity of the catalyst material. 
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During the first 30 min, 1000 ppm of NO was flowed over the catalyst. As reported 

previously12, Cu-SSZ-13 shows very poor NO decomposition activity as seen by the 

large amounts of un-reacted NO present in the outlet, whilst a maximum of ~ 75 ppm 

of N2O is seen. After 30 min, 5 % O2 was added to the feed. As seen from the outlet 

composition after ~ 35 min, NO oxidizes to form NO2 with an increasing profile over 

the course of time. However, no NO2 is seen at the outlet dur ing NH3-SCR conditions. 

This suggests that any NO2 that might form in-situ with or without the presence of the 

catalyst would be immediately consumed by the reactants under NH3-SCR conditions 

to form N2.  

 

4.3.2. Analyzing the Neutron Scattering Data 

Figure 4.4 shows the observed, calculated and difference patterns obtained from the 

neutron scattering analysis. As seen from the difference pattern, the refinement agrees 

well with the experimental pattern. Experimental parameters and conventional 

goodness of fit parameters for Rietveld refinement are shown in Table 4.1. Table 4.2 

lists the refined atom positions, thermal parameters and fractional occupancies of the 

Cu-SSZ-13 unit cell (R-3m) with dimensions of a = b = 13.56 Å, c = 14.77 Å and 

volume = 2352.61 Å3. Table 4.3 lists the calculated bond lengths and angles for the 

refined atoms. The average Si-O bond distance of 1.604 Å is in good agreement with 

the average Si-O distance of 1.609 Å as reported for CHA in the IZA database.15 

Figure 4.4 (right) shows the CHA structure and the pos ition of coppe r in Cu-SSZ-13 

as obtained from the refinements. The position of copper in the plane of the d6r of the 

CHA structure is in complete agreement with previously reported structures of copper 

in CHA.11,23 
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Figure 4.4: (Left) (a) Observed, (b) calculated and (c) difference patterns obtained from Rietveld 

refinement of constant wavelength neutron scattering  data collected on Cu-SSZ-13 after 

calcination. (Left inset: Magnification of data between 70 -140o 

structure of Cu-SSZ-13 obtained from refinements and magnification of the d6r unit with Cu 

Å; S pace g roup: R-3m; Refined unit cell: a 
3. 

 

Table 4.1: Experimental parameters and goodness of fit factors obtained from Rietveld 

refinement of CW-Neutron scattering data obtained on Cu-SSZ-13 after calcination. 

Experimental 

parameter 

Value Refinement parameter Value 

2.079 Å  Chi2 ( 2) 1.6 

Scanned region 2 ) 3 - 150  Rwp 5.76

Refinement region 2 ) 3 - 140  Rp 4.92

Table 4.2: Refined atomic positions, thermal  parameters and occupancies obtained from Rietveld 

refinement of CW-Neutron scattering data obtained on Cu-SSZ-13 after calcination. 

Atom x/a y/b z/c Uiso Occ Mult./Sym 

T1 -0.00115 0.2282 0.10265 0.0503 1 36i 

O1 0.90099 0.09891 0.12007 0.0361 1 18h

O2 0.64606 0.64606 0.5 0.0361 1 18g  

O3 0.11993 0.23987 0.13098 0.0361 1 18h  

O4 0 0.26283 0 0.0361 1 18f 

Cu1 0 0 0.12229 0.181 0.09 6c 
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Table 4.3: Calculated bond lengths and angles obtained from Rietveld refinement of CW-

Neutron scattering data obtained on Cu-SSZ-13 after calcination. 

 

Bond 

 

Distance (Å) 

  

Angle 

 

Degrees 

T1 – O1 1.6045  O1 – T – O2 110.4 

T1 – O2 1.6062  O1 – T – O3 108.0 

T1 – O3 1.6237  O1 – T – O4 110.9 

T1 – O4 1.5852  O2 – T – O3 107.2 

T1 – O (avg.) 1.6049  O2 – T – O4 109.4 

   O3 – T – O4 110.9 

Cu – O1 2.3245  O – T – O (avg.) 109.46 

   T – O1 – T 147.8 

   T – O2 – T 145.9 

   T – O3 – T 147.1 

   T – O4 – T 148.4 

   T – O – T  (avg.) 147.42 

 

4.3.3. Combined X-ray Spectroscopy and Diffraction under NH3-SCR conditions 

X-ray absorption spectroscopy at the Cu K-edge 

In-situ XANES data were collected at the Cu K-edge on Cu-SSZ-13 under calcination 

and NH3-SCR conditions. Figure 4.5 (a, b and c) compares the experimental XANES 

spectra collected after calcination at 500 oC  and under active NH3-SCR conditions at 

300 oC to a theoretical XANES spectrum of the Cu K-edge for a Cu-SSZ-13 model. 

The model defining the local environment of Cu in Cu-SSZ-13 was proposed on the 

basis multiple scattering (MS) analysis of EXAFS data collected on the sample after 

calcination at 500 oC (discussed further herein). The calculated spectrum is in very 

good agreement with the experimental data, confirming the validity of the proposed 

local environment of copper in the d6r of SSZ-13 after calcination at 500 oC. Features 

marked in the figure might appear as slight discrepancies but are easily explained. 

Feature 1 is absent in the calculated spectrum because the pre-edge region is not  

calculated during the simulations, hence emphasizing more on the edge region (that is 

more sensitive to the local Cu environment). Feature 2 and 3 are attributed to 

limitations of us ing DFT, due to the size of the system and the cage structure of the 

system itself. Nonetheless, the close match of all three presented spectra gives the first 

indication that the previously proposed structural model stands to be true even under 

active SCR reaction conditions at 300 oC. As a comparison, a second XANES 
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spectrum (Figure 4.5d) was calculated based on the structure obtained from the 

Rietveld refinement of XRD data collected on Cu-SSZ-13. The difference between 

this and the structure obtained from EXAFS is that for the former, copper is found in 

the center of the d6r, whilst for the latter the copper was found slightly distorted away 

from the center of the d6r. As clearly seen, a very slight movement of the absorbing 

atom already results in a very different calculated spectrum. The comparison serves to 

demonstrate the extreme sensitivity of such calculations towards the local structure it 

is based on.  

 

Figure 4.6 compares the in-situ XANES spectra measured after calcination at 500 oC  

and under NH3-SCR conditions at 125, 230 and 300 oC. Distinct pre-edge features are 

marked with numbered arrows. The pre-edge feature marked 1 appears at 8976 eV 

and has been magnified in Figure 4.6 (inset) for clarity. This low intensity pre-edge 

feature has been assigned to a dipole forbidden 1s  3d trans ition in planar Cu(II) 

complexes.10,20, 21 Cu(I) complexes do not have this transition owing to the filled d10 

orbital, and hence it can be used as a fingerprint for the presence of a Cu(II) system. A 

distinct trend can be seen in the intensity of this pre-edge feature over the different 

temperatures. Whilst there is a complete overlap in position and intensity of this 

feature for the spectra collected after calcination at 500 oC  and under SCR conditions 

at 300 oC, the feature seems to be much weaker for the measurements taken at 125 oC 

and 230 oC, indicating a possible drop in oxidation state of copper. However, studies 

have also shown the intensity of the transition to depend on the coordination geometry 

around the absorbing atom.24,25,27 Therefore, the pos sibility of the  retention of a 

Cu(II) system cannot be completely ruled out. The second pre-edge feature at 8982 

eV (marked 2) is observed in the measurement taken at 125 oC under NH3-SCR 

conditions and appears as a shoulder at the same position for the measurement taken 

at 230 oC. Linear Cu(I) complexes are known to have a distinct pre-edge at ~ 8982 eV 

similar to that seen in the spectra collected at 125 oC, owing to a transition from a 1s 

orbital to a double degenerate 4pxy orbital.28 However, given the structural 

environment of copper in the d6r of the CHA structure, a linear copper complex is 

unlikely to form. 
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Figure 4.5: Cu K-edge XANES  spectra of Cu-SSZ-13 (a) after calcination at 500 oC , (b) under 

NH3-SCR conditions, (c) simulated XANES s pectra calculated from a proposed structure on the 

basis of multiple scattering analysis of EXAFS data collected at the Cu K-edge on Cu-SSZ-13, 

and (d) simulated XANES based on a structure proposed from refinement of XRD data. Inset 

structure: local environment of Cu in the plane of the d6r of the CHA structure as per multiple 

scattering calculations on EXAFS data of Cu-SSZ-13 after calcination at 500 oC. The same local  

structure was used for simulation of the XANES  spectrum (c). In red: oxygen; in yellow: T atom; 

in blue: copper. Numbered arrows indicate features of interest.  

 

 

Figure 4.6: In-situ Cu K-edge XANES s pectra (normalized) of Cu-SSZ-13 after calcination at 500 
oC  (black) and under NH3-SCR conditions at 125 oC (red), 230 oC (blue) and 300 oC (green). 

Features of interest are marked with numbered arrows. Inset: Magnification of the pre-edge 

feature (1) at 8977 eV.  
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Pre-edge feature 3 appears at the absorption threshold (~ 8986 eV) and is seen in all 

four spectra although there is a slight difference in the intensity for the spectrum 

measured at 125 oC. This particular feature has been seen in the past for similar 

copper zeolite systems and can be assigned to a Cu(II) 1s  4pz  + ligand-Cu(II) 

change transfer excitation very similar to that seen in Cu(OH)2 with the Cu in a planar 

geometry 26. Finally, feature 4 at 8994 eV is only seen in the spectrum measured at 

125 oC under NH3-SCR conditions. Although the contribution of this feature is not  

very clear, it has been observed in the past for copper in a square planar ‘amine’ 

environment.29,30 Chaboy et al. were able to explain this contribution by using two 

final state configurations of 3d9 and d10L (L = ligand hole) for the absorber atom.31 

Although not conclusive, a comparison of the XANES pre-edge features, does give a 

qualitative description of the local environment around the absorber atom. The 

absence of pre-edge features below 8985 eV (apart from the pre-edge at 8976 eV) in 

the spectrum after calcination and at 300 oC under NH3-SCR conditions suggest the 

presence of only Cu(II) under these conditions. The good agreement between the 

simulated spectrum (Figure 4.5) and those measured after calcination at 500 oC and 

under active conditions (300 oC), support the proposed position of copper in the d6r, 

even under active reaction conditions. Slight differences are seen at lower 

temperatures and will be discussed further in comparison with the EXAFS analysis. 

 

Analysis of the in-situ extended X-ray absorption fine structure data  

The results obtained from k3-weighted EXAFS data analysis of the Cu-SSZ-13 zeolite 

material after calcination at 500 oC and under NH3-SCR reaction conditions are 

summarized in Table 4.4. Figure 4.7 illustrates the experimental data and simulated 

fits of the k3-weighted EXAFS data and the corresponding Fourier transforms 

collected after calcination at 500 oC and under NH3-SCR reaction conditions at 125 
oC as an example for the fits. Using the model previously proposed by us,12 with Cu2+ 

ions present in the plane and slightly distorted from the centre of the six-membered 

ring (analogous to Figure 4.5, inset), multiple scattering calculations were performed 

on the EXAFS data obtained after calcination. The nearest neighbour (Cu-O) bond 

distance of 1.95 Å and coordination number of three obtained from the fit after 

calcination are in good agreement with previously repo rted data by us on Cu-SSZ-13 

after calcination12 (three oxygen atoms at 1.93 Å) thus giving the first indication of 
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similarities in bo th Cu-SSZ-13 samples. As previously seen, two Si atoms were found 

at a distance of 2.20 Å in the second shell.  
 

Table 4.4: Parameters obtained from analysis of Cu K-edge k3-weighted EXAFS data of Cu-SSZ-

13 after calcination at 500 oC and under reaction conditions at different temperatures.[a] 

 

Temperature 

 

Shells 

 

r (Å) 

 

N 

 
2(Å2) 

 

 

 

 

After 

calcination 

(at 500 oC) 

Cu – O 1.95 3 0.007 

Cu – Si 2.20 2 0.037 

Cu – O 2.93 1 0.008 

Cu – O 3.32 2 0.016 

Cu – Si 3.10 2 0.036 

Cu – O 3.32 2 0.016 

Cu – O 3.68 2 0.025 

Cu – Cu 3.76 1 0.017 

Cu – Si 4.08 2 0.032 

Cu – Si 4.16 2 0.036 

Cu – O 4.22 1 0.040 

 R = 12.91%; Ef = 1.28 

 

125oC 

Cu – O 1.98 3 0.018 

Cu – N 2.57 1 0.032 

 R = 23.95%; Ef = -6.33 

 

230oC 

 

Cu – O 

 

1.96 

 

3 

 

0.015 

 R = 26.55%; Ef = -4.89 

 

300oC 

 

Cu – O 

 

1.94 

 

3 

 

0.014 

 R = 26.90%; Ef = -3.77 

[a] -Waller factor; R = statistical goodness 

of fit factor; Ef = Fermi energy (edge position). 

 

The first difference in the presented data and that reported earlier appears in the 

distance to the fourth oxygen (also part of the d6r) around the absorbing copper. The 
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Cu-O distance as reported previously was found to be 3.13 Å, whilst in this case, it is 

found to be 2.93 Å. There can be a twofold explanation for this: (a) The data were 

collected in two different collection modes (quick-XAFS v/s scanning XAFS), and (b) 

the parent SSZ-13 materials possessed different Si/Al ratios (~ 9 for the previous and 

~ 18 reported herein) resulting in slightly different framework compositions and 

hence different bond distances. Another interesting feature worth noting from the MS 

calculations is the presence of a second copper at a distance of 3.76 Å 12. Although, 

initially this might indicate the presence of di-nuclear copper species, a possible 

explanation is obtained upon comparison with crystallographic data. As suggested by 

Fickel et al.11 and as also discussed further herein, copper lies in a special position in 

the d6r of the CHA framework with a mirror site on the opposite face of the d6r. The 

distance between the two planes of the d6r in CHA comes out to be close to ~ 3.8 Å, 

suggesting that the second copper seen in EXAFS in this case could possibly be the 

copper occupying the mirror site of the d6r. Considering the high Si/Al ratio, it would 

be statistically difficult to confirm the presence of Cu at both mirror sites. However, 

the inclusion of an additional Cu appeared to result in a slightly better fit for the 

EXAFS model. 

 

Using the same aforementioned model, EXAFS data under NH3-SCR reaction 

conditions were analyzed considering only single scattering events. Figure 4.8 

compares the FTs for the k3-weighted EXAFS data collected under reaction 

conditions at 125, 230 and 300 oC. The EXAFS data under NH3-SCR conditions 

suggest one significant change in the local environment around the absorbing copper. 

As evident from the presented data in Table 4.4, three neighbouring oxygen atoms are 

consistently found at a distance of ~ 1.95 Å throughout the course of the reaction as 

also seen after calcination. At 125 oC, this Cu-O contribution becomes slightly 

weaker, following a Cu-N interaction, a contribution seen at a radial distance of ~ 

2.57 Å as pointed out in the corresponding FTs in Figure 4.8 (blue arrow). The Cu-N 

interaction is seen to become weaker or disappear at higher temperatures. 
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Figure 4.7: In-situ Cu K-edge k3-weighted EXAFS data (left) and corresponding Fourier 

transforms of the k3 data (right) collected on Cu-SSZ-13 after calcination at 500 oC (a and b) and 

at 125 oC (c and d) under NH3-S CR conditions. Black solid lines represent experimental data and 

red dashed lines represent the simulated fi ts.  

 

 

Figure 4.8: Comparison of the Fourier transforms of k3-weighted EXAFS data collected at the Cu 

K-edge on Cu-SSZ-13 under NH3 -SCR conditions at 125 (black), 230 (red) and 300 oC (green). 

The blue arrow indicates a contribution observed as a result of a direct Cu-NH3 interaction, 

which becomes significantly weaker at higher temperatures.   
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This observation is complementary to the XANES, which suggested a change in the 

coordination geometry around the absorbing copper at 125 oC and 230 oC. The change 

was very prominent at 125 oC and the spectra measured at 230 oC appeared as a 

transition of the electronic environment moving from 125 oC to 300oC. Upon moving 

to the SCR active temperature (i.e., 300 oC), the local environment appears to be 

much more comparable to that seen after calcination, complementary to the XANES. 

The increase in the thermal contribution is reflected in the increasing Debye-Waller 

factors (0.007 Å2  0.014 Å2 comparing after calcination at 500 oC to active NH3-

SCR conditions at 300 oC). Nonetheless, the Cu-O distances drop back closer to the 

initial value after calcination suggesting a shift back to the original state of the site.  

 

Rietveld refinement of the in-situ X-ray diffraction data  

Figures 4.9 and 4.10 show the observed, calculated and difference pattern obtained 

from the Rietveld refinement of the XRD data on Cu-SSZ-13 after calcination at 500 
oC and under SCR conditions at 300 oC, respectively, with the corresponding 

experimental and refinement details tabulated in Table 4.5. Tables 4.6 and 4.7 

compare the bond distances and angles obtained from the Rietveld refinement of 

powder X-ray diffraction measurements on Cu-SSZ-13 after calcination at 500 oC and 

under NH3-SCR conditions at 80, 180 and 300 oC.  

 
Figure 4.9: (a) Observed, (b) calculated and (c) di fference patterns obtained from the Rietveld 

refinement of X-ray diffraction collected on Cu-SSZ-13 after calcination at 500 oC. The pattern 

has been magnified for clarification (inset) between 11-20 o -

0.50117 Å; S pace group: R- 3. 
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Figure 4.10: (a) Observed, (b) calculated and (c) difference patterns obtained from the Rietveld 

refinement of X-ray diffraction collected on Cu-SSZ-13 under NH3-SCR conditions at 300 oC. 

The pattern has been magnified for clarification (inset) between 11-20 o -ray synchrotron 

17 Å; S pace group: R-

Vol.: 2345.2 Å3. 

 

Table 4.5: Experimental parameters and goodness of fit factors for Rietveld refinement of XRD 

data obtained on Cu-SSZ-13 after calcination at 500 oC and under NH3-SCR reaction conditions 

at 300 oC. 

 

Experimental parameter 

 

Value 

  

Parameter 

 

Value 

After calcination SCR 300oC 

 0.5011 Å  Chi2 ( 2) 3.4 3.1 

Scanned region 2 ) 2 - 25  Rwp 24.9 (18.2) 24.2 (17.1) 

Refinement region 2 ) 2.8 - 20  Rp 19.1 (13.4) 19.2 (12.5) 

   Rexp 12.98 13.53 (9.53) 
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Table 4.6: Selected bond distances of interest for Cu-SSZ-13 obtained from Rietveld refinement 

of XRD data after calcination at 500 oC and under NH3-SCR reaction conditions at 80, 180 and 

300 oC. 

 

Bond 

 

Distance (Å) 

 After 

calcination 

SCR  

80 oC 

SCR  

180 oC 

SCR  

300 oC 

T1 – O1 1.6166 1.6143 1.6199 1.6215 

T1 – O2 1.6228 1.5995 1.6007 1.5974 

T1 – O3 1.6122 1.6078 1.6102 1.6135 

T1 – O4 1.5847 1.5925 1.5869 1.5985 

T1–O 

(avg .) 

 

1.609 

 

1.6035 

 

1.6044 

 

1.6044 

 

Cu – O1 

 

2.329 

   

2.3427 

 

 

As seen, the average Si-O bond length after calcination and under NH3-SCR 

conditions (1.60 Å) are in close agreement with that obtained from the neutron 

diffraction analysis (Table 4.2) and those reported in literature.11,15 The averaged O – 

T – O bond angle (109.3 o after calcination and 109.4 o under SCR conditions) are also 

in agreement with a tetrahedral coordination. Refinement of the powder pattern 

collected after calcination showed copper to be present in the d6r unit of the CHA 

structure analogous to the results from neutron diffraction. Copper was found to be in 

a planar environment coordinated to three (symmetrically equivalent) oxygen atoms at 

a distance of 2.32 Å. The obvious difference in the Cu-O bond distance as obtained 

from EXAFS (i.e., 1.95 Å) and as obtained from XRD (i.e., 2.32 Å) is inherent in the 

probing order of each technique itself. Whilst EXAFS probes local environments and 

hence can be sens itive to very local changes such as a slight  movement away from the 

center of the d6r, diffraction, being a long-range order technique is limited in 

observing local changes due to symmetry rules that define a refinement. Hence 

shifting the copper position away from the center of the d6r results in a loss of 

symmetry and a poor fit as was also observed by Fickel et al.11 
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Table 4.7: Selected bond angles of interest for Cu-SSZ-13 obtained from Rietveld refinement of 

XRD data after calcination at 500 oC and under NH3-SCR reaction conditions at 80, 180 and 300 
oC. 

 

Angle 

  

Degrees 

  After 

calcination 

SCR 80 oC SCR 180 oC SCR 300 
oC 

O1 – T – O2  107.7 108.1 107.4 106.1 

O1 – T – O3  110.2 109.0 108.4 107.2 

O1 – T – O4  113.5 110.1 110.3 113.9 

O2 – T – O3  106.0 107.9 107.7 108.5 

O2 – T – O4  107.9 109.2 109.6 107.8 

O3 – T – O4 111.0 112.1 113.0 113.0 

O – T – O (avg.)  109.3 109.4 109.4 109.4 

T – O1 – T  146.0 149.3 149.5 148.9 

T – O2 – T  148.8 149.8 149.3 152.8 

T – O3 – T  147.3 147.3 146.6 147.6 

T – O4 – T  142.4 146.9 147.2 141.1 

T – O – T (avg.)  147.4 148.3 148.15 146.9 

 

Upon moving to the NH3-SCR conditions, this phenomenon was seen to have a 

stronger effect on the obtained results. First, slight changes were observed in the bond 

distances and angles between the T and O atoms of the zeolite itself. Secondly, under 

NH3-SCR conditions, at 80 oC and 180 oC, mode ling the Cu in the plane of the d6r 

consistently resulted in the coppe r moving away from the d6r during t he course of the 

refinement. To further account for the movement away from the d6r, four alternative 

cationic positions for copper in the CHA framework structure were also modeled as 

illustrated in Figure 4.12. These positions were: (a) in the center of the 8-membered 

ring window; (b) in the center of the ellipsoidal cavity, (c) in the middle of the d6r 

unit (between the two 6-membered rings); and (d) in the center of the 4-membered 

rings connecting the d6r units. However, the refinements were seen to worsen in each 

case whether the alternative site was modeled alone or in combination with the 

already suggested site in the d6r. 
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Figure 4.11: Fragment of the d6r sub-unit illustrating the crystallographic position of copper in 

the d6r of SSZ-13 as obtained from the Rietveld refinement of the X-ray diffraction data collected 

on Cu-SSZ-13 after calcination at 500 oC and under NH3-SCR conditions at 300 oC. 

Symmetrically non-equivalent oxygen atoms have been labeled with numbers. All T positions 

were modeled and are hence represented as Si. Terminal groups have been removed for visual  

clarity.  

Figure 4.12: Different possible positions of copper in CHA framework structure used for Rietveld 

refinement of powder XRD data. From left top: (a) in the center of the 8-member ring window, 

(b) in the center of the ellipsoidal  cavity, (c) in the center of the d6r unit, (d) in the center of the 4-

M rings connecting two neighboring d6r units. 

4.3.4. Rationalizing the Combined X-ray Spectroscopy and Diffraction 

Information 

Combining the information obtained from both the X-ray absorption spectroscopy and 

diffraction analysis, it is reasonable to suggest a distorting environment of the copper 
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and of the d6r unit of the zeolite (considering slight changes in the T-O bond 

distances) framework over the course of the reaction. At lower temperatures discussed 

herein (~ 125 oC), the XANES and EXAFS data suggest changes in the coordination 

geometry of the copper. This is also reflected by the diffraction, which could neither 

account for the presence of copper on the plane of the 6-membered ring, nor in other 

possible locations in the CHA framework structure. EXAFS, which is sensitive to 

local distortions, suggests the copper maintains its 3-fold coordination with three of 

the 6-membered ring oxygen atoms. However, an add itional Cu-N interaction was 

observed at ~ 2.54 Å. In the NH3-SCR reaction, there are two different N-containing 

reactants, namely NO and NH3. The XANES collected at 125 oC shows a clear split in 

the absorption line, leading to two contributions at 8994 eV and 8998 eV. As 

discussed earlier, this observation correlates to a copper-amine type environment.29–31 

Additionally, NH3, which is a stronger nucleophile due to the presence of a lone pair, 

is more likely to interact with the copper as compared to NO. Finally, coordination of 

linear molecules with an absorbing metal is likely to be reflected in the EXAFS-FTs 

in the form of a significant amplitude enhancement due to multiple scattering effects. 

This was observed, for example with absorbing linear acetonitrile in a Co-ALPO 

system.32 NO, being a linear molecule, would be expected to exhibit a similar 

behaviour, i.e. the contribution from the oxygen of NO would be significantly 

enhanced in the FT. However, the particular contribution in question (expected at ~ 3 

Å) shows no significant enhancement in the EXAFS-FT as seen from Figure 4.7. 

Given the considerations, it is plausible to propose that at lower and ‘less active’ 

temperatures under NH3-SCR conditions, there is a direct interaction of the active site 

with NH3. The highly distorted environment resulting from the Cu-NH3 interaction 

coupled with framework distortions of the zeolite, could possibly provide an 

explanation for not being able to account for a precise position of the copper from the 

refinements performed under these conditions.  

 

Given the direct interaction of Cu with NH3 at lower temperatures, further insight can 

be obtained on the slight differences seen in the XANES spectra collected at the lower 

temperatures. A weak 1s  3d transition at 8977 eV coupled with the transition at 

8982 eV suggested a changing environment for the absorbing copper. A drop in 

oxidation state of the absorbing copper could be held accountable for the changing 

spectra as seen in some past studies.10 However, in the EXAFS fits performed, no 
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changes were observed in the bond distances for the first or second shell after 

calcination at 500 oC and at 125 oC, trimming down the possibility of a reduction 

process under these conditions. In a UV-Vis DRS study of the interaction of ammonia 

with Cu2+ in zeolite Y, Delabie et al. found a shift in the position of the Cu2+ d-d band 

to higher wavenumbers upon adsorbing ammonia at room temperature, a phenomenon 

which was found to be reversible at temperatures > 250 oC.33 However, both the 

intensity and position of the band did not suggest a reduction of the copper present in 

the system. FAU and CHA, although different framework structures, are made up of 

similar sub-units including d6rs. Theoretical calculations were performed in the same 

study, with copper in the plane of a 6-membered ring in zeolite Y coordinatedd to 

three oxygen atoms, analogous to the system presented here. Upon adsorption, the 

ammonia molecule was found to interact with the copper from an axial position 

causing a very distorting environment for both the copper and the 6-membered ring of 

the zeolite.34 Such strong d istor tions in geometry can have a striking e ffect on the pre-

edge features of the XANES spectra. The additional features observed in the XANES 

hence could be accounted for by this change in local coordination geometry rather 

than a redox behaviour effect. The phenomenon is reversible at higher temperatures as 

the Cu-NH3 interaction becomes weak. Figure 4.13 illustrates the proposed changing 

coordination geometry for copper during the reaction, which results in the changing 

features observed in the XANES and the add itional contributions observed from the 

EXAFS analysis under NH3-SCR conditions. At lower temperatures there is a very 

strong interaction of the active site with NH3, causing a change from a square planar 

arrangement to a distorted tetrahedral environment. This conformational change could 

be related to a ‘ammonia blocking’ effect as seen in the past from catalytic activity 

tests at lower temperatures.35,36 Whether the ‘blocking’ interaction of NH3 with the 

active site is a required activation step in the catalytic cycle cannot be confirmed with 

the performed studies. Studies performed on Cu-zeolite systems in the past have 

considered different reaction intermediates. In some cases, the importance of Cu-

amine type species coupled to an interaction with NO has been stressed as a required 

active phase for the SCR reaction,37,38 whilst others have proposed formation of a 

NxOy-Metal species, which further reacts with NH3.39 Delahay and co-workers have 

also suggested that one NH3 molecule remains permanently bonded to the Cu (in Cu-

FAU) over the course of the SCR reaction and the reaction to proceed via a redox 
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cycle involving Cu-NH3 interaction, subsequent oxidation and formation of Cu-NxOy 

species and their further reaction with NH3 to give N2.40 

Nonetheless, there is no indication of the migration of the copper away from the d6r 

unit of the zeolite, especially given the comparable results obtained for the structure 

after calcination at 500 oC and under NH3-SCR conditions at 300 oC. The lattice 

oxygen atoms in the zeolite, although strained, maintain their coo rdination with the 

copper ion, causing the relaxation back to the distorted square planar arrangement at 

higher temperatures, concurrent with maximum activity exhibited by the system. The 

overall position of the isolated copper from the d6r unit of the zeolite is therefore not 

altered and this predominant position acts as the active sites under reaction conditions 

for the NH3-SCR process. 

 

Figure 4.13: Illustrations of the local copper environment in d6r  sub-unit of the CHA framework 

structure. (a) Local structure after calcination at 500 oC with copper on the plane and slight 

distorted from the center of the d6r sub-unit of CHA; (b) interaction with NH3 at ~ 125 oC under 

NH3-SCR conditions resulting in a coordination geometry change; (c) under NH3-SCR conditions 

above 250 oC. The local environment is obtained from EXAFS fits using an initial model  

proposed from the refinement of the corresponding di ffraction data collected at the different 

temperatures. 

4.4. Conclusions  
Cu-SSZ-13 molecular sieves are very active in the NH3-SCR reaction of NOx and 

show a high selectivity towards the desired N2 formation. In this chapter, we have 

examined the origin of the NH3-SCR activity of Cu-SSZ-13 considering the active site 
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location, coordination geometry and redox functionality of the active Cu phase using 

a combination of laboratory and synchrotron-based techniques. The following 

conclusions can be drawn: 

o Isolated mono-nuclear Cu2+ cations located on the plane and slightly distorted 

from the center of the d6r sub-units of SSZ-13 were identified as active sites 

under NH3-SCR reaction conditions at 300 oC. 

o A conformational change (from a square planar to a distorted tetrahedral type 

environment) as a result of a direct interaction of NH3 with copper as seen at 

lower temperatures (~ 125 oC) correlates to a lower catalytic activity of the 

system at these temperatures. This change  in the coordination geometry was 

reversible at higher temperatures and was concurrent with observing 

maximum catalytic activity. 

o The importance of this Cu-NH3 ‘blocking’ interaction in the catalytic cycle is 

challenging to address given the scope of this study. Combined spectroscopic 

studies focused within these (lower) temperature ranges and with altering 

reactant gas concentrations could reveal further valuable information on 

maximizing activity under these conditions. 
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Chapter 5 

 

Interaction of Selective Catalytic Reduction relevant gasses 

with the Active Site in Cu-SSZ-13: A Combined XAS/HRPD 

Study of ‘Cryo-Cooled’ Systems 

 

Abstract 
In Chapter 4, we established the active sites present in Cu-SSZ-13 under NH3-SCR 
conditions using combined X-ray absorption spectroscopy and diffraction. It was 
shown that the excellent deNOx performance of Cu-SSZ-13 is derived from isolated 
Cu2+ ions present on the plane of 6-membered rings in the zeolite structure. The 
unique ‘single site ’ location of Cu renders Cu-SSZ-13 catalysts not only as the most 
active metal-zeolite in the SCR reaction, but also as an excellent model system for 
fundamental studies since the Cu ions occupy only one type of highly accessible site 
after calcination. In this work, we examine the interaction of NH3-SCR relevant 
gasses using a combination of X-ray absorption spectroscopy and diffraction 
measurements after expos ure to NO, NH3 and the SCR gas mix of NO + NH3 + O2. 
Once exposed to the gasses (at RT for NO or NH3 and at 300 oC for the SCR mix), the 
samples were ‘flash cooled’ to - 180 oC to quench the adsorption/reaction processes. 
Analysis of the data allowed us to elucidate structurally the interaction of the 
individual gasses with the Cu active sites. NO was present in the cages of the SSZ-13 
structure, coo rdinating to Cu2+ ions in an axial pos ition. In contrast, the coo rdination 
of NH3 results in a migration of Cu2+ ions from the plane of the 6-membered rings to 
the cages of the SSZ-13 structure resulting in a Cu-amine complex. The presence of 
add itiona l water appears to result in a fluxional behavior between square pyramidal 
and trigonal bypiramidal arrangements, the latter being stable at lower temperatures. 
Under SCR conditions, Cu2+ maintains its position in the vicinity of the plane of the 
6-membered rings with a gradual movement off the plane towards the cages of SSZ-
13. Additional NxOy type species are found to be present close to the Cu-active site 
and the 6-membered rings of the zeolite structure, which are proposed to be evidence 
for the formation of NO2 as the first step in the catalytic reaction.   
 
 
 
 
This work is based on the manuscript: “Cu-Zeolite Catalysts for NOx Abatement Studied in Suspended 
Animat ion to Obtain Insight into their Modus Operandi”, U. Deka, I. Lezcano-Gonzalez, D. S. Wragg, 
B. M. Weckhuysen, A. M. Beale, submitted. 
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5.1. Introduction 

Cu-zeolites with the CHA structure, such as Cu-SSZ-13, are excellent catalysts for the 

NH3-assisted SCR of NOx. In Chapter 4, the elucidation of active sites under NH3-

SCR reaction conditions allowed us to correlate the high activity shown by these 

systems to the unique pos ition of coppe r on the plane of the d6r units of the zeolite. 

With that in mind, Cu-SSZ-13 offers a unique situation for the study of catalytic 

reactions over the structure, especially when using copper as the metal component. In 

a metal-based zeolite catalyst, specific ion exchange sites govern the (extra-

framework) position of the metal center thereby forming the ‘active site’ of the 

catalyst. Most zeolites however, can have multiple exchange sites for the metal cation. 

As a result, one can expect multiple copper species in these catalysts, as is possible in 

the case of Cu-ZSM-5.1 Most spectroscopic techniques are very sensitive to the 

environment of ions and species coordinating closely to the zeolite framework, an 

advantage in the study of zeolites. However, in the presence of multiple sites, and 

hence multiple coordination environments, this causes problems when identifying the 

active site and the reaction mechanism. Owing to the unique copper ion location in 

zeolite SSZ-13, direct probing of (only) the active site is then possible. As such, this 

particular system, which is very active for NH3-SCR, has the added benefit of being 

an excellent model system to study reactions over copper zeolites. ‘Volume-averaged’ 

information obtained from common bulk measurements can therefore be directly 

correlated to the structure-performance relationships in this system since all of the 

data collected directly correspond to this unique site.  

 

In this Chapter, we present our attempts at understanding the interaction of various 

SCR relevant gases with the active site in Cu-SSZ-13. Cu-SSZ-13 samples were 

studied using combined X-ray absorption spectroscopy and diffraction after exposure 

to either NO or NH3 or a mixture of NO, NH3 and O2. After exposure to the gasses at 

different temperatures, the samples were ‘flash cooled’ down to - 180 oC. The idea 

behind this was to ‘quench’ the reaction and trap adsorbed species as most as possible. 

A ‘quenching’ strategy has been successfully used in the past (with NMR) to study 

reaction intermediates in the Methanol to Hydrocarbon reaction.2 This study is the 

first attempt towards understanding the interaction of SCR relevant gases with the 

active site in Cu-SSZ-13 utilizing a ‘quenching’ strategy. Furthermore, the work is an 
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attempt towards using advanced diffraction analysis tools to study catalytically 

relevant solid-gas interfaces as seen in a few recent works.3,4 The inherent limitation 

of long-range sensitivity in diffraction is countered by the sequential acquisition of X-

ray absorption spectroscopy data and both data sets are used to complement each 

other and arrive at a proposed solution. To analyze the various interactions, initially 

the XANES spectra are considered. XANES gives an idea of the electronic state and 

the coordination geometry around the Cu atom, thereby allowing us to assess any 

deviations from the proposed structure of the calcined sample in the past.1,5 Next, the 

XRD data is used to propose a model for the active site interacting with various 

gasses. Following this, EXAFS is used to accurately define the local environment 

around Cu considering the diffraction model as a basis.  

 

5.2. Experimental  

Details regarding the preparation of Cu-SSZ-13 and catalyst pre-characterization are 

already discussed in Chapter 3 and will not be discussed herein.  

 

5.2.1. Synchrotron-based Combined X-ray Absorption Spectroscopy and 

Diffraction  

Combined XAS/XRD measurements were performed at the Swiss-Norwegian 

beamline (SNBL) of the European Synchrotron Research Facility (ESRF, Grenoble, 

France). SNBL offers a pre-set gas rig, thereby enabling in-situ type measurements 

without the need of assembling additional setups. To adapt to the laboratory plug flow 

conditions, sieved fractions of samples were packed into quartz capillaries (2 mm 

diameter). The outlet was connected to a mass spectrometer to give an online product 

analys is. The samples were studied in two stages. To study the adsorption behavior of 

NO and NH3, the sample was first dried by heating to 400 oC, in a 5 % O2/He flow 

(20 ml/min). This was allowed to cool to room temperature (RT), at which stage the 

gas flow was changed to 10 ml of 0.5 % NO/He (or 0.5 % NH3/He) and allowed to 

reach steady state for 10 min. At this stage, the heat gun was turned o ff and a cryo-gun 

(attached to a liquid nitrogen tank) was used to ‘flash-cool’ the system down to a 

temperature of  ~ - 180 oC within 3 - 5 min. To study the system under NH3-SCR 

conditions, the sample was pre-dried as mentioned above in a 5 % O2/He gas mixture. 
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Upon cooling to RT, the sample was heated to 300 oC at 2 oC/min, with a feed 

composition of 1000 ppm NO, 1000 ppm NH3, 5 % O2 and He balance, thereby 

making up to a total flow of 40 ml/min. The system was left to dwell at 300  oC for 30 

min to reach a steady state. At this stage, the cryo-gun was switched on, similar to as 

described above. A schematic of the setup is presented in Figure 5.1.   

 

Figure 5.1: (a) Photograph of the experimental  setup used for the combined XAS/XRD studies at 

beamline SNBL of the ES RF with the corresponding  magnification of the area around the sample 

environment. (b) The illustration shows only the region around the capillary; the various 

positions for the corresponding detectors, heat gun and cryo-cool gun.  

Using a Si(111) double crystal monochromator, X-ray absorption data at the Cu K-

edge (8979 eV) were collected in transmission mode at RT, 300 oC and after cryo-

cooling. X-ray diffraction data were recorded between 2 – 25 o 2  

of 0.50117 Å. The particular diffractometer used features 5 Si(111) analyzer crystals 

and the collected diffraction data were then summed and averaged over all detectors. 

XAFS/XRD data were collected in succession to each other. Acquisition was 

performed over several minutes, to obtain good statistics (signal-to-noise) for the data 

collected. The X-ray absorption data were background corrected using Athena 

(IFFEFIT software package). The normalized data were k3-weighed and a least 

squares fitting analysis was performed over a k-range of 3 - 11 Å-1. The FT of the k3-

weighed data were phase corrected and fit (using single scattering paths) to the 

proposed theoretical model5 using the DL-EXCURV program.6 An amplitude 
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reduction factor (So
2) value of 0.9 was used for all data sets.7 Prior to performing 

Rietveld refinements, (equally weighted) LeBail extractions were carried out using 

the GSAS package on all data-sets to obtain the peak-shape parameters. The 

background profile was corrected using a 12 coefficient Chebyshev polynomial. The 

peak profiles were modeled using a Pseudo-Voigt function. Using the same 

background and profile functions, Rietveld refinement of the X-ray diffraction data 

(2.8 – 20 o -GUI interface).8,9 All 

tetrahedral positions were modeled as Si atoms. The initial unit cell and 

crystallographic information were taken from the structure proposed by us for Cu-

SSZ-13 under SCR conditions at 300 oC.5 The coordinates were initially allowed to 

refine owing to slight displacement that might have occurred as a result of the instant 

cooling. The thermal parameter (Uiso) was first refined for Si and then fixed for all 

other components. Upon reaching a stable refinement, a difference Fourier analysis 

was performed using the Expedit, Fourier and Forsch programs (embedded in the 

GSAS package). Any electron density found very close to the framework (< 0.5 Å) 

was disregarded. The CHA framework is known to be flexible and therefore, even at 

such low temperatures, can show residual density from moving framework atoms as 

was observed from a difference analysis. Once a difference analysis was performed, 

possible atoms were fixed to their respective positions and allowed to refine in 

occupancy. Typically, symmetry positions were included in the descending order of 

their (difference) scattering intensity and were only included in the model if they 

resulted in an improvement of the refinement. 

 

5.3. Results and discussion 

5.3.1. Effect of Cryo-coo ling on Cu-SSZ-13  

Any material, especially zeolite-based catalysts, can be expected to (partially) 

collapse or structurally rearrange as a result of exposure to extremes of temperatures. 

In this particular study, Cu-SSZ-13 samples were exposed to a wide range of 

temperatures from 400 oC to – 180 oC within a relatively short period time. Figure 5.2 

compares the diffraction patterns of the samples measured at different temperatures 

and under different conditions. The patterns show no obvious effect on the long range 

order of Cu-SSZ-13 as a result of the experimental conditions. The increase in the 

observed intensities is due to the effect of temperature on the counts collected (due to 



 

  122   

lower thermal motion or dynamic disorder). There are, however, additional peaks (at d 

spacings of 5.18, 4.37, 3.59, 3.28, 2.93, 2.60 and 2.36 Å) observed in the pattern 

collected for Cu-SSZ-13 at - 180 oC after being exposed to SCR conditions. This 

additional phase(s) was not due to damage to the system and is discussed further in 

the text. Table 5.1 lists the dimensions (a and c) and volume for the trigonal R-3m 

SSZ-13 unit cell under different conditions and as published in the IZA database for a 

natural CHA analogue. A comparison of the samples measured at - 180 oC to the 

sample measured at room temperature (after calcination) shows less than 1 % 

variation in any of the presented values. The comparatively lower cell volume for the 

sample at 300 oC is a known phenomenon of negative thermal expansion seen 

amongst other structures in zeolites, e.g. FAU or CHA.10 

 

 

Figure 5.2: Raw XRD patterns of Cu-SSZ-13 measured at (a) 300 oC under NH3-SCR conditions 

and at –  180 oC after exposure to (b) NO, (c) NH3,  and (d) NH3-SCR gas mix. Inset: 

Magnification of the region between 11-19 o  
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Table 5.1: Unit cell dimensions and volume for Cu-SSZ-13 under different gas atmos pheres and 

temperatures as calculated from Le Bail extractions performed on corres ponding XRD data.  

The values from the IZA database corres pond to the natural CHA and not synthetic SSZ-13. 

 

Condition/ Source 

Unit cell (R-3m) constants 

a/b c Volume 

IZA database std. (CHA) 13.675 14.767 2391.59 

After calcination @ RT* 13.560 14.774 2352.61 

Under SCR  @ 300 oC* 13.530 14.792 2345.26 

No gas @ -180 oC 13.590 14.757 2360.67 

After NO @ -180 o C 13.555 14.804 2355.90 

After NH3  @ -180 oC 13.579 14.758 2356.77 

After SCR @ -180 o C 13.585 14.767 2360.27 

* Data taken from Chapter 4. 

5.3.2. Interaction with NO 

The interaction of NO with Cu-SSZ-13 was followed by first drying the zeolite at 400  
oC, followed by exposure to NO (in He) once the sample was cooled to room 

temperature. The sample was further “flash cooled” to - 180 oC, after stopping the 

flow of NO. Figure 5.3  shows the Cu K-edge XANES spectra of Cu-SSZ-13 collected 

at RT and at - 180 oC after exposure to NO. Figure 5.3 also shows the XANES 

spectrum of Cu-SSZ-13 collected after calcination at 500 oC and in the absence of 

reactants. Using the same spectrum as a basis and further performing DFT 

calculations to obtain a theoretical XANES spectrum allowed us to confirm a 

proposed model for the local Cu-environment in SSZ-13 in the past.5 Therefore, the 

spectrum serves as a reference for the purpose of this study. In the case for NO 

interaction, distinct pre-edge features appear which are typical of Cu-SSZ-13.  

 

A pr e-edge feature at ~ 8977 eV (labeled 1 and magnified in Figure 5.3, inset), is 

attributed to a dipole forbidden 1s  3d transition observed in Cu2+ systems.11–13 This 

pre-edge feature serves as a signature for the presence of Cu2+ species since Cu+ 

systems with a filled d10 orbital do not have this transition. The next pre-edge feature 

(labeled 2) at the absorption threshold (~ 8986 eV) is a well known feature for Cu-

based zeolites and is attributed to a Cu2+ 1s  4pz + ligand-Cu2+ charge transfer 
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excitation akin to that seen in planar Cu(OH)2 systems. The given pre-edge features 

and white line position suggests that copper is present in the same environment (as 

suggested by us before)5 on the plane of the d6r units of the CHA structure and cryo-

cooling the system does not seem to affect the local environment. Compared to the 

reference spectrum, there is no indication for a change in the Cu oxidation state or 

geometry as a result of a Cu-NO interaction.  

 

Figure 5.4(i) shows the observed, calculated and difference patterns obtained from the 

Rietveld refinement of XRD data collected on Cu-SSZ-13 at - 180 oC after exposure 

to NO. Tables 5.2 - 5.4 list the corresponding goodness of fit values, bond distances 

and bond angles of interest, respectively. The obtained bond distances and angles are 

also compared to that already reported in Chapter 4 on an ‘active’ system under SCR 

conditions at 300 oC.5 In this respect there is a slight (0.02 Å) increase in the average 

T-O bond length when compared to our previously reported system and those reported 

in literature.5,14 This is also reflected in the slight increase in the c-axis of the unit cell 

listed in Table 5.1. However, the difference is insufficient to suggest any real 

structural change in the system. The average O-T-O bond angle (109.3 o) obtained for 

the case of NO is in very good agreement to suggest a tetrahedral coordination for the 

Si as expected in a zeolite structure. Cu2+ was found to have a preference for the plane 

of the d6r rings in accordance with our previous observations.  
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Figure 5.3: Cu K-edge XANES s pectra of Cu-SSZ-13 exposed to di fferent gasses and collected at 

three di fferent temperatures. (Black) Reference s pectrum of calcined Cu-SSZ-13 in 5 %  O2/He 

and collected at 500 oC; (Red) exposed to NO and collected at RT and (Blue) exposed to NO and 

collected - 180 oC. Inset: Magnification of the pre-edge feature (1) at ~ 8977 eV. 

Figure 5.4: (i): (a) Observed, (b) calculated and (c) di fference patterns obtained from the Rietveld 

refinement of XRD data collected on Cu-SSZ-13 at - 180 oC after exposure to NO at RT.  Inset: 

Magnification of the region between 11-19 o -SSZ-13 

structure as obtained from difference Fourier maps after Rietveld refinement of XRD patterns 

collected at -180 oC after exposure to at NO at RT. The centers of the missing density are 

represented by red (for O) and white (for N) balls respectively within the mesh map. 
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Table 5.2: Experimental  parameters and goodness of fit factors for Rietveld refinement of XRD 

data collected at – 180 oC on Cu-SSZ-13 exposed to di fferent gas atmos pheres.  Values in 

brackets are without including background correction (i.e . -Bkg). 

 

Experimental Parameter 

 

Experiment 

 

Rwp 

 

Rp 

 0.50117 Å  NO 17.63 (19.94) 14.39 (16.17) 

Scanned region 2 – 25 o  NH3  21.33 (23.03) 17.70 (20.54) 

Refinement region  2 – 20 o  NH3-SCR 19.12 (21.53) 14.39 (16.20) 

 

Table 5.3: Selected bond distances of interest for Cu-SSZ-13 obtained from Rietveld refinement 

of XRD data after exposure to NO and further ‘flash-cooling’ to -180 oC. 

 

Bond 

 

Distance (Å) 

 SCR 300 
oC* 

NO -180 oC 

T1 – O1 1.621 1.645 

T1 – O2 1.597 1.623 

T1 – O3 1.613 1.634 

T1 – O4 1.598 1.602 

T1 – O 

(avg) 

1.604 1.626 

Cu – O1 2.342 2.319 

Cu – N1 --- 2.595 

*Data taken from Chapter 4 

 

The position of NO was obtained by performing difference Fourier analysis on the 

pattern after refinement of the Cu-SSZ-13 structure as shown Figure 5.4(ii). Missing 

electron density was found on the framework atoms (especially Si and O1) suggesting 

the presence of slight disorder. Although the thermal (or dynamic) disorder in the 

system is minimized, slight static disorder is likely to be present at the atomic level. 

Therefore, although not  a real interruption to the period icity of the system, the 

repeating unit cells could have slight discrepancy on the exact atomic position of each 
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framework atom. More interestingly, missing electron density was also found to be 

centered in the cage of the SSZ-13 around two symmetrically unique positions (hot-

spots) as illustrated in Figure 5.4(ii). Unfortunately, X-rays cannot distinguish 

between either N or O, owing to their close absorption and scattering coefficients. 

Therefore based on the given results, one cannot directly assign either ‘hot-spot’ to an 

N or O atom. Nonetheless, to present a working hypothesis, a linear (rather than bent) 

NO molecule is proposed to be coordinated with the N facing towards the copper at a 

distance of ~ 2.59  Å away from it. Positioning the N and O atoms at the 

corresponding scattering vectors (of missing e-density) gave a N-O distance of 1.09 

Å, close to the known gas phase average bond length of 1.15 Å for N O. The 

corresponding structural phase information including refined atomic positions, 

occupancies, symmetry and thermal parameters are listed in Table 5.5. 

 

Table 5.4: Selected bond angles of interest for Cu-SSZ-13 obtained from Rietveld refinement of 

XRD data after exposure to NO and further ‘flash cooled’ to - 180 oC. 

 

Angle 

  

Degrees 

  SCR 300 
oC* 

NO -180 oC 

O1 – T – O2  106.1 110.1 

O1 – T – O3  107.2 107.0 

O1 – T – O4  113.9 114.4 

O2 – T – O3  108.5 103.5 

O2 – T – O4  107.8 106.8 

O3 – T – O4 113.0 114.1 

O – T – O (avg.)  109.4 109.3 

T – O1 – T  148.9 142.6 

T – O2 – T  152.8 146.5 

T – O3 – T  147.6 142.5 

T – O4 – T  141.1 141.1 

T – O – T (avg.)  147.6 143.1 

*Data taken from Chapter 4 



 

  128   

Table 5.5: Refined atomic positions, thermal parameters and occupancies obtained from Rietveld 

refinement of XRD data collected on Cu-SSZ-13 exposed to NO at RT and flash cooled to - 180 
oC.  

Atom x/a y/b z/c Uiso Occ Mult./Sym 

T1 0.00051 0.2294 0.10207 0.02692 1 36i 

O1 0.90311 0.09679 0.12416 0.02692 1 18h  

O2 0.64937 0.64937 0.5 0.02692 1 18g  

O3 0.12285 0.24571 0.13506 0.02692 1 18h  

O4 0 0.26841 0 0.02692 1 18f 

Cu1 0 0 0.155 0.02692 0.05 6c 

N1 0.00012 -0.00012 0.3303 0.02692 0.038 18h  

O5 0.00011 -0.00011 0.40447 0.02692 0.038 18h  

 

 

To present a better understanding of the local copper environment, and complement 

the observations from the diffraction analysis, single scattering analysis were 

performed on the k3-weighted EXAFS data. Figure 5.5 shows the measured k3-

weighted EXAFS data and the corresponding FTs along with the simulated fits. The 

initial models were based on the information obtained from diffraction analysis and 

further optimized to account for any local differences in the Cu environment. The 

obtained near neighbor distances, coordination numbers and Debye-Waller factors are 

listed in Table 5.6. The EXAFS-FT results present a picture for the Cu local 

environment similar to that obtained on a Cu-SSZ-13 previously, with Cu slightly off 

center on the 6-membered ring sub-units of the SSZ-13 structure.5 The Cu-N(O) 

interaction appears as a contribution at 2.61 Å, in good agreement with the distance 

obtained from the diffraction analysis. Finally, there is a strong feature that appears at 

~ 3 – 3.5 Å in the EXAFS-FT. T he coordination of linear molecules with an adsorbing 

metal is known to be reflected in the EXAFS-FTs in the form of a significant 

amplitude enhancement due to multiple scattering effects. This was observed, for 

example with adsorbing linear acetonitrile in a Co-ALPO system.15 NO, being a linear 

molecule, would exhibit a similar behaviour, i.e. the contribution from the oxygen of 

NO would be significantly enhanced in the FT. The relatively high intensity of this 

feature further suppo rts the propo sal of a linear NO interacting with the Cu-active 
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sites.  An illustration of the proposed model is presented in Figure 5.5. The Cu-N 

bond distance, shown in Figure 5.5, is based on the EXAFS analysis. The numbering 

of atoms corresponds to the XRD model above. 

 

Figure 5.5: Cu K-edge k3-weighted EXAFS data (a) and corresponding FTs of the k3 data (b) 

collected on Cu-SSZ-13 at -180 oC after exposure to NO at RT. 

 

Table 5.6: Parameters obtained from analysis of Cu K-edge k3-weighted EXAFS data of Cu-SSZ-

13 collected at - 180 oC after exposure to NO.[a] 

 

Temperature 

 

Shells 

 

r (Å) 

 

N 

 

2 2(Å2) 

 

 

 

After exposure to 

NO 

Cu – O 1.93 2.8 0.013 

Cu – Si 2.17 2 0.032 

Cu – N 2.61 1 0.022 

Cu – Si 3.13 2 0.017 

R = 19.63; Ef  = 4.9951 

[a]r -Waller factor; R = statistical goodn ess 

of fit factor; Ef = Fermi energy (edge position). 
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Figure 5.5: Proposed model  for interaction of NO with Cu in Cu-SSZ-13 at - 180 oC after 

exposure to NO at RT. Note: The final distances are based on the EXAFS analysis.  

Considering the combined information, we propose that individual NO molecules 

interact with Cu in Cu-SSZ-13 in a linear fashion. The Cu2+ was seen to slightly move 

(0.2 Å) away from the plane of the d6r. The planar environment of the Cu2+ ions on 

the d6r units of the SSZ-13 structure does not allow for the formation of dinitrosyl 

complexes. This was also observed in a comparative study of Co-exchanged zeolites 

X, Y and A. The multiple cation locations in zeolites with the FAU structure (X, Y) 

allowed for the formation of Co-dinitrosyl complexes. However, the planar 

coordination of Co in the 6-membered rings of zeolite A results in a Co-

(mono)nitrosyl complex due to repulsive forces from the zeolite framework.16 A 

similar interaction with NO has been seen in the past for a Co- loaded metal organic 

framework ([Co2(C8H2O6)(H2O)2] 2O), where NO was found to interact with the 

individual Co atoms via the N-atom.17 In their case, the NO molecule was slightly 

bent with respect to the Co and at distance of 2.20 Å compared to 2.61 Å obtained by 

us. Single crystal studies on the adsorption of NO in Cd2+-X also showed similar 

results with a slightly bent coordination of the NO molecule to the Cd2+ atoms.18 FAU 

is a structural ana logue of CHA with much larger cages. The Cd2+ atoms were present 

in four different sites including in the d6r units as seen in CHA. However, the 

interaction observed in the study was with Cd2+ ions located in the sodalite cavities 

(labeled site SII in FAU) closer to the supercages of the zeolite structure. Based on the 

bent coordination and the bond distances obtained, the authors conclude a neutral NO 

molecule interacting with the Cd2+ ions in their case. Although an M-N-O bond angle 

of 180 o has been assigned to cationic nitrosyl ligands, additional structural data have 
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shown that there is no correlation be tween the effective charge or the ligand (NO) and 

the geometry of the molecule with respect to the metal group.16 The linear nature of 

the NO – Cu2+ ions in this study therefore does not necessarily suggest a reduction of 

the Cu as a result of a NO+ - Cu+ complex. Finally, an extensive interaction with the 

Cu would also result in the N-O bond becoming longer than is known for the gas 

phase length of NO. However, the obtained N-O bond distance of 1.09 Å is closer to 

that of a N , we propose a 

neutral NO molecule interacting with the Cu-sites without the formation of an ionic 

ligand.  

 

5.3.3. Interaction with NH3 

The same procedure as with NO was used to study the interaction of NH3 with Cu in 

Cu-SSZ-13. Figure 5.7 shows the Cu K-edge XANES spectra of Cu-SSZ-13 collected 

at RT and - 180 oC after exposure to NH3. Comparing the two data sets obtained upon 

NH3 exposure, an ‘enhancement’ is seen for pre-edge feature 2 (highlighted in Figure 

5.7). The pre-edge feature at 8977 eV, a signature for Cu2+ systems as discussed 

above, appears to be present in both spectra, although the overall feature is less 

pronounced when compared to the case of NO exposure or to the reference spectrum. 

A study performed by Sano et al.19 on several Cu2+ complexes (with four identical 

ligands) showed the intensity of the 1s  3d transition to depend on the dihedral 

angle formed between the two thus formed planes. The resulting drop in intensity in 

this case therefore could be either attributed to a reduction or a change in coordination 

geometry to a higher symmetry. Feature 2 appears at 8994 eV and there is a distinct 

enhancement of this feature for the spectrum measured at - 180 oC. A similar 

transition was observed by us under in-situ SCR conditions at temperature regions of 

low NOx conversion5 and in other case studies.20,21 The feature, when distinct as in the 

spectrum collected at - 180 oC, is representative of copper in a square planar amine 

environment and the contribution was explained by Chaboy et al. as resulting from 

two final configurations of 3d9 and d10L of the absorber atom (L = ligand hole).22 

Contrary to the case of NO, and upon comparison to the reference spectrum, the 

XANES in this case suggests a strong Cu-NH3 interaction resulting in a change in the 

local environment for the absorbing copper. 
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Figure 5.7: Cu K-edge XANES s pectra of Cu-SSZ-13 exposed to di fferent gasses and collected at 

three di fferent temperatures. (Black) Reference s pectrum of calcined Cu-SSZ-13 in 5 %  O2/He 

and collected at 500 oC; (Red) exposed to NH3 and collected at RT and (Blue) exposed to NH3  and 

collected - 180 oC. Inset: Magnification of the pre-edge feature (1) at ~ 8977 eV. 

 
Figure 5.8: (i): (a) Observed, (b) calculated and (c) di fference patterns obtained from the 

Rietveld refinement of XRD data collected at - 180 oC on Cu-SSZ-13 after exposure to NH3 at 

RT.  Inset: Magnification of the region between 11-19 o al electron density in the 

Cu-SSZ-13 structure as obtained from difference Fourier maps after Rietveld refinement of XRD 

patterns collected at -180 oC after exposure to at NH3 at RT. The centers of the missing density 

are represented by red (for O) and magenta (for N) balls respectively within the mesh map. 

Figure 5.8(i) shows the observed, calculated and difference patterns obtained from the 

Rietveld refinement of XRD data collected on Cu-SSZ-13 at - 180 oC after exposure 

to NH3. Tables 5.2, 5.7 and 5.8 list the corresponding goodness of fit values, bond 
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distances and bond angles of interest, respectively. Compared to the sample with NO 

exposure, in this case the average T-O bond length is closer to the expected value of 

1.60 Å. The average O-T-O bond angle (109.3 o) identical to the case of NO is in very 

good agreement to suggest a tetrahedral coordination for the Si as expected in a 

zeolite structure. However, in this case, Cu was not found on the plane of the d6r 

plane. Allowing the position of Cu to refine resulted in a considerably large 

movement along the symmetry allowed z-axis towards the SSZ-13 cage. Fourier 

difference analysis performed with the ‘displaced’ Cu showed significant electron 

density surrounding the pos ition of the copper, much higher in the system when 

compared to the case of exposure to NO, as illustrated in Figure 5.8(ii). 

 

Table 5.7: Selected bond distances of interest for Cu-SSZ-13 obtained from Rietveld refinement 

of XRD data after exposure to NH3  and further ‘flash-cooling’ to - 180 oC. 

 

Bond 

 

Distance (Å) 

 SCR 300 
oC* 

NH3 -180 oC 

T1 – O1 1.621 1.634 

T1 – O2 1.597 1.599 

T1 – O3 1.613 1.634 

T1 – O4 1.598 1.587 

T1 – O 

(avg) 

1.604 1.613 

Cu – O1 2.342 4.304 

Cu – 

N1/N2 

--- 1.941/2.183 

Cu – O5 --- 1.45 

* Data taken from Chapter 4 

 

As before, missing electron density was also found on the framework atoms. These 

positions were discarded from the analysis. Placing a N-atom (N1) at the scattering 

vector of highest intensity resulted in an improvement of 8 % in the refinement. Upon 

refinement without any constraint, the occupancy of the position was seen to go 
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higher than 1 atom per site. Since the occupancy of greater than 1 atom per site does 

not have any physical meaning, a second position, on the same plane lacking electron 

density, could be modeled for N (N2). Fixing the occupancy of N1 to 1 and allowing 

the N2 occupancy to refine led to a value of 0.34 per site for N2. The fractional 

occupancy of the two symmetrically non-equivalent sites add-up together and equate 

to the presence of four N-atoms surrounding the Cu2+ ion. Therefore, it is plausible to 

suggest the presence of a square planar arrangement of NH3 ligands around the Cu2+ 

ion. The obtained Cu-N bond distances (Table 5.7) were 1.95 Å and 2.18 Å for N1 

and N2, respectively. An additional component was also seen in the analysis axial to 

the Cu2+ ion and at a distance of 2.45 Å away from it. It is not clear whether this 

contribution could be real or arise due to a trailing density shown by the mobile Cu-

ion. The corresponding structural phase information including refined atomic 

positions, occupancies, symmetry and thermal parameters obtained from the 

refinements are listed in Table 5.9. 

Table 5.8: Selected bond angles of interest for Cu-SSZ-13 obtained from Rietveld refinement of 

XRD data after exposure to NH3 and further ‘flash cooled’ to - 180 oC. 

 

Angle 

 

Degrees 

 SCR 300 
oC* 

NH3 -180 oC 

O1 – T – O2 106.1 107.9 

O1 – T – O3 107.2 107.4 

O1 – T – O4 113.9 111.7 

O2 – T – O3 108.5 105.9 

O2 – T – O4 107.8 109.9 

O3 – T – O4 113.0 113.5 

O – T – O (avg.) 109.4 109.3 

T – O1 – T 148.9 146.4 

T – O2 – T 152.8 148.0 

T – O3 – T 147.6 144.2 

T – O4 – T 141.1 148.1 

T – O – T (avg.) 147.6 146.6 

* Data taken from Chapter 4 
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Table 5.9: Refined atomic positions, thermal parameters and occupancies obtained from Rietveld 

refinement of XRD data collected on Cu-SSZ-13 exposed to NH3 at RT and flash cooled to - 180 
oC. 

Atom x/a y/b z/c Uiso Occ Mult./Sym 

T1 0.00046 0.22992 0.10343 0.00416 1 36i 

O1 0.89975 0.10015 0.1256 0.00416 1 18h  

O2 0.6477 0.6477 0.5 0.00416 1 18g  

O3 0.12060 0.2412 0.1363 0.00416 1 18h  

O4 0 0.2619 0 0.00416 1 18f 

Cu1 0 0 0.36964 0.00416 0.05 6c 

N1 0.25134 0.50268 0.2779 0.00416 1 18h  

N2 0.24103 0.48206 0.02024 0.00416 0.34257 18h  

O5 0.00100 -0.00100 0.76000 0.00416 0.04 18h  

 

Using a model proposed from the diffraction analysis, the EXAFS data collected at - 

180 oC were analyzed. Figure 5.9 illustrates the experimental data and simulated fits 

of the k3-weighted EXAFS data and the corresponding FTs. The results obtained from 

the analysis of the k3-weighted EXAFS data are listed in Table 5.10. The first 

contribution from the EXAFS-FT at 2.03 Å could be fit to N-atoms with a 

coordination number of 3.4. The XRD model, in this case, clearly shows that copper 

is actually present in the cages of the SSZ-13 structure and much further away from 

the 6-membered ring planes of the zeolite. The N-atoms represent NH3 molecules, 

which as seen from the XRD analys is, forms a square planar complex with the coppe r. 

The second contribution in the EXAFS-FT was observed at a distance of 2.68 Å with 

a coordination number of ~ 1. In comparison to the model proposed from the 

diffraction analysis, this would be the interaction observed axial to the Cu2+.  An 

illustration of this proposed model is presented in Figure 5.10. The bond distances 

shown in the figure are based on the EXAFS ana lysis discussed in the following 

section. 
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Figure 5.9: Cu K-edge k3-weighted EXAFS  data (a) and corresponding  Fourier transforms of the 

k3 data (b) collected on Cu-SSZ-13 at - 180 oC after exposure to NH3 at RT.

Table 5.10: Parameters obtained from analysis of Cu K-edge k3-weighted EXAFS data of Cu-

SSZ-13 collected at - 180 oC after exposure to NH3.[a] 

 

Temperature 

 

Shells 

 

r (Å) 

 

N 

 

2 2(Å2) 

 

After exposure to 

NH3

Cu –N 2.03 3.4 0.008 

Cu – O 2.68 1.20 0.011 

R = 23.81 ;Ef = -0.6793

[a]r = averaged di -Waller factor; R = statistical goodn ess 

of fit factor; Ef = Fermi energy (edge position). 

Figure 5.10: Proposed model  for interaction of NH3 with Cu in Cu-SSZ-13 at - 180 oC after 

exposure to NH3 at RT. Note: The structure is obtained from XRD analysis and the Cu-O and 

Cu-N distances optimized based on the EXAFS analysis.  
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There is a discrepancy of 0.23 Å between the distance obtained from XRD (2.45 Å) 

and that obtained from EXAFS (2.68 Å). This could arise from the movement of Cu 

and the corresponding ligands with respect to a (distorted) square pyramidal complex 

as mentioned earlier. Square planar Cu2+-tetraamine complexes inside zeolites cages 

were observed in a series of work performed by Lunsford and co-workers.23–25 In 

these particular studies, the authors studied the NH3-SCR reaction over Cu-Y zeolites 

and proposed the [Cu(NH3)4]2+ as an active reaction intermediate for the reaction. 

Based on EPR studies, they could also conclude that the complex stabilizes after 

coordination with four ammonia molecules and addition of more ammonia does not 

influence the complex. Owing to this observation and the low site occupancy obt ained 

from the diffraction analysis, one could ignore this contribution. However, EXAFS-

FT shows a clear contribution at 2.68 Å. With this in consideration and the 

observations from past literature, the position was modeled for O-atoms rather than 

for N-atoms. Since oxygen (or any other source of O) was not present in the gas feed, 

the contribution could be explained by a small amount of water present in the system. 

5-coordinate CuN4X-type systems with a square pyramidal geometry are known in 

literature.26 However, such complexes exist in distorted forms and are typically 

known exhibit fluxional behavior and to oscillate between square pyramidal and 

trigonal bipyramidal forms, the former arrangement being favored at lower 

temperature.27,28 This may explain the Cu-N coordination number observed in the 

EXAFS analysis which came out to be 3.4 instead of 4 as expected from the model 

proposed via diffraction. As a result of changing coordination, the observed 

environment, especially by EXAFS would be an average of the different coordination 

environments. Furthermore, the obtained fractional occupancy per site for N2 site in 

the XRD analysis was also lower as compared to that of N1 (0.34 v/s 1). XRD 

however, in this case, only favors the statistically more significant contributions, an 

inherent quality of the long range order technique.   

 

5.3.4. Interaction with SCR Reactants 

To study possible reaction intermediates in the NH3-SCR reaction, a Cu-SSZ-13 

sample was first dried at 400 oC in 5 % O2/He. Once cooled down to RT, the sample 

was heated to 300 oC (2 oC/min) in the presence of NO, NH3 and O2. Figure 5.11 

shows the Cu K-edge XANES spectra of Cu-SSZ-13 collected after calcination at 500 
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oC, under (active) reaction conditions (and gases) at 300 oC and after flash-cooling to 

- 180 oC. Compared to the other two spectra, the increased white line intensity is 

attributed to the low thermal motion at these temperatures. Pre-edge features were 

identical and could be assigned to the same transitions as discussed above in the 

section on interaction with NO. Therefore, in this case XANES can give no further 

evidence than that Cu is present in the same environment on the plane of the d6r units 

of SSZ-13. 

 

The observed, calculated and difference patterns obtained from the Rietveld 

refinement of XRD data collected on the same sample is shown in Figure 5.12( i). 

Tables 5.2, 5.11 and 5.12 list the corresponding goodness of fit values, bond distances 

and bond angles of interest, respectively. The average T-O bond distance (1.60 Å) and 

O-T-O bond angle (109.4 o) are in good agreement to that reported by us for the same 

system under ‘active’ SCR conditions at 300 oC (Chapter 4) confirming a tetrahedral 

Si coordination in the zeolite structure. Cu was found to be present on the plane of the 

d6r, closely coordinated to three framework oxygens. The Cu-O1 bond distance was 

seen to slightly increase from 2.34 Å to 2.38 Å. Although premature to reason, this 

could arise due to the movement of Cu2+ and framework atoms as a result of the 

interaction with reaction intermediates. As known in literature, the framework oxygen 

atoms of a zeolite structure can be very flexible, especially under higher temperatures. 

This was specifically shown for oxygen atoms present on the plane of 6-membered 

rings in zeolite structures, such as FAU and CHA.5,29 As pointed out earlier, an 

additional phase was also observed in the XRD pattern. The observed reflections were 

found at d spacings of 5.18, 4.37, 3.59, 3.28, 2.93, 2.60 and 2.36 Å. Given the few 

reflections, attempts to index this additional phase were not successful. In the NH3-

SCR reaction, ammonium nitrate (or ammonium nitrite) is a suggested intermediate 

which would be expected to crystallize at these temperatures. However, none of the 

known phases (especially at low temperatures) could fit the data.30,31 Finally, water, a 

product of the SCR reaction could also be present as ice. Three different forms of ice 

Ih, Ic and XI are known to be present under the conditions as in our experiments, none 

of which could account for the reflections either.32 Considering the low amounts in 

which this additional phase is present and that it does not arise due to the presence of 

a porous material, we ignore the phase for further refinements. 
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Figure 5.11: Cu K-edge XANES  spectra of Cu-SSZ-13 exposed to different gasses and collected at 

three di fferent temperatures. (Black) Reference s pectrum of calcined Cu-SSZ-13 in 5 %  O2/He 

and collected at 500 oC; and exposed to SCR conditions and collected at (Red) 300 oC, (Blue) - 

180 oC.  Inset: Magnification of the pre-edge feature (1) at ~ 8977 eV. 

 

Figure 5.12: (i): (a) Observed, (b) calculated and (c) difference patterns obtained from the 

Rietveld refinement of XRD data collected at - 180 oC on Cu-SSZ-13 after exposure to SCR 

conditions at 300 oC.  Inset: Magnification of the region between 11-19 o

density in the Cu-SSZ-13 structure as obtained from difference Fourier maps after Rietveld 

refinement of X-ray diffraction patterns collected at - 180 oC after exposure to SCR conditions at 

300 oC. For clarity, only one d6r is illustrated. The centers of the missing density are represented 

by red (for O) and white (for N) balls respectively within the mesh map. 
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Table 5.11: Selected bond distances of interest for Cu-SSZ-13 obtained from Rietveld refinement 

of XRD data after exposure to SCR conditions and further ‘flash-cooling’ to - 180 oC. 

 

Bond 

 

Distance (Å) 

 SCR 300 oC* SCR -180 oC 

T1 – O1 1.621 1.615 

T1 – O2 1.597 1.626 

T1 – O3 1.613 1.623 

T1 – O4 1.598 1.565 

T1 – O 

(avg) 

1.604 1.607 

Cu – O1 2.342 2.38 

* Data taken from Chapter 4 

Table 5.12: Selected bond angles of interest for Cu-SSZ-13 obtained from Rietveld refinement of 

XRD data after exposure to SCR conditions and further ‘flash cooled’ to - 180 oC. 

 

Angle 

  

Degrees 

  SCR 300 oC* SCR -180 oC 

O1 – T – O2  106.1 108.8 

O1 – T – O3  107.2 107.1 

O1 – T – O4  113.9 109.9 

O2 – T – O3  108.5 106.7 

O2 – T – O4  107.8 109.9 

O3 – T – O4 113.0 114.1 

O – T – O (avg.)  109.4 109.4 

T – O1 – T  148.9 150.0 

T – O2 – T  152.8 147.5 

T – O3 – T  147.6 145.2 

T – O4 – T  141.1 147.3 

T – O – T (avg.)  147.6 147.5 

* Data taken from Chapter 4 
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The difference Fourier maps performed in this case showed a lot of missing electron 

density in the cage of the structure, as illustrated in Figure 5.12 (ii). Compared to the 

previous cases, it was much more challenging to assign chemically reasonable centers 

of highest scattering intensity, even after excluding those too close to the framework 

atoms. The corresponding structural phase information including refined atomic 

positions, occupancies, symmetry and thermal parameters are listed in the Table 5.13.  

Oxygen could be modeled with a unique site for the O-atom (labeled O5), which 

repeated itself at a distance of 1.18 Å from the first O. Since the obtained distance is 

very close to that of the bond length for molecular O2, we assign these scattering 

points to an O2 molecule. Considering the site symmetry and fractional occupancy, in 

terms of structure this translates to approximately one O2 molecule per 6-membered 

ring of the SSZ-13 structure. The next point of scattering intensity was found very 

close to the same oxygen atoms and in close proximity of the position assigned for the 

interaction of NH3 in the previous section. Therefore, N-atoms (labeled N1) were 

mod eled at this site with a multiplicity of 18 with occupancy of 1 N-atom per site. As 

before, the site translates to three symmetrically equivalent sites around the center of 

the SSZ-13 cage thereby translating to three N-atoms (or NH3 molecules) in the SSZ-

13 cage. Both positions mentioned until now were located in the center of the cage 

further away from the Cu-active site. Two further positions could be modeled much 

closer to the framework as compared to O5 and N1. The first position was found 1.26 

Å away and in a (distor ted) axial position to an oxygen atom (O3) on the plane of the 

6-membered ring. The second position was found along the same axis, but directly 

perpendicular to the same (O3) oxygen at a distance of 2.36 Å away from it. These 

sites were modeled as N (N2) and O (O6), respectively. Initially both sites were 

refined independently for their occupancies, which came close to equal (considering 

the multiplicity of N2 is double that of O6). Following this, both were coupled 

together to refine with an equal occupancy factor. The corresponding positions of the 

N2 and O6 were found at a distance of 3.43 Å and 3.70 Å respectively from the Cu 

site on the center of the plane of the 6-membered ring.  
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Table 5.13: Refined atomic positions, thermal parameters and occupancies obtained from 

Rietveld refinement of XRD data collected on Cu-SSZ-13 exposed to SCR conditions at 300 oC 

and flash cooled to - 180 oC.  

Atom x/a y/b z/c Uiso Occ Mult./Sym 

T1 0.00051 0.22908 0.10169 0.02318 1 36i 

O1 0.89923 0.10067 0.1199 0.02318 1 18h  

O2 0.6483 0.6483 0.5 0.02318 1 18g  

O3 0.11791 0.23858 0.1341 0.02318 1 18h  

O4 0 0.2613 0 0.02318 1 18f 

Cu1 0 0 0.13962 0.02318 0.05 6c 

O5 0.50533 0.29638 0.00291 0.02318 0.29534 36i 

N1 0.24816 0.49632 0.2779 0.02318 1 18h  

O6 0.12835 0.2567 0.29367 0.02318 0.2 18h  

N2 0.52373 0.05674 0.12031 0.02813 0.1 36i 

 

Using the model proposed from the diffraction analysis, the EXAFS data collected at - 

180 oC were analyzed. Figure 5.13 illustrates the experimental data and simulated fits 

of the k3-weighted EXAFS data and the corresponding Fourier transforms. The results 

obtained from the ana lysis of the k3-weighted EXAFS data are listed Table 5.14. As 

compared to the picture obtained from the diffraction analysis, Cu is found to be 

slightly shifted from the centre of the 6-membered ring as also seen and discussed by 

us previously.1,5 Besides the first shell Cu-O interaction, the next major contribution 

in the EXAFS-FT was seen at 2.57 Å, which could be fitted to two N atoms. It is 

worth to note here that positions N2 and O6 from the diffraction analysis (shown in 

Figure 5.14) could be represented by the second shell neighbours in the EXAFS 

analysis. As already discussed, N and O cannot be distinguished in the scope of these 

experiments. Therefore, to be able to present a working hypothesis, we consider the 

two second shell neighbo urs here as one N-atom and one O-atom at comparable 

distances to the absorbing Cu atom. The Cu-N2 and Cu-O6 distances obtained from 

the XRD analysis were overestimated due to the central position of Cu and further 

symmetry constrained movement. However, using the model proposition, a much 

more accurate local structure (and bond distances) is obtained from the EXAFS 

analysis as seen herein. The contribution at 2.61 Å could be fit to two Si atoms, 
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typically seen as a result of the distortion of the Cu from the centre of the 6-membered 

ring. From a crystallographic point of view, all Si atoms in the CHA structure are 

modelled using one position. However, the shift of Cu from the centre of the 6-

membered ring results in three non-equivalent distances to the resulting Si atoms of 

the 6-membered ring. The next contribution at 3.24 Å could be fit with two more Si-

atoms slightly further away from the displaced copper on the same 6-membered ring. 

Finally another contribution at 3.26 Å is fit to the remaining three O-atoms from the 

6-membered ring, which also appear at this ‘longer’ distance due to the movement of 

the copper off the centre.  A representative illustration of the above discussed model is 

presented in Figure 5.14. The final distances are based on the EXAFS analysis 

discussed above. The numbering of atoms (when shown) corresponds to the XRD 

mod el. 

 

 

Figure 5.13: Cu K-edge k3-weighted EXAFS data (a) and corres ponding Fourier transforms of 

the k3 data (b) collected on Cu-SSZ-13 at -180 oC after exposure to SCR gasses at 300 oC. 
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Table 5.14: Parameters obtained from analysis of Cu K-edge k3-weighted EXAFS data of Cu-

SSZ-13 collected at - 180 oC after exposure to SCR gasses.[a] 

Temperature Shells r (Å) N 2 2(Å2)

 

 

After exposure to 

SCR conditions 

(NO + NH3 + O2) 

Cu – O 1.94 2.7 0.008 

Cu – N 2.57 2 0.005 

Cu – Si 2.61 2 0.028 

Cu – Si 3.24 2 0.017

Cu – O 3.26 3 0.016 

R = 25.53 ; Ef  = 4.70 

[a]r -Waller factor; R = statistical goodn ess 

of fit factor; Ef = Fermi energy (edge position). 

 
Figure 5.14: Proposed model for the ‘flash cooled’ active site in Cu-SSZ-13 after exposure to SCR 

gasses at 300 oC. Note: The model is obtained from XRD analysis and the final Cu-O 

(framework), Cu-N and Cu-O (NO) distances are based on the EXAFS analysis. The numbering  

of atoms (when shown) corresponds to the diffraction model for the same.   

 

Considering the results obtained from EXAFS and the inherent discrepancy between 

the EXAFS and XRD models, a final attempt was made at shifting the position of Cu 

away from the center of the 6-membered ring in the model used for XRD analysis. It 

is worth to note here that performing difference Fourier maps do not show missing 

electron density in the shifted position. The model was based purely on the Cu-O and 

Cu-Si (framework) distances obtained from EXAFS as an attempt to test its effect on 

the diffraction analysis. Difference Fourier maps and Rietveld refinement in general is 

based on calculation of structure factors. The calculated structure factors are always 

based on point scatterers (x,y,z), the exact position of which would be smeared out by 
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thermal motion. Therefore the atomic coordinates and thermal displacement 

parameters are used together to describe a particular model.33–35 In our model based 

on XRD refinements, Cu is found in the center of the d6r. However, EXAFS, which is 

more sensitive to the Cu local environment shows it to be actually shifted off the 

center.1,5 From a crystallographic perspective, if Cu were to be present in the ‘shifted’ 

position, it would change from a multiplicity of 6(c) to a position with a multiplicity 

of 18(h). Figure 5.15 compares these two models from a crystallographic perspective. 

Structurally, this change in site symmetry of Cu translates to repeating itself thrice on 

the plane of the 6-membered ring, instead of one central location. Therefore, it is 

obvious that the preferred location, from a diffraction perspective, would be at the 

center of the 6-membered ring where the electron densities from the other three sites 

can be averaged out to a maximum center of scattering intensity. Shifting the copper 

to this ‘shifted’ position was possible, though it resulted in a drop of 1 % in the 

goodness of fit factors. Nonetheless, from a physico-chemical perspective, the model 

does give a clearer picture since both EXAFS and diffraction can now be used to 

reach to the same structural conclus ion.  

 

 
Figure 5.15: Illustrations of the 6-membered ring fragments from the CHA structure model to 

illustrate the different positions in which copper could be modeled: (a) Structural model as 

obtained from analysis of XRD data; (b) ‘Shifted Cu’ model adapted from the distances obtained 

from EXAFS  analysis. 

It is important to mention here that the position was shifted only at the final stage of 

the refinement after performing the Fourier difference analysis since otherwise, it 

would result in biased picture for missing electron density.  It should also be noted 

that although this results in three symmetrically equivalent positions for Cu, it does 
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not translate to three Cu atoms per ring since the occupancy of Cu per site is much 

lower than unity. The corresponding structural phase information includ ing refined 

atomic positions, occupancies, symmetry, thermal parameters and goodness of fit 

factors are listed in Table 5.15. 

Table 5.15: Refined atomic positions, thermal parameters and occupancies obtained from 

Rietveld refinement of XRD data collected on Cu-SSZ-13 exposed to SCR conditions at 300 oC 

and flash cooled to - 180 oC. In this particular case, the Cu position was shifted based on the 

distances obtained from EXAFS analysis on the same.*  

Atom x/a y/b z/c Uiso Occ Mult./Sym 

T1 0.00051 0.22908 0.10169 0.02318 1 36i 

O1 0.89923 0.10067 0.1199 0.02318 1 18h  

O2 0.6483 0.6483 0.5 0.02318 1 18g  

O3 0.11791 0.23858 0.1341 0.02318 1 18h  

O4 0 0.2613 0 0.02318 1 18f 

Cu1 0.03561 -0.03561 0.13962 0.02318 0.05 18h  

O5 0.50533 0.29638 0.00291 0.02318 0.29534 36i 

N1 0.24816 0.49632 0.2779 0.02318 1 18h  

O6 0.12835 0.2567 0.29367 0.02318 0.2 18h  

N2 0.52373 0.05674 0.12031 0.02813 0.1 36i 

*Rwp: 20.45; Rp: 15.68 

 

As mentioned already, it is not within the scope of these experiments to be able to 

distinguish between N and O atoms. Therefore, it would be premature to use the 

results presented herein as direct proof of observed reaction intermediates. 

Nonetheless, the results can be used to propose a working hypothesis in reference to 

the obtained atomic bond distances and work done in the past on probing reaction 

intermediates in the NH3-SCR reaction. NH4NO3 has been suggested as an important 

NH3-SCR reaction intermediate, the addition of which directly in the feed was also 

observed to have enhanced the low temperature activity of NH3-SCR systems.36,37 As 

mentioned earlier, NH4NO3 would be expected to freeze under these conditions, most 

likely forming out a separate phase. Unfortunately, it could not be accounted for in the 

diffraction analysis. Furthermore, the arrangement of atoms as obtained from the 

combined XAFS/XRD analysis does not suggest the possible presence of NH4NO3 or 
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NH4NO2 in our system under these conditions. Several studies have shown the first 

step in the SCR reaction to be the conversion of NO  NO2.36,38–42 This could 

however be only limited to iron-zeolite systems, as seen in studies that compared the 

activity of iron to that of Cu-based zeolites.43,44 As seen in our study, the interaction of 

NO with the Cu-active sites in Cu-SSZ-13 is less extensive as compared to the direct 

interaction with the NH3 molecules. Kinetic studies in the past have also proposed 

Cu2+-oxo type species to interact with NO molecules thereby forming C u2+-NxOy type  

species, which further react with NH3 to give the final products.40 The structural 

image obtained from the combined XAFS/XRD analysis herein could suggest a 

similar arrangement of atoms in the ‘flash coo led’ state. However, it is worth to note 

that the system was allowed to reach steady state conversion at 300 oC, before flash-

cooling the system. As observed by us in this work, and by others using different 

techniques, ammonia tends to form square planar tetra-amino C u2+ complexes at room 

temperature.24,25,45,46 At higher temperatures, the complex would release part of the 

ammonia forming a distorted tetrahedron. This could suggest the reaction to proceed 

over a nitrosamide intermediate as has also been proposed for vanadia-titania systems 

(illustrated in Scheme 5.1) well established for stationary SCR.47 This was also 

proposed for Cu/Al2O3 catalysts, where the interaction with NH3 is much stronger as 

compared to that with NO.48  

 

Scheme 5.1: Proposed formation of a nitrosamide intermediate over vanadia-based catalysts 

under NH3-SCR conditions .47 

 

Keeping the above considerations in mind, we propose the following working 

hypothesis for our observations. As shown previously in Chapter 4, under in-

situconditions at 125 oC, when the catalyst only reaches half of its maximum NO 
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conversion, there is a Cu-NH3 interaction resulting in a geometrical change in the Cu 

coordination from square planar to a distorted tetrahedron.5 This could lead to the 

splitting of NH3 over the Cu2+ sites followed by a gas phase reduction of the NO via 

the activated ammonia. Based on the bond distances and fractional occupancies 

obtained, N2 and O6 (in Figure 5.16c) was assigned to NO molecules, while N1 was 

assigned to ammonia species. The orientation of this NO results in a very unusual 

over coordinated framework oxygen, originally coordinated to the Cu2+. Given the 

movement of Cu away from the plane of the 6-membered ring (~ 0.5 Å), and the 

subsequent Cu-N2 and Cu-O6 (at ~ 2.57 Å) proximity, this could suggest a weakening  

of the Cu-O interaction, resulting in a Cu2+ coordinated to two framework oxygen 

atoms, which starts to interact with the NO species. Another indication for this can be 

seen in the slightly lower coordination number obtained from the EXAFS for the first 

shell Cu-O contribution. In the case of interaction with NO and with the SCR gasses, 

the movement of Cu2+ away from the 6-membered ring plane is also accompanied by 

the slight lower coordination number of 2.8 and 2.7 respectively. The obtained N2-O6 

bond distance of 1.21 Å appears closer to a N=O. Furthermore, the close proximity of 

N2 to the framework oxygen (1.24 Å), although unusual, appears comparable to 

nitrite species. The obtained O-N2-O6 angle of 145 o is higher than the expected angle 

of 120 o in the nitrite ion, suggesting the framework oxygen will maintain 

coordination with the zeolite framework. The O6 (from N=O) can react with H-atoms 

from the ammonia (N1) followed by the formation of N2 (N1 + N2) over the Cu2+ 

sites. An illustration of this possible interaction is shown in Scheme 5.2.  Such side-on 

Cu-nitrosyl interactions (as seen by us) have been reported, however in enzymatic 

complexes. The Cu tends to initially coordinate with the O-atom from NO, 

consequently followed by an interaction with the N-atom leading to its loss of 

coordination with the original structure.49–51 This, however, is only a hypothesis 

purely based on our observations. 
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Scheme 5.2: Proposed side-on interaction of NO over Cu-active sites in Cu-SSZ-13 resulting in 

the possible formation of N2. Numbering of atoms (e.g. N2, O6, etc.) corresponds to the model  

proposed in Figure 5.16(c) and is presented herein for ease of comparison.  

 

Figure 5.16 summarizes the proposed models of the active site in Cu-SSZ-13 

interacting with the corresponding gasses. It should be noted that the exact bond 

distances are based on the EXAFS analysis, which was performed using the 

diffraction models as a basis. Figure 5.16(a) shows the interaction of NO with Cu-

active sites in the cages of the CHA structure. NO appears as a linear molecule at a 

distance of 2.61 Å from the Cu site. Figure 5.16(b) shows the interaction of NH3 with 

Cu-active sites within the cages of the CHA structure. In this case, Cu2+ cations 

migrate from the plane of the 6-membered ring into the CHA cage forming a square 

planar Cu-amine complex with an additional axial bond. Figure 5.16(c) shows the Cu-

active sites exposed to a SCR gas mix and ‘flash cooled’ after reaching active reaction 

conditions. Oxygen and N-atoms are seen in the cages of the structure, whilst two 

add itiona l N and O-atoms appear closer to the Cu-active sites and the 6-membered 

ring of the zeolite.  
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Figure 5.16: Proposed models of the active sites in Cu-SSZ-13 interacting with (a) NO; (b) NH3; 

(c) NO + NH3 + O2. Note: All models are based on data collected at - 180 oC based on XRD and 

EXAFS analysis. 

5.4. Conclusions  

The interaction of NO, NH3 and NH3-SCR reactants (NO + NH3 + O2) with Cu-active 

sites in Cu-SSZ-13 was studied using combined X-ray absorption spectroscopy and 

diffraction studies.  

o A ‘flash-cooling’ strategy was successfully adapted to ‘trap’ adsorbed species 

without damage to the zeolite structure. Although a faster cooling process 

would be of benefit towards effectively freezing all the components, the 

approach nonetheless allows us to determine the pos itions of the ‘guest’ 

molecules within the zeolite structure.  

o NH3 appears to have a more extensive interaction with Cu, resulting in a 

significant movement of Cu into the cages of the SSZ-13 structure, as 

compared to NO, which does not affect the position of Cu on the plane of the 

6-membered rings.  Cu-SSZ-13 thereby demonstrates a large ammonia storage 

capacity and therefore under ammonia-rich conditions could create a reservoir 

that can be used as a reducing agent under NO-rich conditions.  

o Considering regions of missing electron density, an interaction of NO with a 

three-coordinate framework oxygen is observed after exposure to the NH3-

SCR gas mix. The bond lengths suggest the formation of nitrite-type species in 

coordination/combination with one framework oxygen.  
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o The obvious drawback of using X-ray techniques lies in the fact that they 

cannot distinguish between elements with closely related absorption and 

scattering coefficients such as N and O. In the case of interaction with SCR 

reactants, it is not within the scope of the experiments to directly propose a 

reaction mechanism. Nonetheless, this is the first of its kind approach towards 

the structural study of reactant/active site interaction and can be extended 

towards the study of various ordered systems.  
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Chapter 6 

 

Altering deNOx Selectivity of Cu-CHA Catalysts as a 

Function of Changing Active Site Structure 
 

 

 

Abstract 
The previous chapters have focused on understanding t he location and behavior of the 
active species in Cu-SSZ-13 for the NH3-SCR reaction. The samples were prepared 
by conventional wet ion exchange, which allows little control over the active species 
formed. Having looked at the nature of the active sites in Cu-SSZ-13, in this chapter, 
we present our attempts at tailoring the properties of these active sites. Three different 
synthetic routes have been adapted to achieve this goal: two methods are based on 
post-synthetic treatments (via either the aqueous or vapo r phase), and a third method  
involves the direct synthesis of a Cu-SAPO-34. The catalyst materials were 
subsequently characterized by XRD, solid-state NMR, UV-Vis and XAFS 
spectroscopies. Whilst the catalysts prepared via wet chemical routes show excellent 
deNOx activity and high selectivity to N2, the one prepared via chemical vapor 
deposition produced significant amounts of the undesired product N2O. Isolated 
mononuc lear Cu2+ ions in the vicinity of six-membered rings (6mrs, part of the d6r 
sub-units of CHA) were found to be active sites in catalyst materials prepared via the 
wet chemical approaches. In contrast, XAFS data revealed that the catalyst prepared 
via chemical vapor deposition possesses Cu in two different environments: isolated 
Cu2+ cations and CuAlO2-type species. Catalytic experiments revealed a strong 
correlation between the number of isolated mononuclear Cu2+ in or near the plane of 
the 6m rings and N2 production, whereas the presence of CuAlO2 species appears to 
promote the formation of N2O. 
 
 
 
 
 
 
 
 
 
This work is based on the manuscript: “Changing active sites in Cu-CHA catalysts: deNOx selectiv ity 
as a function of the preparation method”, U. Deka, I. Lezcano-Gonzalez, S. J. Warrender, A. L. Picone, 
P. A. Wright, B. M. Weckhuysen, A. M. Beale, Microporous Mesoporous Mater., 2013, 166, 144. 
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6.1. Introduction  
The current chapter presents attempts at controlling the type and amounts of Cu 

species formed within CHA framework structures with an intention of tailoring the 

active species within. Three different preparation methods for producing Cu ion-

exchanged microporous materials are compared: a) conventional wet ion exchange 

preparation of Cu-SSZ-13 (as presented before); b) chemical vapor deposition of Cu 

ions within SSZ-13; and c) direct synthesis of a Cu- loaded SAPO-34 material in 

which the Cu species occupy extra-framework cation sites. The principle aim of this 

study is to compare the tendency of the synthetic methods  to create the unique Cu 

environments previously observed to be active for NH3-SCR. Conventional wet ion 

exchange is a widely used technique to exchange metal ions into zeolites. However, 

problems such as the formation of extra framework metal species owing to over-

exchange of the metal salt, or metal clustering is known to occur in such bottom-up,  

wet approaches.1 Chemical vapor deposition (CVD), on the other hand, is a top-down 

approach used commonly in the semi-conductor industry to create metal layers on a 

flat substrate. However, upon careful choice of the metal salt, reactor system and flow 

conditions, one can also expect to create single metal sites within a porous support 

structure.1 Chemical vapo r depos ition ion exchange using CuCl as the metal salt has 

previously been employed by either using a vacuum controlled approach to load a 

ZSM-5 wafer or under inert conditions to load zeolite Y with Cu.2–4 Well-dispersed 

Cu species within the zeolite were successfully obtained in these cases. Finally, a 

direct synthetic approach towards Cu-SAPO-34 was used.  This synthesis method 

enabled comparison of Cu SSZ-13 to a catalyst with a similar CHA framework 

structure, but prepared via an alternative method. This general approach was reported 

by Picone et al. for the inclusion of copper cyclam complexes as templates in the 

SAPO STA-7 molecular sieve (a material closely related to the SAPO-34 structure) 

and is also discussed in Chapter 3. Calcination then releases the Cu2+ cations into 

extra-framework, charge-balancing sites.5 This approach for the inclusion of Cu2+ 

obviates the need for an additional aqueous cation exchange step, which has 

previously been used to generate Cu-SAPO-34 catalysts,6,7 but which can lead to the 

formation of CuO nanoclusters or result in framework damage, especially for 

microporous aluminophosphates. Here, we describe the analogous use of the copper 

complex Cu-triethylenetetramine as a structure-directing agent (SDA) for the direct 
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synthesis of Cu-SAPO-34, with subsequent calcination to give a Cu-loaded Cu-

SAPO-34 catalyst. Two comparable direct synthesis incorporations of copper cations 

in CHA have recently been repo rted for Cu-SAPO-34 (using morpholine8 for which 

the products were not fully characterized) and for the zeolite Cu-SSZ-13 (using 

copper-tetraethylenepentamine9), each of which is active for NH3-SCR. Although the 

Cu-complex-templated Cu-SAPO-34 reported in this Chapter might not provide a 

strict like-for- like comparison, the identical framework structure of SSZ-13 and 

SAPO-34 allows for an assessment of the importance of specific Cu2+ sites on the 

activity for NH3-SCR.  

 

6.2. Experimental 
The preparation SSZ-13 and Cu-SSZ-13, via wet ion exchange, is already described in 

detail in Chapter 3. Cu-SSZ-13 is here referred to as CZ-WIE for clarity and 

comparison with the other samples. Catalyst activity tests and catalyst pre-

characterization using laboratory based UV-Vis-NIR and laboratory powder X-ray 

diffraction are also outlined in Chapter 3 and will not be repeated herein.   

 

6.2.1. Catalyst Preparat ion 
Chemical vapor deposition ion exchange 

Cu-SSZ-13-CVD (CZ-CVD) was prepared by first drying Cu-nitrate (five times 

stoichiometric excess) and SSZ-13 (separately) in an inert atmosphere at 120 °C for 1 

h. The zeolite was then transferred into the same reactor as the metal salt. The 

materials were separated by a thin layer of glass wool. The system was subsequently 

heated to 250 °C in a He flow with a ramp of 1 °C /min and a dwell time of 5 h. The 

resulting HNO3 was trapped in a water bath connected to the outlet of the reactor. The 

system was then cooled down and the zeolite ‘layer’ was collected and washed with 

distilled H2O. The powder was left to dry at 120 °C overnight and further calcined at 

550 °C with a heating ramp of 2 °C /min. The sample is henceforth referred to as CZ-

CVD. 

  

Direct synthesis 

Silicoaluminophosphate gels were prepared by mixing Al(OH)3 with H3PO4 (85%) 

and fumed silica in water, followed by addition of the copper complex 
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(Cu(triethylenetetramine)2+) (CuTETA) and finally tetraethylammonium hydroxide 

(TEAOH) until a pH of 7 was achieved. Gels were typically of molar ratio Al : 0.8  P : 

0.2 Si : 40 H2O : 0.030-0.125 CuTETA : x TEAOH. The Cu complex of 

triethylenetetramine was prepared initially by adding the polyamine to aqueous 

solutions of the metal acetate salt. A portion of the total water content was put aside 

for this purpose. The solution was then introduced to the gel. All gels were stirred 

continuously at room temperature during the prepa ration process until homogeneous, 

prior to being loaded in Teflon- lined stainless steel autoclaves and heated in the oven 

at 190 °C for seven days. 

 

6.2.2. Catalyst Characterization 
Ultraviolet-visible-near infrared diffuse reflectance spectroscopy 

UV-Vis-NIR DR Spectroscopy was collected using a Varian Cary 500 UV-Vis-NIR 

spectrometer equipped with a DRS accessory to allow collection in the diffuse 

reflectance mode. Spectra were collected between 5000 - 50000 cm-1 with a data 

interval of 10 cm-1 and a rate of 6000 cm-1/min 

 

Solid-state nuclear magnetic resonance 
27Al MAS NMR experiments on CZ-WIE and CZ-CVD were carried out on a Bruker 

Avance AV 400 WB spectrometer using a BL4 probe with the sample spinning at 10 

kHz. The spectra were recorded upon single-
27Al chemical shifts are referenced to an aqueous solution of Al(NO3)3 (0 

ppm). Solid-state NMR experiments on Cu-SAPO-34 were acquired on a Bruker 

Avance III spectrometer equipped with a 14.1 T wide bore superconducting magnet, 

yielding Larmor frequencies of 156.4 and 119.2 MHz for 27Al and 29Si, respectively. 

The sample was packed into standard ZrO2 rotors with outer diameters of 4 or 1.3 mm 

and spun at MAS rates of up to 14 kHz (4 mm rotors) or 60 kHz (1.3 mm rotors). 

Spectra were referenced relative to AlCl3 for 27Al and TMS for 29Si, using secondary 

reference samples of aluminum acetylacetonate (27Al,  = –1.1 ppm) and 29Si-

enriched forsterite (29Si,  = –62 ppm). All spectra were recorded with a spin-echo 

pulse sequence and a repeat interval of either 20 ms (27Al) or 60 ms (29Si). Signal 

averaging was carried out over 16384 transients (27Al) and 16 transients (29Si).  
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X-ray powder diffraction 

Laboratory powder XRD of the reported samples was measured using a Bruker AXS 

D8 advance diffractometer (Co K  1.79026 Å), equipped with an automatic 

divergence slit and a Våntec-1 detector. Diffraction patterns were collected between 5 

- 40 2  with an increment of 0.017 o (2 ) and an acquisition time of 1 sec/step.  

 

Inductive coupled plasma atomic emission spectroscopy 

Cu metal loading of catalysts were measured by ICP-AES analysis. These 

measurements were performed by Mikroanalytisches Laboratorium KOLBE, 

Germany. 

 

Synchrotron X-ray powder diffraction 

Synchrotron X-ray powder diffraction collected on CZ-WIE has been already 

discussed in Chapter 4. The data sets used for this study were collected after 

calcination of the catalysts at 500 oC in a 10 % O2/He atmosphere. Synchrotron X-ray 

powder diffraction on Cu-SAPO-34 was performed at beamline I-11 of the Diamond 

Light Source Synchrotron (Oxfordshire, UK).10 A sample of Cu-SAPO-34 was 

calcined at 570 °C, loaded into a 0.5 mm quartz glass capillary, dehydrated, pre-

treated in O2, at 250 °C for 2 h and finally evacuated at 120 °C at 10-4 mbar before 

be ing sealed. The sample was then examined in Debye-Scherrer geometry using X-

rays of wavelength 0.825028 Å. To minimize the effects of beam damage, eight data 

sets were collected for 3 min each over the range of 1-140 o 2 , with a fresh portion of 

the sample exposed to the beam by translating the capillary between collections. The 

eight data sets were summed and binned on a 0.002 o step size. Data at 2  angles 

greater that 30 o were discarded, as the intensity of the peaks strongly decreased. 

Finally, the data were re-binned to a step size of 0.003 o. The diffraction pattern was 

collected at - 173 °C. Rietveld refinement of the instrumental parameters and the Cu-

SAPO-34 structure against the diffraction profiles was performed using the GSAS 

suite of programs using the SAPO-34 framework structure as a starting model for the 

calcined material.11 The profile was modeled using a Pseudo-Voigt function and the 

background was modeled with a 36-term cosine function. The framework Al-O and 

(P, Si)-O distances were constrained during the refinement to 1.73(2) Å and 1.52(2) 

Å, respectively, and O-O distances were constrained to 2.82(5) Å (for AlO4 
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tetrahedra) and 2.49(5) Å for (P, Si)O4 tetrahedra. Difference Fourier analysis and 

iterative refinement of positions and occupancies were used to locate extra-framework 

Cu2+ cations. 

 

Synchrotron X-ray absorption spectroscopy 

X-ray absorption spectroscopy at the Cu K-edge was performed on CZ-WIE and CZ-

CVD at the Swiss Norwegian beamline (SNBL) of the European Synchrotron 

Research Facility (ESRF, Grenoble, France) under the same conditions as those 

mentioned in Chapter 3. Cu K-edge X-ray absorpt ion on Cu-SAPO-34 was measured 

at the Dutch-Belgian beamline (DUBBLE) of the ESRF (Grenoble, France) using a 

Si(111) double crystal monochromator also in transmission mode.12 The XAFS data 

were background corrected using the Athena package (IFFEFIT software package). 

The normalized data was k3-weighed and the analysis performed in a k-range of 2.8-

10 Å-1. The FT of the k3-weighed data were phase corrected and fit to the proposed 

theoretical model using the DL-EXCURV program.13 

 

6.3. Results and Discussion 
6.3.1. Catalytic Performance 
All catalyst materials made were tested under plug flow conditions for the SCR of NO 

using NH3 as reducing agent. Figure 6.1 (i) compares the conversion of NO over the 

Cu-CHA catalysts as a function of temperature. As clearly seen, CZ-WIE and Cu-

SAPO-34 are excellent catalysts for the NH3-SCR reaction. Whilst Cu-SAPO-34 and 

CZ-WIE both show remarkable activity over a very wide temperature range (> 90 % 

conversion between ~ 175 – 375 °C), CZ-CVD was found to show high activity only 

between ~ 225 – 350 °C. The low amount of copper present in this catalyst, as 

evidenced by the ICP results summarized in Table 6.1, could account for the change 

in activity. However, a comparison of the activity profile of CZ-CVD to that of a Cu-

SSZ-13 sample prepared via wet ion exchange, but with a similar Cu loading as CZ-

CVD (labeled as CZ-WIE_2) showed that it is the type of Cu species rather than the 

overall Cu loading (Figure 6.1 (ii)), which causes the observed change in catalytic 

performance.  

 



 

  161   

 
Figure 6.1: (i) Conversion of NO over (a) Cu-S APO-34; (b) CZ-WIE; and (c) CZ-CVD for the 

NH3-SCR reaction. (ii) Conversion of NO over (a) CZ-WIE_2 and (b) CZ-CVD. Both sameples in 

this case have a comparable amount of Cu. Plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 

5%  O2 and GHS V: 100000 h-1.  

 

Table 6.1: Amount of Cu (wt. % ) for the Cu-CHA 

catalyst materials used in this study as obtained from ICP analysis. 

 

Sample 

 

Amount of Cu (wt. % ) 

Cu-S APO-34 4.91 

CZ-WIE 3.60 

CZ-CVD 1.83 

CZ-WIE_2 1.9 

 

Figure 6.2 illustrates the selectivity of the different Cu-CHA catalyst materials 

towards the desired N2 and undesired N2O formation. Although the NO conversion 

profile appears identical for CZ-WIE and Cu-SAPO-34, the latter appears to be more 

selective to N2, whilst small amount of N2O (~ 30 ppm max) are seen to form over the 

former. CZ-CVD on the other hand, forms a much larger amount of undesired N2O (~ 

250 ppm at 275 °C) as compared to the other two catalysts over the tested temperature 

range. The highest amount of N2O formed is concurrent with the highest observed 

activity, suggesting competing N2 and N2O formation over CZ-CVD. N2O formation 

under SCR conditions can proceed via the following four possible reaction pathways, 

especially at low temperatures: 

(a) 3NO  N2O + NO2 

(b) 2NH3 + O2  N2O + 3H2O 

(c) 4NO + 4NH3 + 3O2  4N2O + 6H2O 
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(d) 4NO2 + 4NH3 + O2  4N2O + 6H2O 

 

 
Figure 6.2: Formation of N2O as a by-product during NH3-S CR reaction for (a) Cu-SAPO-34; (b) 

CZ-WIE and (c) CZ-CVD. Inset: Formation of N2 during the same reaction. Plug flow 

conditions: 1000 ppm NO; 1000 ppm NH3 ; 5%  O2 and GHS V: 100000 h-1. 

 

It is known that in the absence of metal species, NH3-SCR over a parent zeolite (e.g., 

H-ZSM-5) leads to both a drop in activity and an increase in the formation of N2O.7,14 

However, in the case of a parent zeolite, the activity profile (hence concurrent N2O 

formation) is shifted to higher temperatures (~ 300 °C for SSZ-13; 350 °C for ZSM-5, 

not shown), which is not the case for CZ-CVD. Therefore, the contribution of the 

CHA framework towards N2O for mation can be ruled out. High temperature N2O 

formation (> 350 °C) has been attributed to the side reaction of ammonia oxidation, 

especially over Cu-based catalysts 15. It is possible that the slight amounts (max. 15 - 

20 ppm) of N2O formation seen at higher temperatures for CZ-WIE and Cu-SAPO-34 

is due to ammonia oxidation. However, for CZ-CVD very little N2O is seen at 

temperatures above 350 °C. In fact, the outlet composition above 300 °C (Figure 6.2 

and inset) shows a steady formation of N2, although there is a clear drop in the NO 

conversion profile. This indicates that the available NH3 from the feed is converted to 

N2 rather than to N2O. N2O formation over Cu-based molecular sieves under SCR 

conditions has been previously observed and been mainly attributed to the presence of 

CuO aggregates or Cu dimers [CuOCu]2+ formed over Al2O3, TiO2 or zeolite (e.g.,  

FAU and OFF) supports.16–20 Studies performed on N2O decomposition reactions on 
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the other hand propose Cu dimers, such as [CuOCu]2+, to be active intermediates 

being formed during the decomposition reaction.21 

 

6.3.2. Local Cu Environment  
Cu-SAPO-34 

Cu-SAPO-34 prepared via direct synthesis enabled us to ob tain a Cu-CHA catalyst by 

avoiding the process of aqueous ion-exchange during which the zeolite structure is 

prone to suffer hydrolytic damage. UV-Vis-NIR DR spectra of Cu-SAPO-34, 

obtained after calcination, indicate the presence of Cu2+ species (Cu2+ d-d transition ~ 

12000 cm-1 and LMCT (O  Cu) ~ 40000 cm-1 and ~ 47000 cm-1; Figure 6.3(a)). No 

evidence for other Cu species such Cu+ or binuclear Cu-O-Cu type species was 

found.22 Laboratory-based powder XRD (Figure 6.4(a)) demonstrates retention of the 

SAPO-34 structure after calcination. Figure 6.5 illustrates the solid-state NMR spectra 

collected on the sample. 29Si MAS NMR (Figure 6.5, left) suggests that most of the 

Si4+ present replaces P5+ in the aluminophosphate framework, although there is an 

indication for the presence of Si-rich domains as seen from the shoulders around - 105 

to - 112 ppm 23,24. 27Al MAS NMR (Figure 6.5, right) suggests all Al3+ in the as-

prepared samples is tetrahedrally-coordinated, ruling out the presence of extra-

framework Al3+.  

 
 

Figure 6.3: Ex-situ UV-Vis-NIR DR spectra for (a) Cu-SAPO-34 (red); (b) CZ-WIE (black); (c) 

CZ-CVD (grey). Represented with lines: Cu2+ d-d transition (~ 12000 cm-1) and O  Cu LMCT 

(40000 - 50000 cm-1). 
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Figure 6.4: X-ray di ffraction patterns of (a) Cu-SAPO-34 (red); (b) CZ-WIE (black); (c) CZ-

CVD (grey) after calcination. (Each pattern has been normalized to the first peak at ~11.3 o 

degrees). 

 

 
Figure 6.5: (Left) 29Si MAS NMR and (Right) 27Al NMR of Cu-S APO-34 after calcination. 

Relevant signals with their respective assignments are marked.  

 

Synchrotron X-ray powder diffraction was performed on calcined Cu-SAPO-34 with 

the aim of determining the Cu2+ location, but the refinement was made difficult by 

disorder of the framework structure. Cu-SAPO-34 has an intergrown morphology and 

the diffraction pattern possesses broad reflections at d-spacings of 6.74 Å, 5.16 Å and 

4.2 Å (Figure 6.6) that indicate structural disorder. Comparison with the diffraction 

patterns predicted by Lillerud et al.25 for series of CHA structures with different levels 

of intergrowing polytypic AEI structure suggest that this kind of disorder may be 

responsible for the broad reflections. The CHA/AEI intergrowth is possible because 

the structures share a common plane of d6r rings: in CHA all d6rs have the same 
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or ientation, whereas in AEI adjacent planes of d6rs have alternating orientations. Due 

to this intergrowth, attempts at refinement were not successful. 

 

However, a second Cu-SAPO-34 sample (Cu-SAPO-34B, unit cell composition of as-

prepared form (CuL)0.8(NC8H20)2.2Si4.5P13.5Al18O72) with about half the coppe r content 

of the sample tested for catalysis was synthesized using the same experimental 

approach. This sample appeared to have a lower level of intergrowth (Figure 6.6) and 

could be analyzed using Rietveld refinement of synchrotron X-ray powder diffraction 

data collected on a calcined sample. 
 

Figure 6.7 shows the observed, calculated and difference profiles for Cu-SAPO-34B 

after calcination and dehydration as obtained from Rietveld refinement of powder 

diffraction data, along with the obtained crystal structure (inset). Sites for Cu2+ cations 

were located, via difference Fourier analysis, above the six-member (6m) rings of the 

d6r sub-units of the CHA structure (Figure 6.7, inset). Note that the (inset) figure 

illustrates three symmetrically equivalent copper atoms (sites), with a fractional 

occupancy of 0.069. Based on this, at most, only one Cu2+ will be present for every 

d6r unit at any given time. Additional scattering was refined as Cu2+ at a second site 

close to 4mrs of the structure but this gave unreasonably short Cu-P and Cu-O 

distances. Hence, for the sake of chemical clarity, we disregard the presence of copper 

at this site, although the presence of a second site is required by the discrepancy 

between the Cu2+ known by analys is to be present and the amount located at the d6r 

site. The refinement parameters are presented in Table 6.2 a nd relevant bond distances 

and angles are presented in Table 6.3. 
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Figure 6.6: Powder X-ray diffraction patterns of calcined Cu-SAPO-34 and Cu-SAPO-34B 

molecular sieves. Black arrows indicate structural disorder at d s pacings of 6.74, 5.16 and 4.2 Å 

as a result of AEI framework intergrowth.  

Table 6.2: Experimental  parameters and goodness of fit factors obtained from Rietveld 

refinement of powder XRD data collected on calcined Cu-SAPO-34. 

 

Experimental parameter 

 

Value 

 

Parameter 

 

Value 

 0.8250 Å  Rwp 6.91

Scanned region (2 ) 4 - 30 Rp 5.8 

Refinement region (2 ) 4 - 30 Rexp 0.74

 

 

Table 6.3: Calculated bond lengths and angles obtained from Rietveld refinement of powder 

XRD data collected on calcined Cu-SAPO-34. 

Bond 

 

Distance (Å) 

  

Angle 

 

Degrees 

Si1/P1 – O (Avg.) 1.567 O – Si1/P1 – O (Avg.) 109.5

Si2/P2 – O (Avg.) 1.567 O – Si2/P2 – O (Avg.) 109.5

Al1 – O (Avg.) 1.712 O – Al1 – O (Avg.) 109.5

Al2 – O (Avg.) 1.707  O – Al2 – O (Avg.) 109.4

T – O (Avg .) 1.638  O – T – O (Avg.) 109.47 

Cu – O6 2.44    

Cu – O7 2.78    
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Figure 6.7: Rietveld refinement of synchrotron X-ray powder diffraction data collected on Cu-

SAPO-34B after calcination. Key: (a) Observed data, (b) calculated and (c) di fference curve. 

Inset: Crystal structure of Cu-SAPO-34B as obtained from the refinement. NOTE: Copper 

atoms are represented as blue balls and shown in 3 symmetrically equivalent sites with an 

occupancy of 0.06 per site. Therefore, only one (or less) Cu2+ is expected per d6r in the crystal  

structure.  

Figure 6.8: Cu K-edge XANES s pectra (normalized) of Cu-SAPO-34 during calcination 

measured at different temperatures. Features of interest are marked with numbered red arrows  

1 and 2.  

XANES data were collected on Cu-SAPO-34 (sample with intergrown morphology) 

to follow the decomposition of the copper-triethylenetetramine SDA during 

calcination (Figure 6.8). The two most interesting features are marked as 1 and 2 and 

vary as a function of temperature. The spectrum measured at 100 °C shows two clear 
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contributions around the absorption edge (marked 1), which has been seen previously 

for Cu in a square planar ‘amine’ environment 26–28 and is also discussed in Chapter 4. 

During the process of calcination, the ligand gets ‘burnt’ off resulting in the gradual 

disappearance of this feature as a function of temperature. Feature 2 at the absorption 

threshold follows the opposite trend, i.e. it starts to appear during the process of 

calcination and is distinctly visible in the final sample. This has been observed in the 

past in Cu2+-exchanged zeolites and can be assigned to a Cu2+ 1s  4pz  + ligand-

Cu2+ charge transfer (CT) excitation very similar to that seen in Cu(OH)2 with the Cu 

in a planar geometry 22 as also discussed in Chapter 4. These changes are indicative of 

the template-removal process and subsequent movement of the Cu2+ cations to 

coordinate with the framework oxygen atoms. 

 

CZ-WIE 

UV-Vis-NIR DR spectroscopy measurements and laboratory-based powder X-ray 

diffraction on CZ-WIE were already discussed in Chapter 4 (under sample name Cu-

SSZ-13) and will not be repeated. However, for the sake of comparison both the UV-

Vis-NIR DR spectrum and powder diffraction pattern for CZ-WIE are shown in 

Figures 6.3(b) and 6.4(b), respectively. Figure 6.9 shows the 27Al MAS NMR spectra 

of CZ-WIE compared to the parent (SSZ-13) zeolite. The spectrum of the calcined 

parent zeolite (Figure 6.9(a)) consists of a relatively narrow resonance at 58 ppm, 

attributed to tetrahedrally-coordinated Al3+ in the zeolitic framework, which becomes 

broader after Cu2+-exchange (Figure 6.9(b)). No resonances typical of extra-

framework octahedral Al3+ (c.a. 0 ppm) were observed indicating that no 

dealumination of the framework took place during the ion exchange.  

Figure 6.10 shows the observed, calculated and difference curve for CZ-WIE after 

calcination as obtained from Rietveld refinement of powder diffraction data along 

with the obtained crystal structure of CZ-WIE (inset). Experimental parameters and 

conventional goodness of fit parameters for the refinements along with the refined 

bond distances and angles obtained for CZ-WIE after calcination are already shown in 

Tables 4.5 – 4.7 (Chapter 4) respectively under the heading ‘After Calcination’ and 

will not be repeated herein. Cu was found to be present in the centre of the six-

member ring (6mr) plane (part of d6r sub-units) of the CHA structure. The obt ained 

nearest Cu – O1 distance of 2.32 Å is in close agreement with previously reported 

values in literature on Cu-exchanged SSZ-13.29  
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Figure 6.9: 27Al MAS NMR spectra of (a) parent molecular sieve before ion exchange (CZ-

parent); (b) CZ-WIE; (c) CZ-CVD. Spinning side bands are indicated by blue circles.  

 

 

 
Figure 6.10: Rietveld refinement of synchrotron X-ray powder di ffraction data collected on CZ-

WIE after calcination. Key: Observed data (black), calculated fit (red) and relative di fference 

curve (blue). Inset: Crystal structure of CZ-WIE as obtained from the refinement. NOTE: 

Copper atoms are represented by blue balls at (symmetrically equivalent) mirror image sites on 

either face of the d6r. 

The X-ray absorption data collected on CZ-WIE has already been presented and 

discussed in Chapter 4. Therefore, the assigned pre-edge features from the XANES 

and the local Cu-environment obtained from the Fourier transforms of the EXAFS 

data will not be repeated. Nonetheless, the absorption data is presented herein in the 
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following section to provide a basis of comparison with the CZ-CVD sample in the 

following section.  

 

CZ-CVD 

Chemical vapor deposition ion exchange was adapted to create isolated Cu species 

within a zeolite framework. Diffuse reflectance UV-Vis-NIR DR spectroscopy 

measurements performed on CZ-CVD suggested the presence of only Cu2+ species (d-

d transition ~ 12000 cm1 and LMCT (O  Cu) ~ 47000 cm-1; Figure 6.3(c)). The 

intensity of the Cu2+ d-d transition band in the spectrum clearly suggests a lower Cu2+ 

concentration in CZ-CVD as compared to the other catalyst materials. Both laboratory 

based powder XRD (Figure 6.4(c)) and 27Al MAS NMR (Figure 6.9(c)) showed no 

structural damage/secondary species to the zeolite or visible agglomeration of Cu 

species as a result of the preparation method. 

 

The very low amount of Cu present in the sample makes it challenging, in this case, to 

account for a reliable crystallographic position of Cu using diffraction. However, 

XAFS measurements can provide valuable insight into local Cu environment within 

the material. Figure 6.11(b) illustrates the XANES spectra of the sample after 

calcination and compares it to the already discussed XANES spectra of CZ-WIE (Cu-

SSZ-13 ‘after calcination’ in Chapter 4). Pre-edge feature 1, present in CZ-CVD, is 

assigned to the dipole forbidden 1s  3d transition seen in Cu2+ complexes 22,26,30,31 

as discussed earlier. Pre-edge feature 2 between 8981-8983 eV appears to have a 

broadening effect on the absorption threshold of the spectrum. Finally pre-edge 

feature (3a) is seen closer to the absorption threshold at 8985.9 eV. Pre-edge features 

in this region have been previous ly assigned to a 1s  4p transition most commonly 

seen in Cu+ systems. Linear Cu+ systems, such as Cu2O or CuAlO2, are known to have 

an intense peak at ~ 8982 eV owing to a transition from a 1s orbital to a double 

degenerate 4pxy orbital.32 On the contrary, in a 4-coordinate tetrahedral geometry, all p 

orbitals are closer to degeneracy, with a slight increase in their energy as compared to 

a doubly degenerate pxy orbital. Hence, Cu+ complexes with a tetrahedral geometry 

are found to have a 1s  4pxyz transition at slightly higher energies of ~ 8585 eV as is 

seen in CZ-CVD (marked 3a).30 However, Cu2+ in a tetragonal geometry (such as in 

CuO) is also known to have a 1s  4pz transition reflected by a pre-edge shoulder at 

~ 8985 eV. Although feature 3a cannot be conclusively assigned as either Cu2+ or Cu+, 
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the presence of all three features (marked 1, 2 and 3a) in CZ-CVD is an ind ication for  

the presence of more than one Cu environment, mos t like ly with more than one 

oxidation state. Finally, it is worth to note that feature 4 which highlights a drop in the 

rising absorption edge intensity and hence the difference in the number unoccupied 

electronic states of the absorber atom in each catalyst.  

 

 
Figure 6.11: Cu K-edge XANES s pectra (normalized) of (a) CZ-WIE and (b) CZ-CVD. Features 

of interest are marked with numbered lines. Inset: Magnification of pre-edge feature (labeled 1) 

at ~ 8977 eV. 

 

Using the same model as proposed for CZ-WIE, EXAFS data collected on CZ-CVD 

was analyzed using single scattering paths. The k3-weighted EXAFS experimental 

data and corresponding FTs are shown in Figure 6.12 along with the simulated fits. 

The obtained coordination and bond distances are listed in Table 6.4, whilst Figure 

6.13 presents a comparison of the EXAFS FTs for both CZ-WIE and CZ-CVD. A 

drop in the intensity of the first peak at ~ 1.9 Å and changing features at ~ 2.8 - 2.9 Å 

indicate a clear change in the Cu-O interactions in CZ-CVD. Furthermore, the change 

in the width of the first peak at ~ 2.1 Å and the missing contribution at ~ 3.1 Å for 

CZ-CVD suggest a different (or missing) Cu-Si interaction. We also observe two new 

contributions at ~ 2.9 Å as a result of a Cu-Cu contribution and at ~ 3.4 Å due to a 

Cu-Al contribution. Recent Cu K-edge XAFS studies performed on CuAlO2 suggest 

the presence of two nearest neighbor oxygen atoms at a distance of 1.86 Å, followed 

by six Cu at 2.87 Å and six aluminums at 3.28 Å, in agreement with previous single 

crystal diffraction studies performed on the same material.32 The CuAlO2 

environment thus obtained is listed in Table 6.7 for comparison. The structure of 
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CuAlO2 is composed of alternating layers of linear Cu (coordinated to two oxygens) 

and Al-O6 octahedra.  

 

 
Figure 6.12: (Left) Cu K-edge EXAFS data fitted in k-s pace and (right) corresponding Fourier 

transform of k3  EXAFS (solid) along with simulated fit (dash) for CZ-CVD.  

 
Table 6.4: (Left) Parameters obtained from SS analysis of Cu K-edge k3-weighted EXAFS data 

collected on CZ-CVD after calcination. (Right) Values obtained from literature for the local 

environment in CuAlO2. 

 

CZ-CVD 

  

CuAlO2
a 

Shells r (Å) N 2 2(Å2)  Shells R (Å) N 

Cu – O 1.95 3.1 0.012  Cu - O 1.86 2 

Cu – Cu 2.92 2.4 0.032  Cu - Cu 2.87 6 

Cu – Cu 3.38 3 0.010  Cu - Al 3.28 6 

Cu – Al 3.39 2.9 0.023  Cu - O 3.42 12 

R = 14.15%; Ef = -4.56     

-Waller factor; R = statistical goodness of 

fit factor; Ef = Fermi energy (edge position). aData taken from literature.32 
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Figure 6.13: Fourier transforms of k3  EXAFS data collected for (a) CZ-WIE and (b) CZ-CVD 

after calcination at RT. Green arrows point to differences seen in both spectra.  

 

It should be noted that the EXAFS data were k3-weighed prior to analysis, which 

could show a bias towards elements with a higher atomic number, such as copper. 

Any possible effects of this though would only be on the amplitude-derived 

components such as the Debye-Waller factors or the coordination numbers. 

Furthermore, the presence of multiple Cu environments in the sample already makes 

it tricky to rely on the amplitude components. Therefore, analyses of the higher radial 

components in the radial distribution function are only ind icative rather than 

conclus ive. Nonetheless, the basis for our supposition is derived from the XANES 

data, which show clear differences between CZ-WIE and CZ-CVD, suggesting the 

presence of significant amounts of CuAlO2 present in the latter.  

 

Given the correlation between the bond distances obtained by us and the studies 

mentioned in the literature, we propose the presence of CuAlO2 type species in CZ-

CVD alongside isolated Cu2+ ions. As mentioned, since we have more than one type  

of Cu species present in this material, any analysis obtained from the EXAFS data 

would only provide us with a linear combination of the different Cu local 

environments in question. Hence there is a small difference in coordination 

number/bond distance obtained for the CZ-CVD sample when compared to pure 

CuAlO2. 
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6.4. Relation between Performance and Local Environment of Cu 
It is evident from the work presented in this Chapter that the local environment of Cu 

within the CHA framework structure can differ as a function of the preparation 

technique, which in turn has a direct influence on the catalytic performance of the 

catalyst material. Table 6.5 relates the local Cu environment in each catalyst material 

to its catalytic performance. 

 
Table 6.5: Structure-performance relationship between Cu-CHA catalyst materials prepared via 

di fferent synthesis methods. 

 

Sample name 

 

 

Local Cu environment 

 

deNOx activi ty 

 

deNOx 

selectivitya  

 

 

Cu-S APO-34 

 

 

Isolated Cu2+ slightly above 

the plane of d6r sub-unit  

 

 

V. High  

(~ 175 o C – 350 
oC)b 

 

 

High  

 

 

CZ-WIE 

 

 

Isolated Cu2+ in the plane of 

d6r ring sub-units  

 

 

V. High 

(~ 175 o C – 350 
oC)b  

 

 

 

High  

 

 

CZ-CVD 

 

 

Isolated Cu2+ and  

Cu-aluminate type species 

 

 

Very Low 

(~ 250 o C – 300 
oC)b 

 

 

Very low,  

N2O formation  

a deNOx selectivity towards the formation of desired N2 is a final product.  
b Temperature window of > 90 % activity.  

 

A general observation was the tendency of Cu to reside in the d6r sub-units of the 

CHA structure. Since CZ-WIE has a unique, established position for isolated Cu2+, 

this provides us with a good basis for active site comparison with the other catalyst 

materials. A very recent study performed on Cu-SSZ-13 and Cu-SAPO-34 reported 

15 % and 45 % respectively of Cu+ present in the catalysts under operando SCR 

conditions at 200 oC.33 We do not see any indication towards the presence of Cu+ in 

either CZ-WIE or Cu-SAPO-34 used in this study, or under NH3-SCR conditions in 

Cu-SSZ-13 (analogous to CZ-WIE).34 Studies performed in the past have compared 
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and shown a similar activity of Cu-SSZ-13 and Cu-SAPO-34,7,35. However, the 

studies used ion-exchanged Cu-SAPO-34 and hence were limited by the amount of 

copper they could introduce into the specific extra-framework positions. In the Cu-

SAPO-34 presented in this work, we could control the amount of Cu2+ introduced into 

the framework. Considering the identical activity profiles of Cu-SAPO-34 and CZ-

WIE, the presence of add itional Cu (and at more than one site) does not  seem to have 

an apparent advantage to the deNOx activity. To test this hypothesis further activity 

tests were performed at a much higher Gas Hourly Space Velocity (GHSV); i.e., 

600000 h-1, which is 6 times higher than previously discussed. The tests reveal that at 

extreme space velocities, the suppor t material starts to play a major role as illustrated 

in Figure 6.14. Whilst there is little change in the activity profile of CZ-WIE (as 

compared to the activity at a GHSV of 100000 h-1), Cu-SAPO-34 appears to have a 

slight drop in the NO conversion profile with a maximum of 80 % conversion at ~ 

300 - 350 oC. 

 

 
Figure 6.14: Conversion of NO over Cu-CHA catalysts at extreme GHSV during NH3-SCR: (a) 

Cu-S APO-34 (red) (b) CZ-WIE (black). Plug flow conditions: 1000 ppm NO; 1000 ppm NH3; 5%  

O2; GHSV: 600000 h-1.  

 

Cu-SAPO-34 exhibits a higher selectivity towards N2 compared to CZ-WIE (Figure 

6.2). Consequently, at lower temperatures, N2O formation is completely avoided over 

Cu-SAPO-34, whilst CZ-WIE forms slight amounts (< 30 ppm). Although none of the 

characterization techniques show a secondary Cu phase present in CZ-WIE, one 

cannot completely rule out the presence of very small amounts of impurities in the 

sample. This could be a possible explanation for the N2O formed at lower reaction 
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temperatures. Secondly, conside ring the higher Cu-loading in Cu-SAPO-34, a higher 

occupancy at the active sites (6mr rings) might be expected. It is known that NO can 

form NO2 in the presence of oxygen. At temperatures below 250 °C, NO2 was found 

in the outlet gases for CZ-WIE (not shown) but not  for  Cu-SAPO-34. Compared with 

CZ-WIE, the availability of additional (or more) Cu2+ in 6m ring s ite, especially at the 

lower temperatures, appears to consume the NO2 formed over Cu-SAPO-34 leading to 

a higher amount of N2 formed. At temperatures above 350 °C, whilst the NO 

conversion drops, N2 and small amounts of N2O (< 17 ppm) form over Cu-SAPO-34. 

This is attributed to the high activity for NH3 oxidation exhibited by this catalyst, as 

has also been seen in the past over Cu-exchanged zeolites.36,37 The higher amount of 

Cu present in Cu-SAPO-34 (considering multiple sites) therefore helps avoid 

ammonia slip at these temperatures. However, as seen from the NO conversion 

activity, and the tests performed at extreme GHSV, additional copper (also at other 

pos sible cationic positions) do not seem to have an influence on the SCR reaction.  

 

Comparing the XAFS data for CZ-WIE and CZ-CVD led us to conclude that in the 

latter, a secondary phase of CuAlO2 is present. This results in a diminished activity 

and selectivity for  N2 production, but enhanced activity for N2O production. The 

CVD-IE process is driven by the formation of gaseous HNO3 as a by-product upon 

the decomposition of Cu(NO3)2 and subsequent exchange of Cu ions with charge 

compensating H+ ions in the zeolite. It has also been observed in the past in attempts 

to load zeolite Y with InCl, that removal of the anionic species is both slow and can 

be incomplete.38 This enhances the chances of interaction of the slowly forming acids  

with the zeolite framework, which appears then to lead to a partial dealumination of 

the zeolite and formation of small CuAlO2 crystallites. Neither CuO aggregates nor 

Cu-dimers previously proposed to be responsible for N2O formation under SCR 

conditions in Cu-zeolite were observed in our system.16–20    

 

6.5. Conclusions 
A series of Cu-CHA catalyst materials have been prepared via three different 

synthetic approaches and tested in the selective catalytic reduction of NO using NH3 

as a reducing agent. Each synthesis approach leads to the formation of different local 
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environments for Cu within the pore structure of the CHA-type molecular sieves, and 

the different species formed are not equally effective for the NH3-SCR reaction.  

 

The location of isolated Cu2+ ions on or close to the plane of the 6-member ring in 

CZ-WIE and Cu-SAPO-34 appears crucial for the excellent activity and selectivity 

demonstrated by these two catalysts. These are the active sites for the NH3-SCR 

reaction as seen by the direct correlation between activity/selectivity and the presence 

of Cu2+ at this site. Copper present at additional sites (as in the case for Cu-SAPO-34) 

does not seem to benefit the NH3-SCR reaction. Furthermore, it appears that the 

support material starts to play a role as we move to extreme Gas Hourly Space 

Velocities. While little change is observed in the conversion of NO over the zeolite-

based catalyst, Cu-SAPO-34 appears to demonstrate a slightly lower activity at these 

extreme flows. The vapor deposition approach has led to the formation of, besides 

isolated Cu2+, a dominant secondary phase similar in structure to CuAlO2. This results 

in a poor deNOx activity and a high selectivity towards the formation of undesired 

N2O.      

 

The study presented enables comparison of the different preparation methods. Vapor 

deposition, although intended to create isolated metal ions, is not suitable in this 

particular case. The process itself is driven by the formation of an acid, which appears 

to facilitate partial dealumination and subsequent formation of unwanted copper 

aluminate species. The technique also demands a vacuum or inert atmosphere to 

successfully sublimate the metal salts and initiate the exchange process. The one pot 

synthetic approach, besides its inherent benefit of being a one-step process, permits 

control of cation content by modifying the synthetic procedure, and homogeneous 

distribution of copper cations upon calcination of the template (no long range cation 

diffusion processes are required). The approach is, however, restricted to those 

zeolitic systems that can be prepared with coordination complexes as templates, 

which remains limited. Conventional wet ion exchange is, at least for 

aluminosilicates, easy to perform, cost-effective and results in active catalysts with 

copper present in the desired cationic locations. 
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Chapter 7 

 

Summary, Concluding Remarks and Future Perspectives 

 
Increasing concerns in our society regarding the release of harmful gasses into the 

atmosphere have led to the development and implementation of various technologies 

that curb the amount of pollutants released from various sources. Heterogeneous 

catalysts have made  a major  contribution in the control of such po llutants. One such 

family of pollutants, Nitrogen Oxides (NOx), originates from the use of fossil fuels in 

different applications, e.g. industrial processes, power plants, transport, etc. 

Analogous to the use of Three Way Catalysts (TWC) in cars with gasoline engines, 

Selective Catalytic Reduction (SCR) is an efficient techno logy realized for the control 

of NOx from diesel engines. State-of-the-art SCR technologies use Cu-based zeolites 

as the active catalyst.  

 

Summary 

The aim of this PhD thesis was to contribute towards the understanding of the origins 

of the SCR process over Cu-based molecular sieves in the presence of NH3 as a 

reducing agent with a focus towards the structural properties of the catalyst. A part of 

the work involved synthesis of Cu-exchanged zeolites using different preparation 

techniques. The catalysts were pre-characterized using conventional laboratory 

techniques, such as UV-Vis-NIR diffuse reflectance (DR) spectroscopy and X-ray 

diffraction (XRD) and further studied for their catalytic activity under plug flow 

conditions, whilst following the output gasses online using infrared spectroscopy (IR) 

and mass spectrometry (MS). In add ition, thorough characterization studies were 

performed using synchrotron based X-ray absorpt ion (XAFS) and X-ray diffraction 

studies (XRD). Key to the task of active site elucidation was the combination of a 

technique sensitive to short range order (XAFS) with a technique sensitive to the long 

range order of materials (XRD).  

 

In Chapter 2, a perspective of the local environment of Cu in various Cu-based 

zeolites was presented as evident in literature. The chapter summarized a few of the 
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structural considerations of various zeolites commonly studied for the SCR reaction, 

with a focus towards zeolites Y (FAU), ZSM-5 (MFI) and SSZ-13 (CHA). 

Techniques commonly used to study the behavior Cu within zeolite frameworks were 

presented.  It was shown that the combination of (two or more) techniques sensitive to 

different aspects of the catalysts under study was key to the accurate determination of 

active sites within catalysts. The inherent resolution of each technique allows for the 

determination of individual characteristics which together allow for the elucidation of 

the role of an active component, the influence of the local environment on the active 

component, and therefore the contribution towards the overall catalyt ic process. The 

influence of the zeolite structure on the location and interaction of Cu with SCR 

reactants or probe molecules was discussed. Finally, the various active sites proposed 

within each zeolite system and their implications towards NH3-SCR were presented. 

The comparative study showed that the location of Cu within d6r units of Cu-SSZ-13 

was key to the high activity demonstrated by the system. The structure of SSZ-13 

allowed for Cu to interact with reactant molecules within the ‘cha’ cages of the 

structure, but hindered further migration. SSZ-13 (or CHA) does not suffer from 

molecular traffic problems since the porous structure itself is three-dimensional and 

the windows of the cage are sufficiently large to allow for the passage of the reactants 

involved. The presence of Cu at an identical d6r site in the zeolite Y (FAU structure), 

however, could not contribute to the catalytic process due to the inaccessibility of the 

reactant gasses into the sod  cavities (which enclose the d6r units in Y). Other sites for 

Cu in zeolite Y allow a high mob ility of Cu cations into the supercages of the 

structure. This could lead to the formation of various clustered Cu species (e.g. bis- -

oxo, CuO and metallic Cu), which do not  necessarily favor the NH3-SCR reaction, 

especially at lower temperatures. ZSM-5 does not suffer from such a molecular traffic 

problem, however, favors the formation of dimeric (bis- -oxo) Cu species alongside 

isolated Cu2+ sites. Although the former are highly active towards the NO 

decomposition reaction, it appears the hinder the low temperature activity 

demonstrated by the system.        

 

Chapter 3 presented an in-house screening study of various Cu-based molecular 

sieves in the NH3-SCR reaction, with an aim of identifying the structural 

considerations crucial towards NH3-SCR activity. Cu-exchanged molecular sieves of 

different pore dimensions including beta (BEA), mordenite (MOR), ZSM-5 (MFI), 
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chabasite and SSZ-13 (CHA), zeolite A (LTA), ZK-5 (KFI), phllipsite (PHI) and 

STA-7 (SAV) were explored. Laboratory based XRD and UV-Vis-NIR DR 

spectroscopy were used to characterize the materials. Cu-SSZ-13 and Cu-STA-7 

demonstrated the best catalytic performance. Although both SSZ-13 and STA-7 

possess a small pore structure, comparison of all samples showed that pore 

dimensions of the molecular sieves has no direct influence on the NH3-SCR activity 

under the conditions tested. Analys is of the Cu content could further establish that 

NH3-SCR is not dependent on the amounts of Cu present in the sample. However, a 

comparison of the Cu cation sites in the various structures could help elucidate the 

predominant location of Cu in d6r units as favorable towards the high activity of Cu-

SSZ-13 and Cu-STA-7. It was further evident that a preferential location of Cu in the 

zeolite 6-rings favors the low temperature ( oC) NH3-SCR activity. For most 

samples, an increasing Si/Al ratio also resulted in an improved selectivity towards the 

NH3-SCR reaction.  Besides the high activity, the presence of a single site for Cu in 

SSZ-13 facilitates further characterization studies to directly probe the Cu sites under 

reaction conditions.     

 

Chapter 4 focused towards probing the active site in Cu-SSZ-13 under reaction 

conditions. Initially ex-situ Neutron Scattering experiments and Rietveld refinements 

of the data thereof were performed to confirm the unique location of Cu2+ ions in 

SSZ-13. Furthermore, combined XAFS/XRD experiments were performed under 

reaction conditions using a synchrotron light  source to account  for changes in the 

local and long range environment of Cu within the zeolite structure. Rietveld 

refinements of the diffraction data could establish that the square planer arrangement 

of Cu2+ ions on the plane of the d6r sub-units was maintained under SCR conditions 

at 300 oC. Further EXAFS analys is showed the movement of Cu off-centre from the 

plane of the 6-ring to maintain close coordination with three lattice oxygens. The 

EXAFS data could also account for a key Cu-NH3 interaction at temperatures 

concurrent with low NH3-SCR activity (~ 125 oC). The interaction led to a change of 

the Cu coordination geometry from distorted square planar to a distorted tetrahedral 

configuration, within the low temperature range. The scope of the experiments did not 

allow us to differentiate between this being a required interaction or a blocking effect. 

Nonetheless, such an interaction would be expected to play a major role towards the 

understanding of both cold-start and ammonia storage within NH3-SCR catalysts. Key 
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to the elucidation of the different states of Cu under these conditions was the 

combination of the XAFS and XRD data. As illustrated, used on its own, neither 

technique would provide the resolution required to elucidate multiple factors such as 

the oxidation state and local geometry of the Cu, accurate bond distances or the 

proper location of the Cu within the zeolite structure, all of which together play an 

important role in the eventual catalytic process.  

 

In Chapter 5, the interaction of Cu active sites in Cu-SSZ-13 with NO, NH3 and an 

NH3-SCR gas mix was studied using combined XAFS/XRD and a ‘flash-cooling’ 

approach. The purpose of the study was to expose the catalyst materials to the 

relevant gases and freeze the interactions (reduce the dynamic disorder) thereof by the 

use of liquid N2 to reach temperatures of ~ 180 oC. Analysis of the combined data 

showed a neutral NO molecule interacting with the Cu sites in a linear fashion. The 

interaction with NH3 was found to be much more extensive, accompanied by a 

migration of the Cu2+ cations into the cages of the zeolite structure, forming a square 

planar tetramine complex. The use of X-ray-based techniques made it challenging to 

discriminate between elements with close absorption and scattering coefficients (i.e. 

of similar Z) and therefore, limited the scope of presenting a reaction mechanism. 

Nonetheless, upon steady state conversion at 300 oC with a NH3-SCR gas feed 

comprising of NO, NH3 and O2, the system was ‘flash cooled’ to study possible 

trapped intermediates. The results indicated a side-on Cu-nitrosyl type interaction, 

with the N-O located very close to a lattice oxygen (labeled O3). The interaction 

could be an indication of the oxidation of NO to give NO2, which has been proposed 

as rate determining for the SCR reaction. Given that the atomic positions obtained 

under these conditions are expected to represent a static model of the dynamic 

behavior of the system, it appeared that this interaction led to a slight movement of 

the Cu2+ away from O3 suggesting possible change in the Cu coordination 

environment.  

 

Chapter 6 was an attempt at altering the Cu active site s within molecular sieves with 

the CHA framework structure. Besides conventional wet ion exchange, a chemical 

vapor deposition approach was utilized to ion exchange Cu within the SSZ-13 

structure. The motivation towards this was derived from past work, which used a 

similar approach to obtain single site ions well dispersed within the zeolite pores. 
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Furthermore, a one step synthesis approach was adapted to obtain a Cu-SAPO-34 

catalyst and avoid the add itional ion exchange step in preparation of the catalys t.  The 

materials were subsequently characterized by solid-state NMR, UV-Vis-NIR DR 

spectroscopy and synchrotron-based XRD and XAFS. Whilst the catalysts prepared 

by wet chemical methods (i.e. conventional wet ion exchange Cu-SSZ-13 and one-pot 

synthesized Cu-SAPO-34) showed excellent activity and selectivity towards the NH3-

SCR reaction, Cu-SSZ-13 prepared by the vapor deposition approach formed high 

amounts of undesired N2O as a by-product.  Analysis of the data collected ex-situ 

allowed us to demonstrate that the isolated location of Cu2+ ions in d6r units were the 

active sites in the catalysts prepared via wet chemical methods. Analysis of the XAFS 

data revealed that using the chemical vapor approach leads to the formation of a 

predominant CuAlO2-type phase, besides a small fraction of isolated Cu2+ ions. 

Comparison with the catalytic data could showed a direct correlation between the 

location of Cu2+ ions on the plane of d6r sub-units and N2 selectivity, whilst the 

presence of CuAlO2 species results in the formation of N2O.     

 

Concluding remarks 

Rounding up, this PhD thesis represents an attempt to understand the role and 

behavior of Cu in microporous based catalysts towards the Selective Catalytic 

Reduction of NOx in the presence of ammonia. Considering the presented work, we 

can draw on a few general conclusions. 

 

Combination of two techniques, one based in directly obtaining information from real 

space, and another based on deriving information by exploiting the reciprocal space, 

was crucial to the findings presented in this thesis. Working within reciprocal space 

allowed us to obtain the required atomic resolution to resolve for the atomic positions 

within the crystalline lattice. The information obtained in real space allowed us to 

further corroborate these observations, and additionally gain chemical information 

e.g. oxidation state on the absorbing Cu atoms. Based on the combined information, 

isolated Cu2+ ions, on the plane of d6r sub-units of the zeolite structure could be 

confirmed as the active sites under reaction conditions. A structural comparison with 

various other zeolite frameworks illustrate the added benefit of this Cu cation 

location, which is not unique to SSZ-13 (or the CHA structure), but is the most 

preferred site when compared to other microporous materials. Further comparison 
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with silicoaluminophosphates Cu-SAPO-34 (CHA) and Cu-STA-7 (SAV) also 

support this theory, i.e. the preferred location of Cu at such sites and the 

corresponding high activity and selectivity demonstrated by the system. 

 

Comparison with other zeolites and Cu sites therein indicated that the preferential 

location of Cu in 6-ring sites (similar to that seen in d6r sub-units of SSZ-13) appear 

beneficial for the low temperature activity. From a more practical perspective, such a 

low temperature activity is highly desirable in catalytic systems since the exhaust 

gasses do not reach very high temperatures during the initial stages of starting up and 

driving a vehicle.   

 

A direct Cu-NH3 interaction in Cu-SSZ-13 was observed under NH3-SCR reaction 

conditions, concurrent with temperature ranges of low NO conversion. The interaction 

was seen to be even more extensive in the presence of only NH3 at RT, possibly 

indicating a high ammonia storage capacity of Cu-SSZ-13. Further research, however 

needs to be performed in order to identify the role of NH3 with regards to its 

adsorption/desorption behavior and the possibility of activating NH3 over the Cu2+ 

ions, as a means towards reaction mechanistic insight. Considering the adverse 

environmental effects of ammonia, it is also crucial to avoid conditions which might 

be conducive towards ammonia-slip from exhaust control systems. 

N2O is a very strong greenhouse gas, which can be potentially formed as a by-product 

of the NH3-SCR reaction. Although not monitored in current emission regulations, the 

control of N2O release is crucial towards the environment, as is expected to be 

highlighted in the Euro VI emission regulations. Within the scope of this PhD thesis, 

the formation of N2O was shown to be favored over a system that was found to 

possess large amounts of CuAlO2. The resulting species was formed due to the 

preparation protocol of using a chemical vapor deposition ion exchange, which clearly 

has its limitations when not applied in systems with complete vacuum. Nonetheless, 

the presence of such nano-crystallites of Cu-aluminate nature should be avoided in 

exhaust control systems to p revent the formation of N2O.  

Development of new synthetic techniques have provided the added benefit of using 

Cu-containing structure directing agents during the zeolite (or molecular sieve) 
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synt hesis, which allows the direct control over the amount of Cu that can be  

introduced into extra-framework positions in a one-step approach. Additionally, this 

obviates the need for an additional ion-exchange step, known at times to affect the 

framework structure.  

 

Future perspectives 

The importance of combining complementary techniques is crucial to the complete 

understanding of active sites within catalysts and their role in particular catalytic 

processes. The use of X-ray absorption spectroscopy and diffraction in this PhD thesis 

has been pivotal towards the thorough characterization of active sites within the 

materials studied. However, as pointed out in Chapter 5, there can be limitations of 

using such combined techniques in the study of elements with close absorption and 

scattering factors. Therefore, efforts in the future could be directed towards the 

spectroscopic study of the various reaction intermediates in similar systems using the 

structural information already obtained as a basis. In particular, the unique active site 

in Cu-SSZ-13 allows for the direct probing of the molecular information using various 

spectroscopic techniques.  

 

The role of ammonia in the SCR process is yet not clearly understood. As illustrated 

in chapters 4 and 5 of this PhD thesis, Cu-SSZ-13 appears to possess a potentially 

high ammonia storage capacity. On one hand, this could be favorable towards 

avoiding ‘ammonia-slip’ within these systems. On the other hand, this would also 

result in problems for the ammonia dosing system, since it would be difficult to 

estimate the amount of ammonia present within the SCR unit at a given po int of time. 

However, the results presented herein did not allow for a complete understanding the 

Cu-NH3 interaction. Whilst on one hand, the strong interaction appeared to ‘block’ the 

active site, on the other hand it appeared as a necessary activation step for NH3-SCR. 

Further FT-IR and UV-Vis spectroscopic studies could be performed in the future to 

probe the molecular interactions prior and after the interaction of NH3 with the active 

site. The spectroscopic signatures of such interactions have been well established in 

literature for closely related systems such as Cu-exchanged zeolite Y or ZSM-5 and 

therefore can prove to be beneficial comparisons in this case. Crucial to these studies, 

would be the time scale of acquisition, since such molecular events could be expected 
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to be accompanied by a fluxional behavior in the coordination geometry of the active 

site as suggested in chapter 5 of this thesis. The role of NO in the catalytic process can 

also be explored by similar experiments. Isotope labeling experiments could further 

prove to be crucial towards elucidating the exchange of oxygen atoms during the SCR 

process. 

 

Deactivation of a catalyst material is a major concern and was not covered within this 

PhD thesis. Considering the use of zeolite-based catalysts, diffraction studies could 

reveal important insight into deactivation processes for the NH3-SCR process. A 

particular strategy, which would prove helpful in the understanding of deactivation 

mechanisms, could be seeding the growth of various amorphous or unwanted 

crystalline phases within the catalyst materials. The possibly favored growth of such 

particular phases under hydrothermal treatment conditions would help answer 

questions into the potential formation of multiple competing phases, which eventually 

lead to the deactivation of the catalyst. Diffraction can be further exploited to 

understand the role of poisons, commonly found in diesel oil, in the deactivation 

processes within the catalyst materials. The interaction of such poisons with the 

zeolite framework or with the active site would result in changes in the unit cell of the 

zeolite and/or the coordination environment of the active site, both of which could be 

followed by analysis of diffraction data collected at different stages of deactivation. 

 

Finally, the results presented in this PhD thesis have all been based on powdered 

samples, which forms the active component coated onto a monolith for the eventual 

use in practical purposes. Therefore, crucial to the complete understanding of the 

catalytic process and deactivation of the catalysts, is the study of the catalyst material 

coated onto such a monolith. Microscopic, spectroscopic and scattering experiments 

performed directly on such coated monoliths could reveal important insights into 

problems commonly encountered in ‘real’ catalyst bodies. Various phenomenon, 

known to occur in catalyst bodies, such as zoning of particular unwanted phases, or 

sintering of the active component can only be fully understood when considering 

commercial samples at different stages of use in a practical operation. Thereby, future 

efforts directed in such a manner can be used to eventually correlate and provide 

answers for this particular chemical engineering problem of exhaust gas purification 

from a fundamental chemical perspective.     
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List of Abbreviations 
 

AEI    aluminophosphate-eighteen 

a.u.           arbitrary units 

BEA         zeolite framework type Beta 

COx    carbon oxides 

CHA    zeolite framework type Chabasite 

CW    constant wavelength 

Co- ALPO   Co-ex changed aluminophosphate 

Cu-A Cu-exchanged zeolite A (Linde division, Union          

Carbide) 

Cu-CHA   Cu-exchanged zeolite chabasite 

Cu-SSZ-13   Cu-exchanged S tandard O il Synthetic Zeolite - thirteen 

Cu-STA-7   Cu-exchanged zeolite University of St. Andrews - seven 

CuTETA     Cu(triethylenetetramine)2+ 

Cu-Y    Cu-exchanged zeolite Y 

Cu-ZK-5   Cu-exchanged Zeolite Kerr - five 

Cu-ZSM-5   Cu-exchanged Zeolite Socony Mobil - five   

CVD    chemical vapor deposition 

d6r    double-six-ring 

DFT    density func tional theory 

DOC    diesel oxidation catalyst 

DPNR    diesel particulate-NOx reduction 

DR     diffuse reflectance 

DUBBLE   Dutch-Belgian beamline 

E     Energy  

Ef    Fermi energy 

EPR    electron paramagnetic resonance 

ESR    electron spin resonance 

ESRF    European Synchrotron Radiation Facility 

EU-27    27 member states of the European Union 

Ev    electron volts 

EGR    exhaust gas recycling  
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EXAFS   extended X-ray absorpt ion fine structure 

FAU    zeolite framework type Faujasite 

FCC    Fluid Catalytic Cracking 

FT    Fourier transform 

FT-IR    Fourier transform-infrared spectroscopy 

g/kWh    grams/kilowatt-hour  

GHSV    Gas Hourly Space Velocity 

GSAS    General Structure Analysis System 

HCs    hydrocarbons 

HC-LNT   hydrocarbon- lean NOx trap 

HC-SCR   hydrocarbon-selective catalytic reduction 

HRPD    high resolution powder diffraction 

ICP    inductive coupled plasma  

IZA    International Zeolite Association  

KFI    zeolite framework type Kerr - five 

KM    kubelka-munk 

LTA    Linde Type A 

LMCT    ligand  metal charge transfer 

MAS     Magic Angle Spinning 

MFI    zeolite framework type Mobil five 

MOR    zeolite framework type Mordenite 

MS    mass spectrometry 

NECD    National Emissions Ceilings Directive 

NOx    nitrogen oxides  

NIST    National Institute of Standards and Technology  

NMR    nuclear magnetic resonance 

NMVOCs   non-methane volatile organic compounds 

OFF    zeolite framework type Offerite 

PM    particulate matter 

PHI    zeolite framework type Phillipsite 

ppm    parts per million 

R    radial distance 

Rp    Good ness of fit (percentage) 

Rwp    Goodness of fit (weighted percentage) 
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RT    roo m temperature 

SAPO-34   silicoaluminophosphate - 34 

SAV    zeolite University of St. Andrews - seven 

SDA     structure-directing agent 

SCR    selective catalytic reduction 

SNBL    Swiss-Norwegian beamline 

SOx    sulphur oxides 

T-atoms   tetrahedral atoms from the zeolite framework 

TEAOH    tetraethylammonium hydroxide 

TPR    temperature programmed reduction 

TWC    three-way catalysts 

TMI    transition metal ion 

TOF    turnover frequency 

UV-Vis-NIR   ultra violet–visible-near infrared  

USY    ultra-stable zeolite Y 

VOC    volatile organics 

WIE    wet ion-exchange  

WM    with measures 

XAFS    X-ray absorption fine structure 

XANES   X-ray absorption near-edge structure 

XAS    X-ray absorption spectroscopy 

XRD    X-ray diffraction 

XPS    X-ray photoelectron spectroscopy 
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