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Abstract 
Nitrogen oxides(NOx) are formed in combustion processes and are toxic to humans and harmful 
to the environment. The selective catalytic reduction (SCR) of NOx is an important catalytic 
process for limiting emissions. The development of catalysts applicable for low-temperature 
and automotive deNOx is an active research area as stricter legislation is implemented. Zeolites, 
particularly Cu-CHA materials, are applied in the automotive deNOx industry. Electron para-
magnetic resonance spectroscopy (EPR) was applied to show that the differences in synthesis 
methods affected the copper distribution in the synthesized materials. This demonstrates that 
care must be taken when comparing results across otherwise similar materials. Using samples 
synthesized in-house by different methods, an industrially synthesized sample series, and com-
mercially available materials the developed EPR-based methodologies and testing protocols 
were used to reveal the differences between the materials. Experiments with isotope-labeled 
NH3 demonstrate the rapid ligand exchange and mobility of Cu in the solid-state. H2-TPR and 
EPR were applied to analyze a series of industrial synthesized Cu-CHA materials to elucidate 
the discrepancy in the literature regarding the quantification of individual Cu sites.  

For application in automotive exhaust treatment systems, the sensitivity of Cu-CHA materials 
to SO2 impurities in the exhaust is an important concern. SO2 is a poison to the catalyst even in 
low concentrations of a few ppm. The effect of SO2 on the SCR reactivity of Cu-CHA was 
analyzed by in-situ EPR for the first time. The results showed that the fresh catalyst was able 
to change its oxidation state rapidly, particularly from Cu+ to Cu2+, even in the presence of trace 
O2. In the sulfated and regenerated samples, this reactivity was retarded. The EPR results point 
to the mobility of Cu on the catalyst being blocked by SO2 coordination. The amount of copper 
that could be reduced and oxidized was less in the poisoned catalyst than in the fresh catalyst. 
The regeneration of the catalyst by heating caused some of the previously deactivated copper 
to become responsive to the gas treatment. The full reactivity of the fresh sampåle was not 
regained by the regeneration of the poisoned catalyst.  

A copper-based metal-organic framework (MOF), investigated in collaborative work, was able 
to adsorb gaseous NH3 stepwise and reversibly. The reversible and stepwise adsorption was 
followed by EPR in an experiment designed for this specific purpose resembling the reaction 
conditions reported by our collaborators. Post-synthetic modifications resulted in the crystali-
zation of two new materials. The modified MOF with one linker exchanged was compared to 
the structure reported before showed a disordered structure in SC-XRD. The new MOF was 
also able to reversibly adsorb NH3, however, it did show signs of less stability compared to the 
original MOF. The second new structure was a 1-D polymer of {Cu2(CH3COO)4(tpt)}n. The 1-
D zig-zag chain had a free coordination site on the TPT linker.  

New vanadium-containing poly-oxometalate SCR deNOx catalyst materials, synthesized by 
Bukowski et.al., were investigated by in-situ EPR. The difference in activity between the ma-
terial on TiO2 support and Al2O3 support was analyzed by EPR and a difference in interaction 
with the support could be demonstrated. The materials were analyzed in gases relevant to the 
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SCR reaction and a difference in the willingness of the materials to change oxidation state was 
demonstrated. It was suggested that the metal-support interaction was the reason for the differ-
ence in activity. 

Throughout the work presented here, the importance of spectroscopy under realistic and rele-
vant conditions was demonstrated to be crucial to provide useful insights into the changing 
coordination environment of the active metal centers in the catalysts and materials. Several 
times, the analysis method had to be adapted to the specific materials and reactions under in-
vestigation. For these types of analysis, operando and in-situ EPR spectroscopy were powerful 
tools to track even minute changes in the analyzed systems. 
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Dansk Resumé 
Forbrændingsprocessor udleder forskellige gasser hvoraf nitrogen oxider (NOx) både er skade-
lige for mennesker og miljøet og det anslås, at der årligt dør mellem op til 76.000 mennesker 
for tidligt i Europa. For at mindske NOx-udledningen, anvendes zeolitter til, at omdanne NOx. 
For at opnå en detaljeret forståelse for hvordan kobber-baseret CHA-zeolitter omdanner NOx–
gasser, anvendes elektron paramagnetisk resonans spektroskopi (EPR) til, at forstå hvordan 
kobbers koordinationsmiljø ændres i tilstedeværelsen af forskellige gasser.  

En række Cu-CHA zeolitter blev undersøgt ved brugen af EPR og det blev vist, at det aktive 
kobber center i zeolitterne varierer betydende, som følge af de materialer som blev brugt til 
zeolitternes frembringelse, samt, hvordan zeolitterne på forskelligvis blev syntetiseret. Særligt 
indholdet an Na+-ioner påvirker hvilke kobber centre der dannes. Yderligere blev kobbers re-
aktivitet i forhold til ammoniak gas (NH3) undersøgt, hvor en hurtigt udveksling mellem 14NH3 
og 15NH3 blev observeret ved relativt lave temperaturer (100°C). Dette viser at systemet er mere 
dynamisk end ellers antaget. 

I et andet studie blev EPR anvendt til, at undersøge reaktiviteten af Cu-CHA zeolitter som fri-
ske, forgiftet med svovldioxid (SO2), og efter en regeneration. Forståelsen af SO2-Cu interakti-
onen er relevant da SO2, selv i lave koncentrationer, forgifter katalysatoren. EPR blev anvendt 
til en kvantitativt bestemmelse af oxidationen af Cu+ til Cu2+, og det blev vist, at sammenlignet 
med den høje reaktivitet af de friske zeolitter, at de SO2-forgiftede prøver reagerede langsom-
mere, samt at en lavere mængde af Cu skiftede oxidationstrin. Endeligt blev det observeret at 
den regenerede zeolit havde en større andel af reaktivt Cu end de forgiftede, men stadig var 
lavere end i de friske.  

I et samarbejde blev EPR anvendt til at undersøge vanadium-baseret katalysatorer på forskellige 
bærematerialer. Det blev vist, at V-katalysatoren interagerer med bærematerialet ud fra en lille 
forskel i EPR og, at Al2O3 var mindre reaktiv ift. at skifte oxidationstrin end prøven med TiO2 
support. Dette resultat stemmer overens med den katalytiske aktivitet.  

I et andet samarbejde blev to nye metal-organiske materialer (MOF) syntetiseret, og EPR blev 
brugt til, at analysere den reversible og trinvise adsorption af NH3 på kobber. Yderligere blev 
denne MOF anvendt i et ligand udbytningsforsøg af phthalat med nitrat. Dennes nye struktur 
blev bestemt ved brug af enkelt-krystal røntgen diffraktion. En udbytning af kobber udgangs-
materiale resulterede i et tredje materiale i form af en 1D zig-zag polymer struktur med repete-
rende enhed {Cu2(CH3COO)4(tpt)}n. 

Gennem hele dette arbejde blev EPR spektroskopi brugt til in-situ analyser af forskellige kata-
lysatorer og materialer. For flere af analyserne var det nødvendigt at tilpasse målemetoder og 
udstyret for, at komme så tæt på realistiske reaktionsbetingelser som muligt. Dette viste sig 
meget nyttigt for, at kunne give indsigt i de ændringer der foregik når metaller i de porøse 
materialer reagerede med små molekyler fra gasfasen. 
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1. Introduction 

Metal centres in porous materials can facilitate chemical reactions and in doing so, they may be 
applied as heterogeneous catalysts. A catalyst is defined by IUPAC as “A substance that in-
creases the rate of a reaction without modifying the overall standard Gibbs energy change in 
the reaction” [1]. In addition to this definition, one might add that a catalyst is not consumed 
during the reaction. If we imagine two compounds A, and B they may react to form C: 

 A + B →   C (1.1) 

If A and B are to react they must be sufficiently close to each other for the reaction to occur. If 
we imagine A and B as two gas-phase molecules one reaction pathway may be envisioned by 
the molecules colliding with sufficient energy to overcome the activation energy barrier of the 
reaction illustrated as Ea0 in Figure 1.1. By adding a catalyst, e.g. a heterogeneous catalyst that 
could be a porous solid with metal centers in the pores, A and B may diffuse through the pores 
and adsorb on the metal. The metal particle is facilitating that the two molecules meet and react. 
Furthermore, the coordination to the metal may cause one or both compounds to become acti-
vated by weakening one chemical bond as a new bond is formed between the reactant and the 
catalyst. Thus, a new reaction pathway is provided with a lower activation energy barrier of the 
reaction, here Ea1 and Ea2 [2].  

 
Figure 1.1: Scheme illustrating the potential energy in a non-catalytic vs. a catalytic reaction where A and B react to form C. 

The x-axis represents the reaction coordinate and the potential energy, Epot, is represented on the y-axis.  

In practice, this means that the catalyzed reaction can be run at a lower energy cost, e.g. by 
lowering the required temperature. This is exemplified in the difference between catalytic and 
non-catalytic reduction of NOx by NH3 as described in the section below. 
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Environmental catalysis 
While it is possible to optimize the processes conditions for many catalytic processes, in the 
field of environmental catalysis the conditions are often given by the process in question. In 
exhaust gas cleaning processes the temperature and gas composition are often decided by the 
requiremetns of the burner or engine. At stationary sources, it may be possible to design the 
process with emission limits in mind, but for automotive catalysis, the possibility of tuning the 
process conditions for optimizing the catalytic process is very limited due to other concerns 
including fuel consumption and the temperature and space requirements. Therefore, a holistic 
approach to the exhaust gas treatment system is often required.  

Air pollution by NOx 
According to a report by WHO, air pollution is the second most common cause of death due to 
non-communicable diseases, after smoking tobacco [3,4]. The pollutants of concern include 
particulate matter (PM), ozone (O3), sulfur oxides (SOx), and nitrogen oxides (NOx). 

Nitrogen oxides are formed in combustion processes, are mildly toxic to humans, and are known 
for their ability to form acid rain and play a vital role in photochemical smog formation [5,6]. 
Although a large part of the NOx found on earth is from natural sources, such as lightning strikes 
(thermal NOx), volcanic activity, and bacterial decay, the anthropogenic emissions primary 
from powerplants, ships, and vehicle exhaust tend to concentrate in populated areas close to the 
surface of the earth causing health concerns [6]. It is estimated that in Europe 31,000-76,000 
premature deaths occurred as a direct result of NO2 exposure in 2018 [7]. The same report states 
that from 2009-2018 a decrease in total NOx emissions of 26% occurred, due to tightening 
legislation. Of the total NOx emissions in the European Union, it was estimated that 47% orig-
inates from the transport sector [7]. 

NOx is formed by three processes described as fuel NOx, prompt NOx, and thermal NOx. Fuel 
NOx arises from the combustion of nitrogen-containing compounds in the fuel. Prompt NOx 

forms by radical reactions involving, e.g. ∙CN. Thermal NOx is formed when N2 and O2 from 
the air react at temperatures of approximately 1200°C and higher [8]: 

 N2 + O2  
∆
→  2 NO (1.2) 

Due to the legislative demands on NOx emission limits continuously tightening since the 1990s 
both in the US and the EU, the development of emission limiting technologies is on-going [9–
11]. 
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NOx emission control 
The efforts to limit the emission of NOx are generally divided into primary and secondary 
measures. Primary measures prevent the formation of NOx by limiting the possibilities for ni-
trogen and oxygen to react at high temperatures. Secondary measures remove the NOx once it 
is formed. Examples of primary measures are the use of low-NOx-burners where the retention 
time of nitrogen at high-temperature zones of the flame is limited. The addition of fuel can also 
be directed such that unburned hydrocarbons are formed to react with NOx in the high-temper-
ature area of the flame. Other primary measures include lowering the peak temperature and 
removing nitrogen sources in fuel or using pressurized oxygen rather than air for combustion 
[12]. For stationary sources, the primary measures can be implemented to the preferred extent. 
However, to meet legislative demands it is often necessary to implement secondary measures 
as well. Some of the primary measures such as the low-NOx-burners cannot be applied in the 
automotive industry. However, the oxygen intake is strictly controlled in vehicle engines in 
order to obtain efficient combustion and the conditions in the exhaust gas treatment system are 
affected by this. 

Secondary measures include NOx adsorption, Selective Non-Catalytic reduction by NH3 
(SNCR), or Selective Catalytic Reduction of NOx by NH3 (SCR). The NOx absorber combined 
with exhaust gas recirculation played a central part in the recent NOx scandal involving VW 
[13].  NOx absorption can be achieved by reaction with oxides e.g. BaO [11]: 

 2 BaO + 4 NO2 +  O2 → 2 Ba(NO3)2 (1.3) 

Selective Non-Catalytic Reduction involves adding ammonia at the high-temperature are of the 
flue gas and NH3 reacts with NO forming nitrogen and water [14]. The efficiency of SNCR is 
25-50 % NOx removal [12]. 

One way to remove NOx to avoid exceeding the emission standards dictated by legislation is to 
apply the selective catalytic reduction of NOx by NH3 (SCR). The process requires the addition 
of NH3 which in the automotive industry is achieved by spraying an aqueous solution of urea 
into the hot exhaust where urea decomposes to form NH3 and CO2 in the presence of water at 
temperatures above 180°C [11,15].  

 CO(NH2)2 + H2O → 2 NH3 +  CO2 (1.4) 

The SCR reactions take place over a catalyst. For stationary sources, the traditional choice is 
V2O5/WO3 on TiO2. The V2O5 catalyst works best in a temperature range of 350-450°C [12].   

 6 NO + 4 NH3 → 5 N2 +  6 H2O (1.5) 

 4 NO + 4 NH3 + O2 → 4 N2 +  6 H2O (1.6) 

 2 NO + 2 NO2 + 4 NH3 → 4 N2 +  6 H2O (1.7) 
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While reactions (1.5) and (1.6) are the standard SCR reactions, reaction (1.7) is known as the 
fast SCR reaction that can take place when NO2 is present and is one order of magnitude faster 
than the standard SCR reaction [16]. 

In automotive emission control for spark-ignition engines, the 3-way catalyst has been success-
fully implemented and is the preferred choice when the O2 content can be controlled to avoid 
lean-fuel conditions. The 3-way catalyst uses Pd, Pt, or Rh in a washcoat layer on a ceramic 
monolith [11,17]. The 3-way catalyst works at a well-controlled oxygen level where NOx reacts 
with CO and unburned hydrocarbons to form N2, CO2, and water. The system can be imple-
mented with a lean-NOx trap to improve the NOx removal capacity. 

Cu-Zeolites for NH3 SCR 
For heavy-duty vehicles and lean-burn engines, the NH3-SCR process is the most efficient to 
limit emissions. One of the catalyst systems applied is copper-exchanged zeolites. Zeolites are 
crystalline porous aluminosilicates that can adsorb water reversibly and the open structure and 
Brønsted acidity allows for ion-exchange [18]. They occur naturally as minerals and were first 
described by Axel Frederik Cronstedt in 1756 in Sweden. Cronstedt experimented with the 
minerals and one of the experiments included putting the minerals in a flame. The “stones” 
began to boil and the name Zeolite (Zeo=boil, lithos=stone) was given to these minerals [19]. 
The reason for this behavior is the hydrophilic nature of the minerals, which can absorb mois-
ture from the atmosphere and release the water upon heating.  

Zeolites are produced industrially on a large scale of 1.8 ∙106 ton/year (2008) [20] due to their 
high thermal and chemical stability and tunable pore sizes making them attractive for adsorb-
ants, molecular sieves, and catalysts. For NH3-SCR the framework with a chabazite topology 
(CHA) is applied. The zeolites are made from SiO4 and AlO4 corner-sharing tetrahedral build-
ing units. They can be combined to form secondary building units, which are 6-membered (6-
mr) rings in the case of CHA, see Figure 1.2.  

 
Figure 1.2: Illustration of the building units of CHA zeolite, red are O and grey are Si or Al. 

The 6-mr can form double 6 rings (d6r) which stack in a pattern of ABC position. When the 
stacking is repeated in 3D, a network of channels and cages is formed. When aluminium is 
present in the framework a negative charge occurs due to Al3+ having a lower charge than Si4+. 
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The negative charge is balanced by a proton creating a Brønsted acid site. The proton can be 
replaced by a transition metal cation such as Cu2+ by aqueous ion-exchange. The application of 
Cu-exchanged zeolites in NH3-SCR is due to the high hydro-thermal stability, low-temperature 
activity, and good selectivity toward N2 [21–23]. These properties are likely linked to the mi-
croporous structure with the channels being small, only allowing for sphere diffusion up to 
diameters of 3.72 Å [24].  

Though the Cu-CHA materials have been commercialized and numerous investigations have 
been performed,  the catalytic mechanism is still debated in the literature [25–29]. One sugges-
tion for the mechanism was suggested by Ton Janssens et.al. [25] based on EPR, X-ray absorp-
tion, FTIR, and DFT calculations and have the correct stoichiometry and only claiming adsorp-
tion and desorption of stable molecules, see Figure 1.3.  

 

 
Figure 1.3: Mechanism for the NH3-SCR reaction in Cu-CHA catalysts as suggested by Janssens et.al. Reprinted with per-

mission from [25], copyright (2021) American Chemical Society. 

In this suggested mechanism the blue arrows illustrate the fast-SCR reaction and the black ar-
rows illustrate the standard SCR. Starting from species A, a Cu+ species reacts in step 1 with 
NO+O2 and forms a Cu2+-nitrate species. This is suggested to be the rate-limiting step and step 
1 and is replaced with step 8 when NO2 is present. From species B to species C an equilibrium 
involving NO ⇄ NO2 from the gas-phase reacting with the Cu-nitrate/nitrite species. NH3 from 
the gas phase reacts with the nitrite species to form intermediate D. N2 and H2O desorb and the 
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[CuOH]+ species, E, form. Then, in step 5, Cu2+ is reduced to Cu+ by NO+NH3 forming 
N2+H2O. In the mechanism above, the copper coordination to the framework of the zeolite is 
not specified, but two types of coordination are suggested. A Cu2+ ion coordinated to framework 
oxygen in sites with 2 Al atoms in the 6mr has been suggested along with a [CuOH]+ where 
copper(II) is coordinated to framework oxygen in a single aluminium site in the 6mr charged 
balanced by a hydroxyl [30–32]. 

A different mechanism was suggested by Paolucci et. al. [26]. In this mechanism, the Cu-spe-
cies are not coordinated to the framework oxygen. Instead, copper is coordinated to NH3 inside 
the CHA cage still with a charge balance by framework oxygen. In the mechanism the Cu2+-
oxo dimer is central. The dimer reacts with NO+NH3 to form a 3-4 coordinated isolated 
[Cu(NH3)3OH]+ in cycle A, which reacts with NO to form a linear copper(I) complex: 
[Cu(NH3)2]+. This species is suggested to be mobile and can “jump” from one cage to the next, 
but kept in the vicinity of the negatively charged Al sites by Coulomb forces. In cycle B, a 
similar process occurs. 
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Figure 1.4: Mechanism for the SCR reaction suggested by Paolucci et.al. adapted from [26]. 

The mechanism is suggested based on observations in XANES data, DFT computation, and the 
observation that the turnover rate was dependent on the calculated Cu-Cu distance for the ma-
terial. It is suggested that this mechanism is plausible for temperatures lower than 250°C. For 
temperatures above 250°C, copper is no longer coordinated to NH3 but coordinates to the frame-
work instead. For higher temperatures, a mechanism like the one suggested by Janssens et.al. 
in Figure 1.3 is more plausible. 
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Scope of the Thesis 
It is the scope of the work presented here to use in-situ EPR spectroscopy to investigate pouros 
materials with metal-centers inside. The analyzis method of EPR will be adapted for applica-
tions relevant to the specific materials. 

The Cu-CHA system further. Materials synthesized by different methods have been observed 
to have different Al-distribution and as a result, different Cu-sites were observed [33–35]. Cu-
CHA materials synthesized in-house and materials closer to an industrial application provided 
by Umicore will be investigated. This investigation will be performed to gain further insight 
into the differences in the materials and their behavior in different gas flow conditions. The 
purpose is to provide another piece in the puzzle of the workings of the materials, that will 
provide a deeper understanding, enabling informed design decisions in the development of new 
catalysts. Furthermore, the behavior of SO2 exposed and regenerated Cu-CHA catalysts will be 
investigated by in-situ EPR-spectroscopy during exposure to SCR-relevant gas flows for the 
first time.  

A new vanadium poly-oxometalate (POM) active for the NH3-SCR reaction has been synthe-
sized and characterized by collaborators from Friedrich-Alexander-Universität Erlangen-Nürn-
berg. This material showed low activity for the SCR reaction when supported on Al2O3, whereas 
on TiO2 support the material was active at tempretures abov 250°C and higher. The new catalyst 
will be investigated by in-situ EPR spectroscopy and the effect of different support materials 
will be analyzed. 

Furthermore, work on materials with reversible NH3-adsorption capabilities in the form of Cu-
based Metal-Organic Frameworks (MOFs) will be presented and analysed. The new MOF-fam-
ily was discovered by collaborators at the University of Southern Denmark and analyzed by 
collaborators from the University of Melbourne and Dublin City University and will be ana-
lysed by EPR spectroscopy and developed further in this work. 

Besides the three main parts on Cu-CHA, V-POM, and Cu-MOF materials other measurements 
will be performed as part of the Ph.D. project, however, with less relevance to the work pre-
sented here. 

The theme of the dissertation is the application of in-situ EPR in conditions as close to the 
relevant applications as possible. This provides insight into the changing chemical environment 
of the metal centers in the porous materials as they are applied in heterogenous gas-solid reac-
tions.  
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2. Electron Paramagnetic Resonance spectroscopy  

Development of EPR spectroscopy [36]                                                                                             
EPR spectroscopy is the analysis method that binds this work together. Though the application 
of EPR in this work has been of a considerable practical nature, a short theoretical background 
for the analysis method is given here, whereas a comprehensive theoretical description is be-
yond the scope of this thesis. Furthermore, a description of the EPR setup and typical experi-
mental procedure is provided. 

In compounds or materials with paramagnetic centers, the unpaired electrons can be probed by 
EPR spectroscopy. The interaction of the magnetic moment of the unpaired electron within an 
external magnetic field is known as the electron Zeeman interaction. Pieter Zeeman, a Dutch 
physicist, was awarded the Nobel prize in 1902 together with Hendrik A. Lorentz for describing 
the results on spectral lines of applying a magnetic field. In 1922, the Stern-Gerlach experiment 
demonstrated a magnetic moment of silver atoms by directing a beam of atoms through a mag-
netic field, causing the beam to be split. Goudsmit and Uhlenbeck suggested the existence of 
an electron spin that could only take two values in 1925. In the Dutch city of Leiden, two elec-
trons with opposite spin are painted on the wall of a house in the memory of the work of Goud-
smit and Uhlenbeck, see Figure 2.1. 

 
Figure 2.1: Photo of the wall of a house on Gerecht 13 in Leiden (published with permission, ©Vysotsky (Wikimedia)) 

In the 1930s it was demonstrated by Rabi that a transition of spin states could be induced by 
radio waves within a magnetic field. With the development of radar technology in the Second 
World War, the foundation for EPR experiments was built. On January 21, 1944, the Russian 
physicist Zavoisky measured the first EPR spectrum on CuCl2 [37]. In 1950, the method devel-
oped quickly and today EPR spectroscopy is becoming more available as bench-top instruments 
have been commercialized. Today, a reminiscent of the war-time technology is the use of the 
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labels S-band (2-4 GHz), X-band (8-10 GHz), Q-band (~35 GHz), W-band (90 GHz) to de-
scribe the frequency, which was the codes that were used to describe the secret frequencies 
during the war. 

The theory behind EPR [36] 
The EPR technique can be applied to many systems and can be a powerful technique to detect 
the coordination environment around paramagnetic centers even in very dilute concentrations. 
The fundamental requirement is that an unpaired electron is present. An electron has an inherent 
property called spin which is a quantum mechanical phenomenon with no macroscopic equiv-
alent. The projection of the spin angular momentum S of an electron along the z-axis parallel 
to the magnetic field is described by the corresponding spin quantum number ms=-S,-S+1…S. 
For an electron with S=1/2, mS = +1/2,-1/2. Thus, a free electron may have two possible spin 
states, usually denoted as spin up/spin down or α/β spin. With no external magnetic field, the 
two spin states are degenerate. When an external magnetic field is applied the energy level of 
the spin states of the electron splits according to Eq. (2.1).  

 𝐸𝐸 = 𝑔𝑔𝑒𝑒𝜇𝜇b𝐵𝐵𝑚𝑚𝑠𝑠 (2.1) 

Here E is the energy of each spin state, g is the g-value, µb is the Bohr magneton (after Danish 
physicist Niels Bohr), B is the magnetic field, and ms is the electron spin quantum number. The 
g-value of a free electron is ge=2.00231930436082(52) and can be described as a correction 
factor of the classical magnetic moment of the electron to the quantum result. In continuous 
wave EPR, the magnetic field, B, is swept and the sample is illuminated by microwave radia-
tion. When ms is ±1/2 and the selection rule is ∆ms = 1 (and ∆mI = 0) this gives the possibility 
of transitions between the two spin states when the energy of the microwave radiation corre-
sponds to the difference in energy between the two spin states. When these criteria are satisfied 
some of the microwave radiation is adsorbed. 

 
Figure 2.2: Scheme showing the energy levels of the spin states as a function of the applied magnetic field.  

In continuous wave EPR (CW-EPR) the radiation frequency (9.5 GHz for X-band) is kept con-
stant while the magnetic field is swept causing the energy of the two spin states of the electron 
to increase proportionally to the magnetic field according to Eq. 2.1. When the difference in 
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energy between the two states reaches the energy of the microwave radiation the spin can be 
exited. This takes place at the resonance field marked B0 in Figure 2.2. 

The value of the resonance field is affected by the chemical environment around the electron 
and a distinction is made between the effective field (Beff) and the externally applied field (B). 
Since the external field is easily measured, the ge-value of Eq. 2.1 is replaced by an effective g-
value allowing for the effective field to be replaced by the external field. The external magnetic 
field can be used in the equation by applying Beff = (g/ge) B. Thus, the effective g-value that is 
extracted from the measured spectrum contains information on the chemical environment 
around the free electron.  

In practice, the microwave is applied as a standing wave inside the resonator which is a small 
box placed between the magnets known as the cavity. Thus, the measured signal is not a direct 
adsorption signal. Instead, the adsorption of radiation, which is caused by a transition from one 
spin state to the other, causes a disturbance of the resonating microwave. This disturbance will 
allow for some of the radiation to be reflected and reach the detector.  

In CW-EPR, the magnetic field is modulated, such that the field is not increased linearly, but 
with a superimposed sine wave, typically at 100 kHz. Thereby the signal is detected at 100 kHz 
and any signal with a different frequency can be filtered out as noise. This increases the signal-
to-noise ratio by approximately two orders of magnitude. As a consequence of the modulation, 
the detected signal is modulating and the peak-to-peak amplitude of the signal is approximately 
the first derivative of the absorption spectrum. For this reason, EPR spectra are often shown as 
derivative spectra, see Figure 2.3 left.   

 
Figure 2.3: Left an example of a Gaussian absorption line (black) and the first derivative (red). Right is a simulated example 

of a typical X-band CW-EPR spectrum of a solid sample containing copper(II) with axial symmetry.  
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When the electron is in the vicinity of a nucleus that has a non-zero nuclear spin, the electron 
can interact with the nuclear spin which will split the energy levels into 2nI+1 lines. Here, I is 
the nuclear spin and n is the number of nuclei. The interaction of the electron with the nucleus 
is known as the hyperfine interaction and its magnitude is characterized by the hyperfine cou-
pling constant A. The hyperfine interaction can be described by a Fermi contact contribution 
and a spin-dipolar interaction. The Fermi-contact arises from the finite, non-zero, probability 
of the electron to be located inside the nucleus. The Fermi-contact is an isotropic (independent 
of direction) contribution to the hyperfine interaction. The spin-dipolar contribution can be de-
scribed classically as an interaction of the magnetic moments of the nucleus with the electron. 
This can be depicted as the nucleus generating a small magnetic field that contributes either 
positively or negatively to the effective field experienced by the electron. Thus, factors that will 
determine the magnitude of the hyperfine interaction include the distance and orientation be-
tween the electron and the nucleus. Thus, the hyperfine interaction is described by a 3x3 tensor. 
When diagonalized the hyper fine coupling can be described by the principle values Axx,  Ayy, 
and Azz. The nuclear spin for both isotopes of copper (63Cu, 65Cu) is I = 3/2 resulting in four 
lines in the EPR spectrum as illustrated in Figure 2.3 right. The spectrum in Figure 2.3 is a 
simulated orientation averaged copper(II) spectrum (powder spectrum). In this specific exam-
ple, the perpendicular A values are not resolved due to the linewidth, and the parallel A-value 
Azz can be determined by the distance between the four low-field peaks. 

In practice, the g-value in Eq. 2.1 should be replaced by a g-tensor since the effective g-value 
will be orientation-dependent with respect to the magnetic field. This is largely an effect of the 
spin-orbit coupling. Considering an electron as a charged particle in orbital motion the move-
ment of the charged particle generates a magnetic field. The spin-orbit coupling is an interaction 
of the spin of the electron with the magnetic field created by its own orbit. The g-value is rep-
resented by a 3x3 tensor, and choosing the orientation of the axis such that the off-diagonal 
values are zero leaves the diagonal g-values as represented in Eq 2.2. There are other contribu-
tions to g than the electron Zeeman interaction and the spin-orbit coupling, but for simplicity, 
these contributions are not considered here. 

 𝒈𝒈 = �
𝑔𝑔𝑥𝑥𝑥𝑥 0 0

0 𝑔𝑔𝑦𝑦𝑦𝑦 0
0 0 𝑔𝑔𝑧𝑧𝑧𝑧

� (2.2) 

When the symmetry of the system is high such as cubic or tetrahedral the g-tensor is described 
as isotropic (gxx = gyy = gzz). If the system has axial symmetry, as is the case for the simulated 
spectrum in Figure 2.3 then a parallel g-value can be defined as g║ = gzz and is different from 
the perpendicular g-value defined as gꞱ = gxx = gyy. For rhombic or lower symmetry, all three 
diagonal g-values are different.  
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When measuring EPR on microcrystalline samples of paramagnetic centers with one unpaired 
electron like Cu2+, the experimentally observed g- and A-values can provide valuable infor-
mation about the chemical environment experienced by the unpaired electron. One way to ob-
tain the spin Hamiltonian values is by simulation of the EPR spectrum and fitting the parameters 
of the simulated spectrum to the measured spectrum by least-squares fitting. This simulation 
and fitting can be performed in a software package such as EasySpin [38]. Here a simplified 
spin Hamiltonian is constructed, see Eq. 2.3, and the corresponding spectrum is calculated.  

 𝐻𝐻 = 𝑔𝑔┴𝜇𝜇b�𝐵𝐵𝑥𝑥𝑆𝑆𝑥𝑥 + 𝐵𝐵𝑦𝑦𝑆𝑆𝑦𝑦� + 𝑔𝑔||𝜇𝜇b𝐵𝐵𝑧𝑧𝑆𝑆𝑧𝑧 + 𝐴𝐴┴(𝑆𝑆𝑥𝑥𝐼𝐼𝑥𝑥 + 𝑆𝑆𝑦𝑦𝐼𝐼𝑦𝑦) + 𝐴𝐴||𝑆𝑆𝑧𝑧𝐼𝐼𝑧𝑧 (2.3) 

By systematical variation of the parameters, the difference between the simulation and the ex-
perimental spectrum is minimized until a satisfactory result has been obtained. Besides the g- 
and A-values, another important parameter in the fit is the line shape and linewidth of the EPR 
signal. Several mechanisms of line broadening are known and can be simulated. Different 
mechanisms will cause different types of line broadening. The software calculates the peak 
positions and applies the line shape as either Gaussian, Lorentzian or mixed (Voigt) with line 
width as specified in the input. It is also possible to apply anisotropic line broadening in the 
form of H-strain, A-strain, or g-strain. Care should be taken in not adding too many parameters 
to the simulations. Besides the negative impact of many parameters on the computational power 
required, one should keep in mind that anything can be simulated by adding enough perturba-
tions, but realism can easily be compromised.  

When reliable spin Hamiltonian values have been extracted from the experiment, the infor-
mation hidden in these values is to be determined. One possible path to do this is by computa-
tion of structures and their resulting spin Hamiltonian. This can be accomplished by e.g. using 
DFT. Several structures for the Cu-CHA system have been calculated by Corma et.al. [39]. 

Although DFT calculations are a useful tool particularly for simple spin systems, when it comes 
to transition metals and larger molecular systems the calculations become more demanding with 
respect to computational power and time. Another drawback of using current computational 
methods to determine the electronic and chemical structure corresponding to the observed val-
ues is the lack of precision of the methods.  

Another strategy for making sense of the obtained values from an EPR measurement is to com-
pare to previous measurements on known systems and model systems. An important work was 
done for EPR on copper biomolecules by Peisach and Blumberg [40]. They mapped the influ-
ence of ligands on the parallel A- and g-values for active sites of copper-based proteins and 
model systems by plotting A║ vs. g║. They found an empirical correlation between the type of 
atom that binds to the copper and the spin Hamiltonian values. In the work by Anita Godiksen 
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in her Ph.D. thesis, the literature values for copper exchanged zeolites were added to a Peisach-
Blumberg plot, see Figure 2.4 [41].  

 
Figure 2.4:Peisach-Blumberg plot reprinted from [41]. The colored areas illustrating the correlation between A and g values 
and the coordination of the ligand to the copper and were based on the work in [40]. The values for different copper ex-
changed zeolites were adapted from [42] by Godiksen.  

An example of application is the observation of EPR spectra from Cu-CHA before and after 
exposure to NH3. For this system, it has been observed that the spin Hamiltonian values changed 
depending on the pre-treatment [30,31]. The values changed from being represented by the pink 
triangles in Figure 2.4 when the sample had been treated at elevated temperature in O2 to 
g║=2.26 and A║=550 which corresponds to 4N or 2N2O coordination according to the Peisach-
Blumberg plot. Thus, it was concluded that the new values correspond to copper being coordi-
nated to the NH3 molecules rather than the oxygen from the CHA framework. This observation 
can then be compared to observations by other methods such as X-ray absorption spectroscopy 
that show similar results with the formation of copper complexes after NH3 exposure where 
copper is coordinated to ammonia [43,44]. This example illustrates that the changes in coordi-
nation can be detected by EPR and that it is important of using the results from other analysis 
methods for comparison with EPR. 

Instrumentation and experimental set-up 
The EPR instrument used for this work is a Bruker CW X-band EMX spectrometer. The spec-
trometer generates a magnetic field using electromagnets in the form of two large water-cooled 
copper coils. The microwave signal is generated by a Gunn-diode and through a waveguide, 
the signal is directed to the resonance cavity placed between the magnets. Several parameters 
must be chosen to fit the measurement depending on the type of sample. The parameters include 
the field width, frequency and amplitude of the modulation field, the time constant, the number 
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of points in the spectrum, and the microwave power determined by the attenuation. All these 
parameters should be chosen such that a distortion of the signal is avoided.  

The microwave signal is tuned to ensure an optimal resonance condition in the cavity. This is 
done by adjusting the frequency, the bias current, and the iris screw. The iris screw is a Teflon 
screw that is placed where the waveguide enters the cavity and adjusts how much radiation is 
allowed to enter the cavity. The frequency determines the wavelength and the Bias current is 
the current over the detector, which should operate in the linear region for quantitative meas-
urements. The bias should therefore be adjusted to be approximately 200 microamperes. The 
quality of the tuning can be determined by a Q-value which should be maximized by the tuning 
procedure.    

 
 Figure 2.5: The EPR instrument at DTU Chemistry. A is the microwave bridge, where the microwave is produced. B is the 
electromagnet. C is the resonance cavity placed in the magnetic field. D is the sample holder. 

 

In-situ EPR 

For the in-situ measurements, the fractioned (particle size  150-300 µm) sample was placed in 
an open-ended quartz tube between two pieces of quartz wool to make a plug flow reactor. The 
sample tube was placed in a variable temperature dewar and held in place by a Teflon screw 
that was fitted to the lower part of the sample tube (white ring below the sample holder (D) in 

A 

B 

C 

D 
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Figure 2.5). The variable temperature dewar is a double-walled quartz tube. Heated air flows 
through the dewar on the outside of the reactor, see Figure 2.6. A control thermocouple is placed 
between the two tubes in the airflow. A different thermocouple is placed inside the sample tube 
2-4 cm below the sample and is used for the temperature log.  

 
Figure 2.6: Top is a schematic of the in-situ high-temperature set-up with quartz sample tube inside the variable temperature 

dewar, which is a double-walled quartz tube. Below is a schematic representing the gas flow setup.  

When the tubes and reactor are assembled a thick-walled Teflon tube with a Viton tube at the 
end was fitted over the top of the reactor and connected to the reaction gas flow set-up.  

As a part of this work, the gas line labeled “line A” in Figure 2.7 was built. The tubes were 
Swagelok stainless steel tubes and the gas flow was controlled by mass flow controllers. The 
tubes were heated to 80°C to limit the adsorption of reaction gas on the tube sides. The gases 
used for in-situ SCR measurements were He (99.999 %, Air liquid), O2 (100 %, Air Liquid), 
1% NO in He (AGA), and 1% NH3 in He (AGA). The typical flow rate used was 200 NmL/min 
corresponding to a GHSV of approximately 400,000 h-1. 

The cavity was continuously flushed with in-house N2 and the outside of the cavity was cooled 
by a flow of pressurized air. This was all done to prevent heating of the cavity when the sample 
is heated. If the cavity itself is heated the thermal expansion can distort the reflective walls 
changing the resonance conditions for the microwave, which should be avoided. The heating 
of the cavity and the limited temperature tolerance of the Teflon fittings and VT-dewar caused 
the limit for the temperature to be 250-290°C. The quartz dewar is rated to 600 K which should 
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not be exceeded. For reactions that need a higher temperature, ex-situ measurements must be 
performed. 

 

 
Figure 2.7: Schematic representing the in-situ gas flow system used for EPR measurements. Mass flow controllers (MFC) were 
used to control the gas flow.  

Quantitative EPR 

The EPR spectrum can be integrated once to obtain an absorption line and a second integration 
gives the area under the curve, which is the summed intensity of the spectrum. This intensity is 
proportional to the number of spins and EPR can therefore be used quantitatively. However, 
several factors influence the total intensity, and caution should be used when comparing inten-
sities from different measurement campaigns. Besides parameters that can easily be kept con-
stant, such as conversion time, modulation amplitude, and the number of spins, the intensity 
also scales with the square-root of the microwave power. If the power is too high the sample 
can be saturated and the intensity no longer scales linearly with the power. Another very im-
portant factor is the volume-sensitive distribution for the resonator and the point sample cali-
bration factor. To avoid variation in these factors the height of the sample in the EPR tube and 
precise placement in the cavity should be kept constant from measurement to measurement. 
The signal also scales with a filling factor, which can change with the packing of the sample. 
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This can be illustrated by a porous sample being less opaque to the microwave than a densely 
packed sample. 

The quality of the tuning, quantified by the Q-factor is also proportional to the intensity of the 
signal. The Q-factor can be calculated as Q = νres/∆ν, where νres is the resonance frequency 
and  ∆ν is the bandwidth. The bandwidth can be measured as the dissipated energy. 

The intensity of the EPR signal also scales with a Boltzmann distribution of the occupied spin 
states which introduces a temperature dependence of the EPR intensity. This temperature de-
pendence can be approximated as by Eq. 2.4 in the high-temperature limit where kT >> ∆E=hν. 
Here k is the Boltzmann constant, T is the temperature, h is Planck's constant, and ν is the 
frequency. 

 𝐼𝐼(𝑇𝑇) = 𝐼𝐼(𝑇𝑇0) ∙
𝑇𝑇0
𝑇𝑇

 (2.4) 

In Eq. 2.4 I(T) is the intensity measured at a given temperature, I(T0) is the corresponding in-
tensity at a reference temperature. T0 is the reference temperature and T is the temperature for 
the measured intensity I(T). See Appendix A for the mathematical derivation.  

This means that in an in-situ measurement where all other parameters are kept constant and the 
temperature is increased, the intensity of the EPR spectra will decrease due to the Boltzmann 
distribution of the populated spin states.  

One of the advantages of in-situ measurements is that the sample is kept in the instrument, 
minimizing changes to the parameters that will influence the intensity of the EPR spectra. 
Therefore, the intensity of each spectrum can be normalized to the intensity of the first, refer-
ence spectrum of the untreated sample: Irel = I/I0. Thus, the changes of intensity throughout a 
measurement can be related to the chemical changes in a catalyst during reaction conditions. 



3 Methods of Cu-CHA Synthesis 

 

19 
 

3. Methods of Cu-CHA synthesis 

This chapter is a manuscript that is to be submitted to a peer-reviewed journal. The work in this 
publication was conducted by me in collaboration with co-workers from the Department of 
Chemistry at the Technical University of Denmark: Associate professor Susanne Mossin and 
Ph.D. student Qi Gao. A co-author statement is included in Appendix D along with the support-
ing information to the manuscript. Supporting data for the work in this manuscript were per-
formed by colleagues at DTU: NMR by Ph.D. Kasper Enemark-Rasmussen, TEM images by 
Ph.D. David Benjamin Christensen (OH-route material) and Ph.D. Farnoosh Goodarzi (NaOH-
route material). The results were a part of the work carried out at DTU and are connected con-
ceptually to the work done in my Master thesis “Dependence of the Properties of Cu-Zeolites 
on Synthesis Method Studied by in-situ EPR”, 2017 [34]. In that work, it was concluded that 
the synthesis method affected the Cu-site distribution. The previously analyzed materials only 
contained low Cu-loading for each synthesis method and consequently, the previously con-
ducted EPR measurements only probed the most energetically preferred copper sites of the ma-
terials. 

 

Brief introduction: 

The Al distribution in CHA materials and the resulting copper sites in Cu-CHA materials are 
still under investigation in the literature. The group of Gounder et. al. has published several 
papers investigating the effects of Na+ ions in the synthesis and on how the Na:SDA ratio will 
affect the amount of ZCuOH and Z2Cu sites in the resulting material [33,45]. It is of interest to 
the scientific community to discover how the synthesis methods affect the configuration of ac-
tive sites in the final catalyst product since such materials are industrially applied as SCR-cat-
alysts. This has not been investigated by EPR on the Cu-sites previously for materials with 
various copper loading and from different synthesis methods. 

The work includes a study of EPR parameters for two CHA-zeolites synthesized and Cu-ex-
changed to a varied copper loading by me. The results were compared to EPR results from the 
literature including published work by a former group member, Ph.D. Anita Godiksen.  

The reactivity of the materials, when exposed to SCR-relevant gases, was also investigated by 
EPR spectroscopy. An isotope-labeled NH3 adsorption study showed rapid ligand exchange of 
Cu-species at low-temperature. The results show that the Cu-CHA system is not static and that 
the synthesis methods do affect the copper speciation of the Cu-CHA materials. 

 



Spectroscopy and in-situ studies of environmental catalysts 

 

20 
  

Paper 1:  
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4. H2-TPR comparison to EPR spectroscopy  

This chapter is based on collaborative work with a project student and with Umicore. From 
Umicore Ton Janssens first came up with the idea to compare results from a H2-TPR measure-
ment with results from EPR. The materials that were analysed in this work were all provided 
by Umicore and analysed at DTU. Project student Linette B.R. Christensen preformed in-situ 
dehydrations in EPR. The EPR analysis method that utilized simulated H2-TPR conditions to 
probe the change in oxidation state of EPR active Cu-species during the TPR measurements, 
was developed by me. The EPR measurements for that part were conducted by Ph.D. student 
Qi Gao from DTU Chemistry. 

See co-author statement in Appendix D. 

Motivation: 

Several analysis methods used to study the Cu-CHA SCR catalyst systems show that the Cu2+ 
ions prefer coordination in the 6mr of the CHA zeolite [30,33,42,46]. However, if there are no 
available paired Al sites, Z[CuOH] species in single aluminium sites will form. By dehydrating 
Cu-CHA zeolites it has been possible to identify and quantify the number of Z2Cu sites (paired 
Al). In H2TPR two peaks at low temperature may correspond to the Z [CuOH]  and Z2Cu sites.  
By combining the measurement techniques it is the purpose to firstly investigate if the Cu-
speciation from the two methods are in agreement. Secondly, to gain insight by analysing the 
same parent zeolite with a range of Cu loadings. This may provide information on how different 
sites become occupied as the Cu-loading is increased. By modifying the EPR set-up a simulated 
TPR experimentcan be conducted, while in-situ EPR is being measured. This may provide in-
sight to which Cu-Species are reduced in H2-TPR. 

Paper 2: 
Paper 2: 

“H2-TPR and in-situ EPR studies of Cu-speciation in CHA zeolites for the selective catalytic 
reduction of NOx” 

David Nielsen1, Qi Gao1, Linette B. R. Christensen1, Ton V. W. Janssens2, Peter N. R. Ven-
nestrøm2 and Susanne Mossin*1.  
1Centre for Catalysis and Sustainable Chemistry, Department of Chemistry, Technical Univer-
sity of Denmark, Kemitorvet 207, 2800 Kgs. Lyngby, Denmark. 
2Umicore Denmark Aps, Kogle Allé 1, 2970 Hørsholm, Denmark. 

In progress 
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5. Deactivation of Cu-CHA catalysts by Sulfur 

The in-situ EPR measurements presented in this chapter were made by B.Sc. student Nicolai 
A. Hagerup as part of his B.Sc. project and part of the data was presented by N.A. Hagerup in 
his B.Sc. thesis. The project was co-supervised by David Nielsen and the plots and data treat-
ments used in this chapter were made by David Nielsen for this dissertation. David Nielsen 
performed the quantification measurements by EPR presented in this chapter. 

In this chapter, the term untreated will be used to describe samples that have not been thermally 
activated. The term fresh will be used to describe samples that have not been exposed to SO2. 

Introduction 
Copper exchanged zeolites with the CHA topology are applied in the automotive industry as 
catalysts for the SCR reaction in the exhaust gas treatment system of heavy-duty vehicles 
[47,48]. It is a known challenge to these catalytic systems that they will be deactivated by ex-
posure to sulfur.  The diesel fuel that is used is contaminated with low levels of sulfur-contain-
ing compounds which act as a poison for the catalyst [49–51]. Ultra-low sulfur diesel in the EU 
must contain less than 10 ppm sulfur by weight [52]. Sulfur may also enter the exhaust gas as 
impurities originating from lubrication oils [47]. When sulfur-containing compounds are com-
busted they will form SOx, usually in the form of SO2. Further oxidation of SO2 to form e.g. 
H2SO3 or H2SO4 may occur, particularly at high temperatures over the diesel oxidation catalyst 
or even in the SCR catalyst when water and O2 are present. Bi-sulfates or Bi-sulfites may con-
densate on the surface of the zeolite in the presence of NH3 as e.g. ammonium bi-sulfate which 
can block the zeolite pores causing fouling of the catalyst. Such fouling has been observed in 
V2O5/WO3 catalyst systems [53]. 

Pore blocking by NH4HSO4 is suggested in a study by Binder et.al.: A Cu-CHA catalyst iden-
tical to that used in an engine system was exposed to 500 ppm SO2 (relevant for marine emission 
standards) resulting in loss of pore volume and surface area determined by BET [54]. 

Sulfur in the form of SOx (SO2/SO3
2-/SO4

2- or HSO3
-/HSO4

-) might coordinate to Cu-centers, 
prohibiting NH3 adsorption and thus hinder the formation of active Cu-ammine species such as 
[Cu(NH3)4]2+ or [Cu(NH3)2]+. This would be a possible poisoning mechanism.  

It is thought that the primary cause of deactivation for the Cu-CHA when low levels of sulfur 
are present in the gas flow is likely to be the formation of Cu-SOx species, rather than the for-
mation of pore-blocking by NH4HSO4 [48,55–57]. One argument for the direct coordination of 
SOx species to active Cu centers is that the S/Cu ratio is observed to be in the range 0.5-1.4 
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[48,57]. Other evidence includes results from X-Ray absorption spectroscopy and DFT-calcu-
lations, DRIFT, and STEM-EDX which all point to Cu-SOx species and uniform distribution 
of sulfur in the poisoned catalysts [51,56,58,59]. 

The Cu-CHA catalysts are attractive to use as SCR catalysts in the automotive industry due to 
the high thermal stability, excellent activity at low temperature, and high selectivity towards N2 
[56]. Particularly for environmental catalysis, the operating conditions cannot be chosen freely 
to be within the optimum range for the catalyst activity. Therefore the high activity of the Cu-
CHA catalysts at low temperatures, compared to other alternatives such as V2O5 or Fe-zeolite-
based catalysts, is of great importance in the automotive application. Since SCR in automotive 
application relies on the decomposition of aqueous urea as the ammonia source, the process has 
a lower temperature limit of approximately 180°C [50].  Unfortunately, it has been shown that 
exposure to low levels of SO2 causes poisoning of the catalyst, which particularly lowers the 
activity at low temperatures [48,51,60], see Figure 5.1.  

 

 
Figure 5.1: NOx conversion as a function of temperature in fresh, sulfated, and regenerated Cu-CHA. Reprinted from [60] with 
permission from Elsevier- License no. 5024101092077. 

If low levels of sulfur cause deactivation of the Cu-CHA catalysts, active measures have to be 
applied to SCR catalysts for heavy-duty vehicles. From Figure 5.1, it is evident that most of the 
lost activity can be restored by thermal regeneration in a sulfur-free gas. Such a thermal regen-
eration step is not unrealistic in a relevant application setting and exposure to elevated temper-
ature e.g. 500-700°C has been shown to partially or fully restore the lost SCR activity in other 
studies of Cu-CHA systems [47,48,56].  

To meet increasingly strict demands on NOx emissions, it is of importance to further the under-
standing of the SOx deactivation of the catalyst system. Here, EPR spectroscopy may be a val-
uable tool to gain insights into the changes in the Cu-coordination environment when the cata-
lyst is fresh, SO2 exposed and regenerated.  
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One EPR study of fresh, SO2 poisoned and regenerated Cu-CHA has been published by the 
Mossin group in collaboration with Hammershøi, and Janssens et. al. [50]. In that study, dehy-
dration of a fresh Cu-CHA sample showed EPR signals from two different types of Cu species 
in the 6 membered ring in accordance with previous investigations. The two signals have been 
labeled “site A” with g║ = 2.32 and A║ = 505 and “site B” with g║ = 2.36 and A║ = 465. The 
Cu-CHA had a Si/Al ratio of 15 and a Cu-load of 2.8 wt. %. The samples were exposed to 100 
ppm SO2, in 16% O2 in N2 at 550°C. Regeneration was performed in 10 % O2, 3 % H2O in N2 
at 550°C. In that study, the fresh sample had 62% EPR silent Cu after dehydration, where the 
sulfated and regenerated samples had 42-55% EPR silent Cu after 32 h at 550°C. 

One of the findings of the study was that a long exposure time to SO2 caused a higher fraction 
of a broad isotropic EPR signal with giso = 2.16, compared to the samples that had been exposed 
to SO2 for a shorter time. It was concluded that the SO2 mainly interacted with the ZCuOH sites 
and that certain Z2Cu sites were mostly unaffected by the SO2 exposure. After regeneration, the 
distribution of Cu sites as detected by EPR changed and it was concluded that relocation of 
sulfur or Cu-S species might occur during the regeneration. 

It has also been observed by Schneider, Gounder, and Ribeiro et. al. [57] that ZCuOH sites were 
more easily deactivated by SO2 than Z2Cu sites.  

In this study, fresh, SO2 exposed, and regenerated samples were analyzed by in-situ EPR spec-
troscopy, investigating the difference in Cu coordination environment during exposure to SCR-
relevant gas. 

Experimental 
The Cu-CHA samples used in this chapter were provided by Umicore and the samples had a 
Si/Al=7 and a Cu loading of 4 wt. % Cu unless otherwise stated. 

Samples were exposed to a flow of SO2 (50 ppm) for 65h at 300°C containing 10% O2 and 5% 
H2O in N2. Regeneration was performed by 6h exposure to 10% O2 and 5 % H2O in N2 at 
550°C.  

Electron Paramagnetic Resonance spectroscopy (EPR) measurements were performed under 
in-situ conditions as described in the previous chapters. Two experimental protocols were used 
for these measurements: 

1. Thermal activation:  The sample was exposed to a flow of 10% O2 in He. When the 
EPR signal had stabilized the samples were heated by 10°C/min to 250°C and kept at 
this temperature for one hour before cooling to room temperature and exposing the sam-
ple to he. All flows were 200 N mL/min corresponding to a GHSV of ~400.000 h-1.  
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2. SCR relevant gas: The samples were thermally activated as described in step 1. Sub-
sequently, the samples were cooled to 200°C and exposed to a mixture of 1000 ppm NO 
+ 1000 ppm NH3 in He to reduce Cu2+ to Cu+. After 30 min the samples were exposed 
to He for 5 min and then to 1000 ppm NO+ 10% O2 for 30 min to oxidize Cu+ to Cu2+, 
this was done to get an indication of the reactivity of the sample towards SCR relevant 
gases. 

Quantitative EPR measurements 

The quantifications were performed by averaging 3 measurements of the fresh samples, nor-
malizing by mass, and using the same total sample volume for both samples and standards. The 
resulting spectra were background corrected and integrated twice to obtain the intensity which 
was compared to the standard curve constructed from measured intensities of the standard sam-
ples. An uncertainty is induced into the quantification due to the difference in packing of the 
materials in the tube, the difference in moisture content of the samples, and small differences 
in the total volume of the standards and the various samples. All these factors will impact the 
observed intensity of the EPR spectra to some extent, and effort was put into keeping all varia-
bles constant during quantification measurements. The uncertainties of the quantifications were 
estimated to be less than 0.3 wt. % Cu based on the obtained results.  

EPR active Cu in wt. % 

Since the sample is not moved and the configuration of the instrument is not altered during the 
in-situ measurement, the quantitative results can be used to estimate how much Cu is EPR ac-
tive during the entire measurement. By using the results from the quantitative EPR measure-
ments as the Cu wt. % of the untreated samples and correlating this to the intensity of the first 
spectrum in an in-situ measurement with a gas flow through the sample, it was possible to 
calculate the amount of EPR active copper in weight percent. It was observed that the relative 
intensity increased to 1.03-1.15 for all samples when the 10% O2 flow was added. Using this 
intensity measured with a gas flow as the reference point the relative intensity (Irel) of each 
spectrum was calculated by using Irel = I/Iref, where I is the intensity of each spectrum and Iref is 
the intensity of the untreated sample in a flow of gas. The relative intensity was then corrected 
for the Boltzmann distribution of populated spin states by multiplying with T/293 K and multi-
plied by the Cu wt. % of the fresh sample as determined by quantitative EPR measurements. 
Here T is the temperature of each measurement and 293 K was the temperature of the sample 
during the recording of the reference spectrum. 

  



5 Deactivation of Cu-CHA catalysts by Sulfur  

 

83 
 

Results 
The quantification measurements by EPR were performed on the untreated, fresh samples with 
0.8, 1.6, 2.4 3.2, 4.0, and 4.8 wt. % Cu. For the samples with 0.8, 2.4, and 4.0 wt. % Cu the 
amount of EPR active Cu was determined for the fresh, sulfated, as well as the regenerated 
samples. The results of the quantitative measurements both before (filled symbols) and after 
thermal activation (hollow symbols) are plotted in Figure 5.2. 

 
Figure 5.2: The weight percent of EPR active Cu on the untreated samples vs. the weight percent of copper on the samples as 
synthesized by Umicore. The weight percent of EPR active was determined by quantitative EPR measurements as described in 
the experimental section of this chapter. The hollow symbols represent the samples after thermal activation where the weight 
percent of EPR active Cu was calculated from the relative intensity of the EPR spectra of the sample by multiplication with the 
weight percent of EPR active Cu in the untreated sample. 

The quantification results for the untreated samples in Figure 5.2 show a linear correlation with 
a slope of 1.0 and intersect at 0.07. The result shows that all copper in the untreated samples is 
EPR active Cu2+. The amount of EPR active copper on the samples was not significantly af-
fected by the pre-treatment that was done on the samples that were sulfated and regenerated. 
For the samples that were thermally activated the samples with 0.8, 1.6, and 2.4 wt. % Cu 
showed the same linear correlation as the untreated samples. Samples with Cu-loadings above 
2.4 wt. % that were thermally activated show a deviation from the untreated samples in Figure 
5.2. The amount of EPR active Cu for the samples that had been exposed to SO2 and thermally 
activated does not seem to deviate from the amount of EPR active Cu on the fresh, thermally 
activated, samples. This is an important observation because it might be expected that the EPR 
silent ZCuOH sites would not be able to form to the same extent if the Cu2+ centers are 
coordinated to sulfates/bisulfates or sulfites/bisulfites in sulfated samples compared to 
framework oxygen in fresh Cu-CHA samples. The observations from the data in Figure 5.2 
show that there is no significant difference in the amount of EPR silent Cu after thermal 
activation regardless of the sample’s history of pre-treatment. 
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The thermal activation causes the amount of EPR active Cu to decrease. After thermal 
activation, the maximum amount of EPR active Cu observed is approximately 3 wt. %. Such a 
trend is expected if it is assumed that Cu has a preference for Z2Cu sites in the thermally 
activated Cu-CHA. When the Z2Cu sites are no longer available because they are all occupied 
by Cu2+-ions, the extra Cu that is added in the samples with Cu loading above ~3 wt. % is forced 
to form ZCuOH sites that are less favorable or other EPR silent sites. The higher density of Cu 
sites on samples above 3 wt. % Cu makes other EPR silent sites, such as Cu-dimers more likely 
to form. These effects may explain the “limit” to EPR active Cu sites that is observed after 
thermal activation in Figure 5.2. The limit of approximately 3 wt. % Cu correspond roughly to 
a Cu/Al ratio of 0.3-0.35 meaning that with a Si/Al of 7, EPR analysis reveals that 60-70 % of 
the Al in the sample is in paired Al sites, assuming that all Z2Cu sites and only Z2Cu sites are 
EPR active after thermal activation.  

Further analysis of the EPR signal from selected thermally activated samples is given below. 

 
Figure 5.3: Background corrected EPR spectra, normalized to the mass of untreated Cu-CHA samples, recorded at room 
temperature. The spectra were recorded for the fresh (black line), sulfated (red line, labeled SO2), and regenerated (Blue line) 
Cu-CHA samples. 

Analysis of the EPR spectra of the un-treated Cu-CHA with 4 wt. % Cu for the fresh, sulfated, 
and regenerated samples reveal that there is a difference in Cu speciation of the untreated CHA, 
see Figure 5.3. The fresh sample shows an EPR spectrum similar to that of previously described 
Cu-CHA samples with an isotropic component and an axial component to the spectrum. For the 
sulfated sample, it is observed that the isotropic signal is far less dominant in the EPR spectrum 
of the untreated sample than in the fresh, untreated, sample. This is particularly evident from 
the different prominence of the negative peak at 310-320 mT and 320-330 mT, respectively. 
The spectrum of the regenerated sample (blue in Figure 5.3) exhibits more isotropic features 
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than the sulfated sample, but less of the isotropic feature compared to the fresh sample. These 
observations suggest that the SO2 exposure has caused a change in the copper coordination 
compared to the untreated samples and that regeneration caused the change to be partially 
reversed. The isotropic part of the spectrum, that seems to be affected by the SO2 is likely 
caused by Cu-centers that have a high degree of rotational freedom. If this is the case, it may 
be proposed that SO2 limits the rotational freedom of such hydrated Cu species. The reason for 
this limitation might be that SOx species coordinated to Cu2+ hinders the coordination to water 
in the untreated sulfated sample. It is possible to imagine that SOx on Cu-CHA hinders 
interaction of the Cu-centers with water both if the SOx acts as a poison, directly coordinating 
to Cu, or if SOx acts as a fouling agent blocking the pores and thus hindering water from 
reaching the Cu-centers. 

Thermal activation 
To analyze the Cu-speciation in the samples, the samples were treated at 250°C in 10% O2 in 
He for 1 h before cooling the samples to room temperature. By this thermal activation of the 
Cu-CHA in the dry gas flow, water is removed from the samples and the Cu2+

 ions will coordi-
nate to the framework oxygen, Of, of the zeolite, see previous chapters. There can be several 
reasons why some of the Cu becomes EPR silent after thermal activation in O2 and it is expected 
that the conditions for EPR silent Cu2+ centers to form are more likely to occur in samples with 
higher Cu-loading than in samples with low Cu-loading. From the quantitative EPR 
measurements, the observed trend was that samples with low Cu loadings of 0.8-2.4 wt. % Cu 
did not lose the EPR signal during the thermal activation. Samples with higher Cu loading up 
to 4.8 wt. % Cu lost up to 35% of the EPR signal during the thermal activation (after a correction 
of the intensity according to the Boltzmann distribution of spin states). From the quantitative 
EPR measurements, the observed trend was that for samples with low Cu loadings of 0.8-2.4 
wt. % all the Cu present still contribute to the EPR signal after the thermal activation. For 
samples with higher Cu loading of 4.8 wt. % Cu up to 35% of the expected EPR signal was lost 
during the thermal activation.  
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Figure 5.4:Background corrected EPR spectra, normalized by mass of sample for the 4 wt. % Cu samples that had been 
thermally activated in O2 at 250°C. The spectra were recorded at 25 degrees without flow. The black spectrum is the fresh 
sample, the red spectrum is the SO2 exposed sample and the blue spectrum is the regenerated sample. The vertical black dashed 
lines mark the EPR signal previously labeled “site B”. The insert is a magnification of the hyperfine coupling pattern and is 
on the same field axis as the full spectrum. 

Analysis of the hyperfine coupling pattern by simulation of the spectrum and fitting the spin 
Hamiltonian parameters reveals that at least two different EPR active species were present in 
the thermally activated EPR spectra for the 4 wt. % samples. The g║ and A║-values of the one 
well-resolved species are listed inTable 5.1: Table 5.1. These values were found by systematic 
variation and fitting of the values to the experimental spectrum of the thermally activated fresh 
sample first for the sample with 0.8 wt. % Cu, then the fitting procedure was repeated by 
applying and fitting the obtained values to the spectrum of the thermally activated, fresh, sample 
with 4 wt. % Cu. The signal labeled “site B” is similar to one of the EPR signals previously 
observed in Cu-CHA materials and has been ascribed to Cu in a six-membered ring with two 
Al in either the “meta” or the “para” position [42]. Besides a signal with well-resolved spin 
Hamiltonian values, the signal labeled “Iso” in Table 5.1 was needed in the model for a good 
fit of the EPR spectrum. This signal contained little information and only the g-value was 
extracted from fitting the simulated spectrum to the experimental spectrum of the SO2 exposed 
sample after thermal activation. The A value of the signal labeled “Iso” was not resolved and 
the linewidth varied with the Cu concentration. A signal of about 5-10 % of the intensity 
corresponding to that of “site A” with spin hamiltonian parameters of g║ = 2.32, and A║ = 490 
can be fitted to the spectra. Other signals that are not well resolved may also be present in the 
recorded EPR spectra in very low concentrations. For simplicity, a model for fitting the EPR 
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spectra in which only the two signals mentioned in Error! Reference source not found. were 
used. The simplified model was applied allowing for variation of line-width and variation in 
weight for the two signals. By systematic variation of line-width and weight (i.e. ratio of the 
two signals) in the model and fitting the resulting spectrum using least-squares fitting (Nelder-
Mead simplex algorithm) to the experimental spectrum it was possible to estimate the quantity 
of each signal. The results of this quantification of the two signals labeled “site B” and “Iso” as 
well, as the amount of EPR silent Cu, for the sample with 4 wt. % Cu in the fresh, SO2 exposed, 
and regenerated states are plotted in Figure 5.5.  

Table 5.1: Spin Hamiltonian values used in the model for fitting EPR spectra to experimental spectra by variation of linewidth 
and weight of each signal. The g-value for the iso-species is the average g-value for all directions as the signal was isotropic.  

Site B “Iso” 
g║ A║ [MHz] gꞱ g 

2.358 460 2.07 2.17 
 

The simulations of the fresh, SO2 exposed, and regenerated samples after thermal activation 
were complicated by the spectral line width of the different species being different depending 
on concentration and pre-treatment. Furthermore, a model with only two species may be too 
simple for good fits of the simulated spectra to the experimental spectra. The simplified model 
did, however, provide a systematic and clear way of parameter variation to obtain satisfactory 
fitting results with RMSD below 0.025, the fitting results are presented in Figure 5.5.  
Approximately 25% of the Cu that was EPR active in the untreated samples has become EPR 
silent during thermal activation of the samples with 4 wt. % Cu. Furthermore, any signal from 
the species previously described as site A, e.i. a signal from a Z2Cu site with Al in the other 
possible position, was not observed in significant quantities, which suggest a non-random 
distribution of Al in this zeolite. The amount of EPR signal labeled “Iso” accounts for most of 
the EPR signal in the sample that was exposed to SO2, only a minor part of the “fresh” sample 
and close to 20% of the EPR signal of the regenerated sample. It is also observed that the 
regeneration did not cause a full restoration of the fresh EPR signal, but a partial restoration of 
the “site B” signal. Thus, the EPR data suggests that the SO2 exposure did affect the 
coordination environment of copper centers in the sample and did not only cause pore blocking. 
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Figure 5.5: Experimental and simulated EPR spectra of fresh, SO2 treated, and regenerated samples with Cu wt% = 4.0; The 
blue EPR spectra are the background-corrected EPR spectra of thermally activated samples recorded at room temperature. 
The orange spectra are the sum of the two simulated spectra. Red is the simulated spectra for the site labeled iso and black is 
the simulations of site B. Bottom right: Distribution of Cu in the thermally activated samples) relative to the untreated samples 
as determined by the simulation and quantifications of the in-situ EPR spectra. The simulations were performed using EasySpin 
[38]. The hyperfine coupling constant and g-value for site B are found in Table 5.1. 

Exposure to SCR relevant gas 
The 3 samples, being fresh, SO2 exposed and regenerated, all with a Cu-loading of 4 wt. % 
were exposed to SCR-relevant gases at 200°C. As previously described, a reduction of Cu2+ to 
Cu+ is expected to occur during exposure to NO+NH3 (1000 ppm each). Since Cu+ is 
diamagnetic a decrease of EPR signal intensity is expected during this treatment. An exposure 
to NO+O2 (1000 ppm and 10%, respectively) is expected to cause Cu+ to be oxidized to Cu2+, 
thus regaining the EPR signal. Any Cu that may have changed the coordination environment 
from this treatment will result in some amount of EPR silent Cu.  
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The EPR spectra resulting from such gas exposures with brief flushing by He between each 
step and the resulting changes in EPR active Cu are illustrated in Figure 5.6. The amount of 
EPR active Cu is shown on the left side of the figure, and selected EPR spectra are plotted for 
each of the 3 samples to the right in the figure. During the following analysis, it should be noted 
that this analysis is only reflecting the behavior of the samples at the given conditions, such as 
temperature, flow rate, and concentration of reactant gases. The temperature was selected to be 
200°C for several reasons. Firstly the expected catalytic deactivation by SO2 was mainly 
relevant at low temperatures. Secondly, from experience, we have been able to follow changes 
in the Cu-CHA catalysts at the EPR timescale at these conditions [31]. Lastly, the limit on the 
equipment is close to 300°C for several components and 200°C is comfortably below that limit. 

For all three samples, fresh, SO2 exposed and regenerated it is observed that after thermal 
activation they have approximately 3 wt. % EPR active Cu, which was also observed in the 
quantitative thermal activation experiments, see Figure 5.2. It is observed that during 
subsequent exposure to NO+NH3 the amount of EPR active Cu decreases as expected if Cu2+ 
is reduced to Cu+. The fresh sample loses almost all EPR activity when the flow of NO+NH3 is 
added, suggesting that most of the Cu in this sample becomes EPR silent due to reduction. Even 
if all Cu was fully reduced, some intensity in the EPR spectra is expected due to noise. 
Therefore, the quantification of the amount of non-reactive Cu at the given conditions is 
uncertain. It is evident from the red spectrum in Figure 5.6 (top, right) that a clear EPR signal 
from Cu2+ is present in the reduced sample. Thus, the remnant EPR signal intensity of the fresh 
sample in NO+NH3, in Figure 5.6 (top, left), is not due to noise alone. The signal intensity was 
estimated to correspond to ~0.5 wt. % Cu. This is evidence that a small portion of Cu in the 
sample is not Cu+ but stays in the Cu2+ oxidation state on the EPR time scale. The difference in 
the hyperfine coupling pattern between the activated and reduced samples is seen in the inserted 
zoom of the red and black EPR spectra for the fresh sample. The black spectrum is similar to 
the analyzed spectrum from the thermal activation measurements, see above, with mainly site 
B and a small quantity of the isotropic signal. The red spectrum, however, has a different 
coupling pattern that based on previous measurements is likely from [Cu(NH3)x]2+. Thus, even 
though some Cu is caught in a Cu2+ oxidation state on the EPR time scale, this Cu is coordinated 
to NH3 rather than to the framework oxygen at the given conditions. This means that ammonia 
can contact and coordinate with the Cu center. Thus, a limit on the available NH3 is ruled out 
as a reason for some Cu to stay as Cu2+ during exposure to NO+NH3. 

It is observed that the short flush with He causes an unexpected increase in EPR active Cu. If 
the reason for the loss of the EPR signal was that Cu2+ was reduced to Cu+, then the signal 
should not increase when the sample is exposed to He. The green spectrum is a result of the He 
flushing after NO+NH3 exposure and has a coupling pattern closer to that of the NH3 
coordinated Cu-species than to that of the framework coordinated Cu-species. This unexpected 
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result showing an increased Cu2+ signal during a flushing procedure with presumably inert gas 
is discussed further below. 

After the short flush with He, the flow was switched to NO+O2 resulting in a further, more 
rapid, increase of EPR active Cu for the fresh sample. The amount of EPR active Cu in the fresh 
sample becomes considerably larger after NO+O2 exposure than it was after thermal activation. 
A similar observation has been made on other materials, where the extra EPR intensity could 
be recognized as a signal with g║ = 2.29 and A║ = 460 MHz [42]. This signal was interpreted 
to be a Cu-nitrate species and the appearance of this signal was dependent on the NO2 
concentration in the gas. Such an EPR signal was not observed for this sample and the 
concentration of NO2 was unknown for these experiments. No NO2 was directly added, but 
oxidation of NO in the gas phase when O2 is present may be expected. Exposure of the 
“reduced” fresh sample to NO+O2 caused the amount of EPR active Cu to increase to nearly 
the same level as in the same sample before heating. Comparing the blue spectrum (after 
NO+O2) to that of the black spectrum (after thermal activation in O2) for the fresh sample in 
Figure 5.6 (top, right) reveals that the extra intensity in the blue spectrum is not located in a 
single well-resolved EPR signal, but rather smeared out through a large field range as extra line 
width and unresolved EPR signal. This is likely due to the high amount of Cu causing an 
exchange narrowing of the EPR signal or due to increased magnetic coupling of paramagnetic 
Cu centers that are located in near vicinity to each other as almost all Cu on the sample becomes 
EPR active Cu2+, i.e. a high density of paramagnetic Cu2+ is present. 

When the fresh sample is exposed to simulated SCR conditions a lower amount of EPR active 
Cu is observed compared to the sample after exposure to NO+O2. If all Cu sites on the sample 
had the same reactivity, which is not likely [31], then it can be assumed that if oxidation was 
significantly slower than reduction most Cu should be EPR silent during SCR exposure. If 
reduction was significantly slower than oxidation it could be expected that most of the Cu in 
the sample would be EPR active Cu2+ disregarding possible EPR silent Cu2+ species. The value 
of ~2.5 wt. % EPR active Cu during SCR is closer to that of the thermally activated sample 
than the low value for the sample exposed to NO+NH3. The spectra for all three samples during 
exposure to simulated SCR gas are presented in Figure 5.7. It is observed that the Fresh and 
regenerated samples both show a noticeable EPR signal corresponding to that of site B. The 
SO2 exposed sample showed an EPR spectrum without well resolved hyperfine coupling 
pattern. The spectra resulting from exposure to SCR gases are expected to be an averaged 
spectrum of all EPR signals present as the catalytic cycle may repeat several times during the 
recording of a single EPR spectrum. Therefore, it is difficult to conclude anything specific about 
the catalytic mechanism from these results. It can be observed that at least part of the Cu centers 
experiences coordination to Of during the SCR gas exposure at the given conditions for the 
fresh and regenerated samples.  
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Figure 5.6: To the left is the EPR active Cu in wt. % of the entire sample as a function of time and in exposure to different 
reaction gases. To the left are selected EPR spectra. All spectra were background corrected and normalized to the mass of the 
sample. The color of each spectrum corresponds to the point (square) marked in the same color on the intensity curve to the 
left. The EPR spectra to the right are not to scale for the three different samples. The temperature of the experiment was 200°C 
and the total flow was 200 mL/min. 
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The response to the different reaction gases of the SO2 exposed sample was moderately similar 
to that of the fresh sample with some major differences. The similarities were that a loss of EPR 
active Cu was observed when exposing the sample to NO+NH3 and the intensity of the signal 
was restored when the sample was exposed to NO+O2. The amount of EPR active Cu, when 
exposed to NO+NH3, was higher for the SO2 exposed sample than for the fresh and regenerated 
samples. This shows that approximately 1.7 wt. % Cu out of the 4.1 wt. % for the SO2 exposed 
sample is not reduced to Cu+ at the conditions of the experiment. As the change in oxidation 
state is required for copper to act as a catalyst [25,26], the 1.7 wt. % Cu that was passive will 
not participate in the catalysis at these conditions. This is further substantiated when the SO2 
exposed sample is treated with simulated SCR conditions. Here there is little change in EPR 
active Cu for the SO2 exposed sample in contrast to the fresh and regenerated samples.  

It should be noted that the passive Cu observed in the EPR investigation could alternatively be 
explained by Cu changing oxidation state faster than what can be detected by EPR. We discard 
this option given the low temperature of the reaction and the activity measurements on other 
materials from literature, showing a loss of SCR activity when similar samples had been 
exposed to SO2 [48,59]. It is more likely that SO2 binds to the copper sites e.g. as SO3

2-/SO4
2- 

hindering reactivity towards NH3 and NO. From the red and green EPR spectra of the SO2 
exposed sample in Figure 5.6, it can be seen that the EPR signal has a combined isotropic and 
anisotropic character. The isotropic signal has a different g-value than that observed for the 
untreated sample. The g-value of the isotropic signal was determined by simulation to be giso = 
2.14, not fully matching what would be expected for Cu-centers with NH3 coordination (giso = 
2.13) and not matching the average g-value of site B (gavg = 2.16). This could suggest 
coordination to oxygen in either a SOx species or framework combined with coordination to 
NH3. The observed g-value might also be caused by a different coordination environment of 
several species that are interchanging on the EPR time scale. The low g-value only observed in 
the presence of NH3 does, however, indicate an affinity towards NH3 of the SO2 exposed Cu 
species. 

The hyperfine spin hamiltonian values of the anisotropic signal were estimated by fitting to be 
g║ = 2.28 and A║ = 455 MHz. When these values are compared to a Peisach-Blumberg plot [40] 
the values suggest coordination to 2N and 2O donating ligands. This would be concurrent with 
a Cu-species coordinated to either oxygen on SOx (x=2,3, or 4) and NH3 or Of and NH3 or 
possibly a combination thereof. The presence of the anisotropy suggests a difference in the axial 
plane and the z-axis on the EPR timescale, suggesting somewhat hindered mobility of the Cu-
species, i.e. not free rotation on the EPR time scale. At the same time, the spectrum is very 
broad which indicates that the Cu-species is also not completely immobilized. The spin 
Hamiltonian values observed are not in agreement with Cu-S coordination, which also would 
not be expected after SO2 exposure in oxidizing atmosphere. 
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It was noticed that the rapid increase in EPR active Cu, observed when flushing the fresh sample 
with He was not observed in the SO2 exposed or regenerated samples, suggesting that the 
extremely reactive Cu centers that went from EPR silent to EPR active Cu in a flush with He 
(possibly with a small oxygen impurity) has been retarded or hindered by the SO2 exposure and 
the reactivity was not restored by regeneration. The reasons for the low amount of EPR active 
Cu of the fresh sample during NO+NH3 exposure has been thought to be due to the formation 
of a linear [Cu(NH3)2]+ complex as detected by X-Ray spectroscopy and other methods 
[25,26,44]. Such a Cu species should not give an EPR signal after exposure to He alone. The 
green spectra in Figure 5.6 all have the same type of hyperfine coupling pattern as the spectra 
in NO+NH3 – corresponding to [Cu(NH3)x]2+ or [Cu(NH3)xOy]2+. The differences between the 
green (He flow) and the red spectra (NO+NH3 flow) are small for the SO2 exposed and 
regenerated samples. For the fresh sample, there is a higher intensity of the sample in He flow 
(green spectrum), but the shape of the signal did not change significantly when flushed by He. 
This indicates at least partial NH3 coordination after the flushing with He of the fresh sample. 

 
Figure 5.7: Background corrected and normalized EPR spectra of Cu-CHA samples with 4 wt. % Cu of fresh (black spec-

trum), SO2 exposed (red spectrum,  and regenerated (blue spectrum) samples.  

The EPR spectra from the three samples during SCR conditions are presented in Figure 5.7. It 
is clear from the hyperfine coupling pattern that both the fresh and regenerated (black and blue 
curves, respectively) samples contain some amount of site B whereas the EPR signal of the SO2 
exposed sample (red curve) contains a different species that is not well resolved during the 
simulated SCR gas exposure. 
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This may suggest that the ability to coordinate to framework oxygen is needed for low-temper-
ature SCR activity. It may be that this ability is not directly involved in the catalysis, but the 
reason for the SO2 exposed sample not to show any site B signal is due to the coordination to 
SOx which hinders OF-coordination and also hinders the interaction of [Cu(NH3)2]+ species. 
Thus, the lack of a signal corresponding to site B may be a symptom of deactivation rather than 
the cause.  

 
Figure 5.8: The evolution of EPR spectra during NO+O2 exposure of the regenerated sample with 4 wt. % Cu. The insert is 
the relative intensity with color-coded points corresponding to the spectrum of the same color.  

The change in EPR spectra of the regenerated sample during exposure to NO+O2, shown in 
Figure 5.8, strongly suggests that the Cu that rapidly becomes EPR active is partially coordi-
nated to NH3 on the EPR time scale, as discussed above. The evolution in spectra during NO+O2 
shows a slow change towards oxygen-coordination and the increase of the “site B” signal. The 
intensity for the regenerated sample, when exposed to NO+O2 first increases rapidly, then de-
creases followed by a slower increase. This is likely caused by rapid oxidation as Cu-centers 
are exposed to O2 possibly forming [Cu(NH3)4]2+ then followed by reduction (possible SCR 
reaction or some EPR silent Cu forming) as some NH3 in the sample is desorbed and interacts 
with newly formed Cu2+ and NO+O2 from the gas flow. This interpretation is based on the 
shape of the EPR spectra first suggesting NH3 coordination (pink spectrum in Figure 5.8), then 
as the intensity decrease and slowly increases a change in the shape of the corresponding EPR 
spectra suggests a change to OF-coordination.  

 

240 260 280 300 320 340 360 380
Field (mT)

 NO+O2 applied
 Change in NO+O2

 Intermediate spectrum
 Oxidized

2.8 2.6 2.4 2.2 2.1 2.0 1.9
g-value

0.2

0.4

0.6

I re
l



5 Deactivation of Cu-CHA catalysts by Sulfur  

 

95 
 

Discussion 
Previous studies have shown that upon thermal activation ZCuOH sites become EPR silent due 
to a pseudo-Jahn-Teller effect [61,62]. The presence of ZCuOH in samples with high Cu load-
ing may explain partly why the amount of EPR active Cu is lower after thermal activation of 
these samples than in the untreated samples. However, it is expected that other Cu sites such as 
CuxOy, Cu+, and Cu oxide clusters will be EPR silent after thermal activation in O2 as well.   

It is observed that both fresh, sulfated, and regenerated samples with 4 wt. % Cu had the same 
amount of EPR active Cu after thermal activation. If the fresh sample with 4 wt. % Cu contain 
EPR silent ZCuOH sites, it would be expected that SO2 exposure would cause at least some 
ZCuOH to become Cu(SOx)y, which would likely be EPR active [56,57].  

The SO2 exposed sample had less signal assigned to site B and more isotropic signal compared 
to the fresh sample. This suggests that a significant amount of Z2Cu could have become coor-
dinated to, e.g. HSO3

- or HSO4
- as suggested in [57] after SO2 exposure and no longer coordi-

nate to Of. The spin Hamiltonian parameters observed in the SO2 exposed sample after 
NO+NH3 treatment do, however, suggest that the Cu centers in the sample are not completely 
blocked by the SOx-coordination, but can still partly interact with NH3. The observation that 
the thermally activated regenerated sample does not have the same amount of EPR signal as 
seen for the fresh sample, is concurrent with observations by Hammershøi et. al. in other Cu-
CHA samples [50]. In the samples investigated here, Z2Cu sites were also affected by the SO2 
exposure, which is in contrast to the previous EPR study by Hammershøi et.al. It should be 
noted that the samples in this study had far less EPR silent Cu than the samples investigated by 
Hammershøi and co-workes. However, previous studies did not include water in SO2 treatment. 
This difference may have affected which sites are more likely to be poisoned by the SO2. 

The most surprising and significant observations are the changes in EPR active Cu during ex-
posure to SCR-relevant gas flows. The fresh sample showed the largest redox window, where 
almost all Cu could be reduced during exposure to NO+NH3 and subsequently oxidized during 
exposure to NO+O2. 

The SO2 exposed sample showed a more sluggish response with a less steep slope of the EPR 
signal intensity when exposed to NO+NH3 and a lower amount of Cu sites being reduced. Fur-
thermore, He flushing on the reduced fresh sample (possibly with an O2 impurity), caused a 
rapid increase in EPR active Cu whereas the same treatment gave no reaction in the SO2 ex-
posed sample. For the sample that has been regenerated, the redox window was larger than in 
the SO2 exposed but less than for the fresh sample. This is concurrent with an observation by 
Mesilov et.al. that a sample exposed to SO2 showed a dampened ability to change oxidation 
state in XPS [59]. 
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What was even more noticeable was that the slope of the EPR active Cu vs. time, i.e. the change 
in EPR active Cu for both reduction and oxidation was slower for the regenerated sample com-
pared to the other two samples. It is not presently known what causes this effect. It may be 
connected to slower diffusion in the SO2 exposed and regenerated samples.  It could be a lower 
reactivity of some of the Cu sites. It is generally accepted that at low temperatures the activation 
of O2 of two linear [Cu(NH3)2]+ species is needed for the oxidation of Cu+ at these low temper-
atures [26,44,63]. If this is accepted, it is needed for two Cu species to meet for the reaction to 
occur. This would be a common occurrence in the fresh zeolite with nearly all cages occupied 
by Cu ions. In the SO2 exposed sample, it can be imagined that many of the needed Cu centers 
are hindered in this O2 activation by coordination to a SOx species. In the regeneration not all 
Cu centers may have “lost” the coordinated SOx, meaning that the average distance between 
available [Cu(NH3)2]+ is longer even after regeneration. A similar effect could be expected if 
some SOx is stuck in the pores of the zeolite hindering the free movement of the [Cu(NH3)2]+ 
after regeneration. Finally, it could be conceived that some of the Cu in the regenerated sample 
is inactive due to thermal degradation of the sample. This, latter option is limited by the obser-
vation that the change in EPR active Cu was small, meaning no large Cu clusters have formed 
and that the hydrothermal degradation usually occurs at higher temperatures than caused by the 
regeneration. 

If all Cu is indeed in a Cu+ oxidation state after NO+NH3 exposure as expected, some sort of 
oxidation agent must be present in the system for the Cu to become EPR active Cu2+ after He 
exposure. This could be in the form of a contaminant of e.g. O2 in the reaction gas mixture. 
However, the observations do show high reactivity of some of the EPR silent Cu in the fresh 
sample after NO+NH3 exposure and the exposure to SO2 seems to have eliminated this 
reactivity. The reactivity was not regained after the regeneration of the sample.  
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Conclusions 
It was shown that the amount of copper in untreated and thermally activated CHA samples was 
quantifiable by EPR spectroscopy. The total amount of EPR active Cu was not affected signif-
icantly by exposure to SO2 or regeneration by heating in the untreated and activated samples. 
The shape of the EPR spectra did show an effect of SO2 exposure and regeneration when com-
paring to the EPR signal of the fresh samples. The SO2 exposed samples had less isotropic Cu 
signal in the untreated sample and more isotropic Cu signal in the thermally activated SO2 ex-
posed sample than the fresh samples.  

The EPR spectra of thermally activated samples with Cu loadings of 4 wt. % that were fresh, 
SO2 exposed, and regenerated were modeled and simulated by a model with two EPR signals. 
A signal corresponding to previously observed site B and an isotropic broad EPR signal was 
used in the model. The board isotropic signal was likely caused by Cu2+ coordinated to a SOx 
species.  

It was shown that mainly Z2Cu  sites were affected by the SO2 exposure and the amount of 
ZCuOH in these samples is low compared to Cu-CHA samples previously analyzed [50]. 

The effect of SO2 exposure was evident in the amount of EPR active Cu that could change 
oxidation state during exposure to SCR-relevant gas exposure. For the fresh sample close to all 
the EPR active Cu became EPR silent after exposure to NO+NH3 and almost all Cu was EPR 
active during NO+O2 exposure. The redox window of the SO2 exposed sample at 200°C was 
much smaller (~1.5 wt. % Cu) than for the fresh sample (~4 wt. % Cu) at 200°C. Furthermore, 
the response of the EPR signal to simulated SCR gas at 200°C was largest in the fresh sample 
and almost absent in the SO2 exposed sample. 

For the regenerated sample, the redox window of ~2 wt. % Cu was larger than the SO2 exposed 
but not as large as the fresh sample. The same observation applied to the change during simu-
lated SCR gas exposure.  

The slope of the change in EPR active Cu during reduction and oxidation was slower for the 
regenerated sample, compared to the fresh sample. The amount of EPR active Cu that could be 
reduced was also smaller after regeneration than in the fresh samples. This suggests that the 
regeneration did not restore the sample to its fresh state. Rather, the regenerated sample seems 
to still be affected by the SO2 deactivation to some extent. 

Approximately 1.5 wt. % Cu in the fresh sample became EPR active when flushed by He after 
NO+NH3 exposure, suggesting high reactivity towards adsorbed oxidation agents or impurities 
in the sample or gas flow. This effect was decimated after SO2 exposure and not regained by 
regeneration. 
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6. Copper Based Metal-Organic Frameworks 

This chapter is a result of work done in collaboration with the McKenzie group at SDU in 
Odense, Denmark during the external stay. The work was done in continuation of the work 
published in Paper 3 [64]. In that work, Wegeberg et. al. presented a new metal-organic frame-
work (MOF), which could be used to reversibly chemisorb ammonia. The reversible chemi-
sorption was followed by EPR in measurements that were performed by David Nielsen at DTU.  

These EPR results and the single crystal structure obtained by Wegeberg et. al. will be presented 
and compared to the results obtained during the work done at SDU in the external stay. The 
work was carried out in close collaboration and under the supervision of Prof. Christine McKen-
zie and Prof. Vickie McKee.  

Introduction 
Coordination polymers, first developed by Richard Robson, can also be described as Metal-
Organic Frameworks (MOF’s) and are a class of materials that has received much attention in 
the past decades [65,66]. MOF’s are crystalline porous materials consisting of metal centers 
that are interconnected through one or more types of organic linkers. MOFs have some similar-
ities to zeolites. Like zeolites, the MOF’s can be engineered to have certain pore sizes and 
specific structures. Furthermore, the metal centers and organic linkers can be chosen to promote 
certain properties. The metal centers can be applied for catalysis [67–69] or the use of function-
alized linkers can facilitate either chemical reactions or adsorption of gas molecules [70]. The 
framework structures themselves can be applied in separation processes [71].  

There are only a few current industrial applications of MOFs which have several challenges to 
overcome [65,69]. An example of a possible application is a Mercedes-Benz F125 concept car 
that used hydrogen fuel cells for power and the hydrogen was stored in a MOF [65,72]. Some 
of the challenges regarding applications are related to chemical and thermal stability. For cer-
tain applications, the MOFs are competing against cheap inorganic oxides that are stable at high 
temperatures, e.g. above 1000°C in automotive gas sensing [17]. The stability of many MOFs 
is not comparable to alternatives, which is very important for applications in gas separation and 
storage. There are examples of more thermally stable MOFs and though the typical stability 
limit is at 350-400°C for the decomposition of organic linkers, the UiO-66 and UiO-67decom-
pose at 540°C [73]. The highest thermal stability found in the literature is to my knowledge the 
UL-MOF-1 with an onset of decomposition at 610°C [74]. Another challenge of MOFs is the 
high price of many MOFs and the use of toxic solvents in the synthesis that should be taken 
into consideration for large-scale industrial applications [65,75].  
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USD-1 and results from paper 3 [64] 

In the work described in Paper 3, Wegeberg synthesized a new chiral MOF that was proven to 
reversibly chemisorb ammonia. The chemisorption was followed by P-XRD, ATR-FTIR, TGA, 
and EPR. The structure of USD-1 is illustrated in Figure 6.1 [64]. 

 

 
Figure 6.1: Reprinted from paper 3 with permission from the Australian Journal of Chemistry [64]. Left is the structure of the 
metal-organic framework USD-1. Colour code: green=Cu, red=O, blue=N, and grey=C. Hydrogen was omitted for clarity. 
Right is the structural formula of the linkers. 

From the figure, it can be seen that each Cu-centre is interconnected to two other copper centers 
by two ortho-phthalate linkers. Furthermore, one Cu center is coordinated to three TPT (2,4,6-
tri-4-pyridyl-1,3,5-triazine) ligands, which each coordinates to two other Cu centers. Thus the 
formula becomes {Cu(tpt)(o-phthalate)}n and is named USD-1 (developed at the University of 
Southern Denmark). Based on TGA results by Wegeberg it was determined that two NH3-mol-
ecules pr. copper could be reversibly adsorbed by the MOF. The desorption was performed by 
heating to ~200°C. It was possible to follow the desorption stepwise by EPR and it was con-
cluded that one NH3 coordinated on the free site seen above the Cu center in Figure 6.1. The 
second NH3-molecule is proposed to coordinate between the oxygen on the phthalate linker and 
the Cu. This would be stabilized by hydrogen bonding. General for the observed EPR spectra 
in paper 3 is that the close coordination of the Cu centers provided sufficient magnetic coupling 
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for the loss of hyperfine coupling structure due to exchange narrowing, but not enough to 
remove the g-anisotropy.  

 
Figure 6.2: EPR results from reversible NH3 chemisorption adapted from Paper 3 and printed with permission from the Aus-
tralian Journal of Chemistry [64]. The spectra are from left to right: Sample desorbed by heating to 175°C (green), partial 
desorbed by heating to 150°C (blue), and NH3 adsorbed (purple). The proposed corresponding structural formula below each 
spectrum. 

The change in g-value is caused by a change in the local coordination environment of the Cu-
centres as illustrated by the structure below each spectrum in Figure 6.2. Comparing the EPR 
spectra to those obtained from Cu-exchanged zeolites a general trend is observed that a higher 
coordination number of N-donating ligands will cause a lower g-value, than more O-donating 
ligands, which causes the higher g-values [30,76,77].  

The USD-1 MOF was shown to be stable up to 200°C in TGA performed by Wegeberg. 

The insertion of NH3 in the USD-1 structure can be considered a post-synthesis modification, 
since the overall topology does not change, but the coordination around the copper is changed.  

Post-synthesis modification 

Post-synthesis modifications were first demonstrated in 1990 by Robson [78] and have since 
then been developed extensively [79]. There are a huge number of post-synthetic modifications 
that are possible and a few examples are given here[79–81]. Organic linkers are sometimes 
functionalized by adding or exchanging functional groups (e.g. Cl-,Br-,OH-, NH2- etc.) that 
would be too reactive to be present during synthesis conditions. There are also examples of 
exchanging the metal centers or deprotecting linker functionality post-synthesis.  
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A different approach to post-synthesis modification is the concept known as Solvent-Assisted 
Linker Exchange (SALE) or variations hereof [80,82,83]. Here, it is important to differentiate 
between dissolving the MOF and re-crystalizing with the new linker and exchanging linkers 
while keeping the MOF intact. Ideally, this would be done in single-crystal-to-single-crystal 
reactions, which would allow for confirmation by SC-XRD if the new ligand is sufficiently 
different from the one that was exchanged [79,82]. In the real world, the linker exchange is not 
always possible and sometimes the exchange is not complete. The exchange causes a disorder 
that makes confirmation of the exchange by different characterizations difficult. The character-
izations usually applied are SC-XRD, P-XRD, FTIR, SS-NMR, but the decisive proof of ex-
change can be elusive [79]. 

Such a post-synthesis linker exchange is demonstrated in the following work on the USD-1 
MOF. 

Experimental 
Synthesis 

The synthesis of USD-1 was performed as described by Wegeberg in paper 3 [64]. 

Cu(tpt)(O-Phthalate) (tpt=2,4,6-tri-4-pyridyl-1,3,5-triazine) was synthesized as previously de-
scribed[64]. The TPT linker was synthesized by adding KOH (126 mg, 2.25 mmol), 18-crown-
6 (505 mg, 1.91 mmol), and 4-cyanopyridine (5.13 g, 49.3 mmol) to a round bottom flask with 
decaline (10 mL) and refluxed while stirring under N2 atmosphere for 3h at 200°C.  

The TPT linker (125 mg, 0.4 mol) was dissolved in 40 ml 1,1,2,2-tetrachloroethane by vigorous 
stirring for approximately 24 hours. Cu(NO3)2∙3H2O (97 mg, 0.4 mol) and K-H-phthalate (83 
mg 0.4 mol) were dissolved in 25 ml methanol. The methanol solution of copper nitrate and 
potassium hydrogen phthalate was carefully layered on top of the 1,1,2,2-tetrachloroethane so-
lution of TPT avoiding mixing of the two layers. The layered solutions were left undisturbed 
for 5 days and blue crystals formed and grew over several days.  

Post synthesis modification with NO3- 

A few crystals were taken out of the mother liquor and transferred to a vial with a solution of 
KNO3 in methanol (2g/100 ml, Aldrich, 99%) to substitute one ortho-phthalate linker for 2 
nitrate linkers.  

Gas solid reactions 

Exposure to NH3 was performed by carefully placing the sample in vial inside a container with 
aqueous ammonia (28%, Aldrich). Thus, the sample was not exposed to the liquid NH3 solution 
but only exposed to the NH3 atmosphere above the solution, as described in paper 3 [64]. 
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SC-XRD 

The crystals were transferred from the mother liquor onto a slide with mineral oils (Fomblin Y 

and an oil mixture of Parabar 10312 (80%) and tetradecane (20%)). Selected crystals were 

mounted on a polymer loop from the oil. The data were collected at 100(1)K on a Synergy, 

Dualflex, AtlasS2 diffractometer using CuKα radiation (λ = 1.54184 Å) and the CrysAlis PRO 

1.171.40.29a suite[84]. Using SHELXLE [85] the structure was solved by dual space methods 

(SHELXT [86]) and refined on F2 using all the reflections (SHELXL-2018/3[87]). In the case 

of exp_516, Platon SQUEEZE [88] was used to account for electron density due to severely 

disordered solvent. Both structures showed some disorder of one organic ligand which was 

modelled with partial occupancy of two orientations as described below. All the non-hydrogen 

atoms were refined using anisotropic atomic displacement parameters and hydrogen atoms were 

inserted at calculated positions using a riding model.  

Crystal parameters, data collection and structure refinement details are summarised in Appen-
dix B and Appendix C.  

TGA 

Thermal gravimetric analysis (TGA) was measured using a Perkin Elmer TGA 4000 instru-
ment. A flow of 20 mL/min of N2 was applied and the sample of 9.8 mg blue USD-2 crystals 
was heated from 30 to 600°C using a ramp 10°C/min. NH3 adsorption and desorption measure-
ments were performed by heating a sample of 3.8 mg from 30 to 180°C with a 10°C/min ramp, 
the sample was kept in the crucible and transferred to a beaker with a small amount of aqueous 
ammonia (28 %, Aldrich). Care was taken not to contact the crucible or the sample directly with 
the ammonia solution, such that only the atmosphere above the solution contacted the sample. 
The samples used for TGA were all USD-2 blue after washing single crystals with acetone and 
drying in air, resulting in a crystalline powder. 

EPR 

EPR spectroscopy was performed on a Bruker CW, EMX, X-band spectrometer using 4 mm 
suprasil quartz tubes. The spectra were recorded at a microwave frequency of 9.3 GHz with a 
power of 2 mW. The field was swept in the range of 220-460 mT using a 100 kHz modulation 
frequency with a modulation amplitude of 4 G. Unless otherwise stated EPR spectra were rec-
orded at room temperature under ambient conditions.  

Results and discussion 
Post-synthetic modification was performed on the crystals of USD-. By exposing the crystals 
to various concentrations of NH4NO3 solutions in mother liquor including Cu:NO3

- of 1:2 to 
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1:4 and by adding a few crystals to a saturated solution of KNO3 in MeOH it was possible to 
substitute one ortho-phthalate linker for two nitrate ligands, see Scheme 6.1: 

Scheme 6.1: Post synthesis modifications by reaction with nitrate and subsequent reordering of the structure in cryogenic oil. 
The drystals did not change morphology or appearance during the first step. In the second step, a colour change from bue to 
green was observed. 
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After one week of crystallization in the layered solution, the crystals of USD-1 (confirmed by 
SC-XRD) were transferred to a KNO3 solution. The crystals did not show any visible change 
in colour or morphology after one week in nitrate solution but did show a new structure in SC-
XRD named USD-2 blue with a disordered crystal structure [Cu2(tpt)2(NO3)2(phthalate)]. A 
control batch of crystals that had soaked in pure methanol had not changed after 1 week. 

Single crystals were transferred from mother liquor to a drop of cryogenic oil mixture of Parabar 
10312 (80%) and tetradecane (20%) and mounted on a glass fibre for SC-XRD measurements. 
When the crystals were left in the cryogenic oil for more than 4 hours, a colour change had 
occurred from blue to turquoise/green, see Figure 6.3. A similar change of colour was not ob-
served in Fomblin® Y or tetradecane. The green crystals showed a more ordered structure in 
SC-XRD measurements than the blue crystals as discussed below. 
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Figure 6.3: Crystals in cryogenic oil mixture of Parabar (80%) and tetradecane (20%) after 0 h (A) and after 4 h (B), and 

(C): a single crystal seen in the XRD instrument on a loop at the start of a measurement and after 30 h data collection. 

The crystal structure of USD-2 blue has not yet been solved with a satisfactory result. The 
structure seems disordered, particularly around the o-phthalate linker, and is likely a partially 
exchanged product. The observed “reordering” of the structure was surprising as cryogenic oils 
are generally considered inert and are used to protect the crystals from changes caused by ex-
posure to atmospheric conditions and evaporation of solvent. The reordering did not occur in 
crystals left exposed to the atmosphere or in other oils. The porous structure of the USD-1 and 
USD-2 MOFs allows for the solvent to be trapped in the pores, which was confirmed for USD-
1 by both X-ray diffraction and TGA in paper 3 [64]. Thus, nitrate can substitute the o-phthalate 
linkers by solvent-assisted linker exchange. The kinetic product with partially substituted link-
ers might be the USD-2 blue and when left in the cryogenic oil the thermodynamically more 
stable USD-2 green forms. At the moment, it is unknown why this occurs in the Parabar 10312 
(80%) and tetradecane (20%) mixture and not when exposed to air or other oils. There might 
be an influence of oxygen or water from the atmosphere since the observed change occurring 
in oil appears to occur faster in the crystals close to the interface of the oil with the atmosphere 
than in crystals further from the interface. One possible hypothesis is that the evaporation of 
solvent needs to happen at a sufficiently slow rate for the reordering to take place. It is also 
possible that the viscosity of the oils may play a role in the ability of the reordering to take 

A B 

C 
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place. The viscosity will affect the rate of diffusion according to the Stokes-Einstein equation. 
The rate of diffusion may subsequently determine the rate of linker exchange, which might need 
to be slow enough for the reordering to occur without destroying the MOF structure. 

The reordering effect has been observed several times and several SC-XRD measurements have 
been done. The reordering effect and the mechanism are currently still being investigated. 

The colour change from blue to green made it possible to notice the chemical change in the 
framework. Some USD-2 blue crystals and some USD-2 green crystals were transferred to an 
EPR tube and the spectra resulting from the measurement at room temperature and ambient 
conditions (in oil), are shown in Figure 6.4. 

 
Figure 6.4: Background corrected EPR spectra of blue and green single crystals of USD-2 in cryogenic oil. The spectra were 

recorded at room temperature. 

The EPR spectra of the green and blue USD-2 crystals are very similar with a slight change in 
the g anisotropy. Both spectra are lacking the hyperfine structure usually observed for Cu sig-
nals in EPR and the dominant positive feature was seen at g = 2.18 with negative features at g 
= 2.1 and g = 2.05. The shape of the EPR spectra, the g-values, and the changes herein are 
reminiscent of those observed in the work in Paper 3 for USD-1 single crystals in EPR. In the 
publication, it was described how the magnetic coupling between copper centers in ordered 
materials can cause the loss of the hyperfine structure in EPR spectra due to exchange narrow-
ing [64]. For both USD-1 and USD-2, these spectra were recorded while solvent (1,1,2,2–tet-
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rachloroethane) was still present in the pores of the MOF, making the interaction between sol-
vent molecules and the free coordination site on Cu-centers likely. As the solvent was removed 
the spectra changed, such that the g = 2.18 signal decreased and a new feature at g = 2.25 
appeared as described in paper 3. This observation of changes in g-values that were relevant for 
the EPR spectra of USD-1 powder was also observed for the crystalline powder of USD-2, 
results given below. 

Single-crystal XRD structure of USD-2 green 
The crystal structure obtained from the green USD-2 crystals is depicted in Figure 6.5. The 
green crystals of USD-2 have the chemical formula [Cu2(tpt)2(NO3)2(phthalate)]. One copper 
atom is coordinating to three shared tpt linkers, one shared phthalate, and one nitrate. There is 
a small disorder of the phthalate aryl ring, modelled as equal occupancy of two orienta-
tions.Each tpt bind to three copper atoms and each ortho-phthalate binds to two Cu atoms. The 
shortest distance between copper atoms was through the ortho-phthalate linker and was meas-
ured to be 7.2 Å. The distance between copper atoms in the nitrate direction through the void 
space was 8.0 Å and through the TPT linker, the distance between two copper atoms was 13.2 
Å. With these distances, it is reasonable to assume some magnetic coupling between Cu centers, 
as suggested based on the EPR spectra.   

 

 
Figure 6.5: Crystal structure of USD-2-green. Left: Interconnected 6 rings of Cu-tpt coordination with one tpt ring purple 

and the next tpt ring blue. Cu is green and phthalate is yellow. Each phthalate connects two Cu sites. Right: Asymmetric unit 
of the green crystals of USD-2 [Cu2(tpt)2(NO3)2(phthalate)] color code: N: blue, C: grey, O: red, Cu: Orange, H: white. 

Here, only half of the phthalate is shown since it is shared by two Cu atoms. 
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Comparing the structure to the previously described USD-1, one o-phthalate with a charge of -
2 has been replaced by two NO3

- causing no change of overall charge, as depicted in Scheme 
6.1. An overlay of the crystal structures is shown in Figure 6.6. 

 
Figure 6.6: The crystal structures of USD-1 and the green crystals of USD-2 overlayed for illustration of the differences. The 
red circle marks where the ligands were changed. The rectangles indicate the unit cell axis viewed along the a-axis. 

From Figure 6.6 it is clear that the two structures of USD-1 and USD-2 are different. The rec-
tangles indicate the unit cell which is larger for USD-2 than USD-1. The TPT linkers do not 
overlap perfectly and neither do the Cu centers in the overlay of the two structures. The circle 
marks where two nitrates have replaced one o-phthalate linker. The cell parameters a and b 
were slightly longer for USD-1 than for USD-2, whereas c was long in USD-2 being 37 Å 
compared to USD-1 with 18 Å. The overall topology of the MOF did not change as a result of 
the linker exchange.  

Thus, the successful post-synthesis modification by solvent-assisted linker exchange was 
shown to be possible and confirmed by single-crystal crystallography.  

Reversible chemisorption of NH3 in USD-2 powder 

Some of the crystals of USD-2-blue were removed from the mother liquor and washed with 
acetone, yielding a blue crystalline powder. Exposing the dried powder to the atmosphere above 
28% aqueous NH3 solution caused a color change from blue to mauve. This behaviour was seen 
previously for USD-1 [64]. Previously reported TGA results for USD-1 showed the desorption 
of two NH3 molecules/Cu. In this work, the USD-2 reversible adsorbs 1.1-1.4 NH3/Cu during 
NH3 exposure and heating from 130-180°C in TGA, see Figure 6.7.  
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Figure 6.7: Thermal gravimetric analysis of NH3 desorption in USD-2-blue crystals. The crystals were washed with acetone 
and dried before NH3 exposure. Between each TGA measurement, the same sample was removed from the TGA instrument and 
soaked in NH3 atmosphere for 15 min After 10 min of soaking the crucible with the sample was quickly placed in the TGA 
instrument and the measurement was started. 

Upon desorption, the color changes to a dark-green suggesting a change in coordination around 
the Cu-centre caused by desorption of NH3. The dark colour may suggest partial decomposition 
of the MOF. When re-exposed to NH3 a dark purple colour was observed and the mass of the 
sample did not decrease significantly during the 5 cycles of adsorption and desorption of NH3. 
To investigate the thermal stability a batch of the blue USD-2 crystals were heated to 600°C in 
N2 in a TGA measurement, see Figure 6.8. 

 
Figure 6.8: TGA curve for the thermal stability test of USD-2. 9.8 mg sample was heated by 10°C/min and the resulting change 
in mass was followed in % of the initial mass. 
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The thermal stability was tested on fresh crystals and onset temperature was determined to be 
191°C while the temperature of 5% weight loss was found to be 220°C. Thus the MOF should 
be stable for the reversible chemisorption of NH3. 

The adsorption and desorption of NH3 were followed by EPR. After NH3 exposure the blue 
crystals of USD-2 turned purple and disintegrated into crystalline powder (confirmed by P-
XRD). The resulting powder was measured by EPR, see Figure 6.9. The powder was then 
heated to first 145°C and then to 180°C yielding a dark-green powder. EPR spectrum shows a 
mixture of signals for none, one, and two NH3 pr. Cu site suggesting incomplete desorption. 
The partially desorbed sample was then re-exposed to NH3 resulting in a darker purple powder, 
see the photo in Figure 6.9. The EPR spectra of the sample exposed to NH3 the first and second 
time were similar with only a minor decrease in intensity and slightly increased linewidth after 
the first cycle of chemisorption.  

  
Figure 6.9: Background corrected EPR spectra of the sample (USD-2 blue Cryst.) exposed to NH3( Right ), heated to 145°C 
in ambient conditions(Middle), and heated to 180°C in ambient conditions(Left). All spectra were recorded at room tempera-
ture under ambient conditions. 

Due to color turning dark green for the sample desorbed at 180°C partial decomposition of the 
MOF is suspected. From the EPR spectra, it is evident that there is a change in g-anisotropy 
when the sample was heated. Simulation of the EPR spectra was difficult due to the spectra 
being composed of several elements. The spectrum of the sample desorbed at 180°C show com-
ponents of both g-values corresponding to strong N donating ligands as seen for the sample that 
was exposed to NH3 with a g-value of 2.155, a medium part as seen in the sample desorbed at 
145°C with g=2.183 and of the third signal with g=2.247. These values correspond exactly to 
the values observed for USD-1 in paper 3 with the exception that the spectrum of the fully 
desorbed sample in Paper 3 was much cleaner with less of the other two signals present. This 
suggests that the desorption of the USD-2 sample was not complete at 180°C. Furthermore, the 
lack of fine structure makes EPR analysis difficult. Analogous to the g-values observed in the 
hyperfine coupling of the zeolites (chapter 3-5), the lower values indicate more N donor ligand 
character around the copper center and higher values indicate more O donor ligand character. 
Since EPR probes the bulk of the sample the spectrum shows the mixed-signal for all Cu coor-
dination present in the sample. Thus, it can be concluded that at least three signals observed for 
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the sample that was desorbed at 180°C are likely the result of Cu centres partially coordinated 
to N atoms and partially coordinated to O donating ligands and probably a mixture thereof. In 
paper 3 it was suggested that for USD-1 it is likely that NH3 is inserted between one of the o-
phthalate ligands and the Cu atom. A similar process may be taking place in the USD-2 material 
only with insertion or even a reaction with the nitrate ion instead of the o-phthalate linker. The 
removal of one of the bridging o-phthalate ligands can have decreased the stability of the USD-
2 compared to USD-1 causing the darker colour observed in the USD-2.  

Several attempts of crystallization of similar structures to the USD-1 with  Cu precursor that do 
not contain nitrate were attempted. This was done avoid the post-synthetic modification of 
USD-1 to USD-2 when crystals were left in the mother liquors. It would be of interest to observe 
if the addition of nitrate could be controlled better if the copper precursor was, e.g. Cu salts 
including CuSO4, CuCl2, CuBr2, copper(II)acetylacetonate (Cu(acac)) and for this reason crys-
talisations were attempted with these precursours. Using copper(II)acetate resulted in green 
crystals and a single-crystal X-ray diffraction experiment revealed the structure depicted in Fig-
ure 6.10: 

 
Figure 6.10: Single-crystal XRD structure of USD-3. The disorder in the uncoordinated pyridine on the TPT linker was mod-
elled as equal occupancy or two orientations and the disorder indicates a degree of vibration in the pyridine ring. Colour code: 
orange=Cu, red=O, gey=C and blue=N. . 

This structure of the resulting compound is a 1D zig-zag chain polymer with binuclear paddle-
wheel Cu(OAc)2 centres, that are connected through a bridging TPT linker on the elongation 
axis of each Cu-centre. The TPT is shared by one other dinuclear paddlewheel Cu centre. Thus, 
the chemical formula is {Cu2(CH3COO)4(tpt)}n.This leaves an unoccupied coordination site in 
the TPT ligand. Attempts were made to substitute a Cu2+ and Zn2+ions from nitrate precursor-
sonto this site, but all attempts resulted in powder. Furthermore, it was attempted to increase 
the concentration of the copper(II)acetate precursor to encourage the assembly of a 2D or 3D 
structure. With a Cu:TPT ratio of 2:1 the resulting crystals still had the same structure.  

Exposure of the green crystals of {Cu2(CH3COO)4(tpt)}n to NH3 caused decomposition of the 
single crystals to powder and the powder turned purple within minutes. Heating to 130°C 
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caused the powder to turn green. NH3 adsorption in this structure will likely cause decomposi-
tion as there are no unoccupied coordination sites available in the Cu centres. Further reactions 
of the USD-3 structure have not been pursued. 

Concluding remarks 

In this chapter, single-crystal X-ray structures were presented for two new materials, and a 
successful reaction by NH3 adsorption was demonstrated. The post-synthetic linker exchange 
that was shown opens the possibility for tuning the USD-1/USD-2 MOF structure family with 
other linkers that may be substituted into the structure of either USD-1 or USD-2. If so it can 
be imagined that applications in gas adsorption, separation, storage, or sensor technologies can 
be obtained. USD-1 and USD-2  have been demonstrated to be stable towards atmospheric 
exposure including high stability towards water exposure as demonstrated in the NH3 adsorp-
tion experiments in paper 3. It is possible that other ligands than NH3 or NO3

- can be substituted 
into the framework post-synthesis either by solvent-assisted methods or by vapochromic chem-
isorption. This would enable the possibility of functionalization of the MOF with specific reac-
tions in mind. The formation of nitrate sites and adsorbed NH3 sites on the Cu-centres are en-
ticingly similar to intermediates in the NH3-SCR reaction according to mechanisms presented 
in the introduction. Thus, an application in low-temperature deNOx could be suggested. How-
ever, the harsh conditions in the exhaust gas treatment systems and the low mobility of Cu sites 
caused by the Cu-centres being an integral part of the framework make such an application 
unlikely to be viable in industry.  

Future experiments on the structures shown in this chapter are plentiful and a screening of pos-
sible post-synthetic modifications to both USD-1 and USD-2 materials asvell as the 1D polymer 
is an obvious first step. Growing and maintaining single crystals during such modifications will 
be the main challenge in such screenings. When new post-synthetic modifications have been 
demonstrated, possible applications for functionalized linkers can be explored.  

In pursuing applications for NH3 adsorption, further experiments with more gentle desorption 
methods, such as vacuum desorption can be attempted to avoid the decomposition of the mate-
rials (USD-2 and 1D material).  

For the {Cu2(CH3COO)4(tpt)}n 1D material some chemistry on the free N site on the pyridine 
from the TPT linker is likely possible e.g. by coordination to a metal center. It is also possible 
that the materials could be used for amine detection as a visual colour change is observed when 
small amines are adsorbed in the MOFs.
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7. NH3-SCR of NO with novel active supported vanadium-containing 

Keggin-type heteropolyacid catalysts 

In this chapter the results in Paper 4 [89] are presented: 

“NH3-SCR of NO with novel active, supported vanadium-containing Keggin-type hetero-
polyacid catalysts” 

Anna Bukowski1,   Leonhard Schill2,   David Nielsen2,   Susanne Mossin2, Anders Riisager2 
and Jakob Albert1*. 

1: Lehrstuhl für Chemische Reaktionstechnik, Friedrich-Alexander-Universität Erlangen-
Nürnberg, Egerlandstr. 3, 91058 Erlangen, Germany 

2: Technical University of Denmark, Centre for Catalysis and Sustainable Chemistry, Depart-
ment of Chemistry, 2800 Kgs. Lyngby, Denmark. 
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The material synthesis and characterization, except for EPR, were done by the co-authors with 
dr. Anna Bukowsky being the main researcher. The whole article is presented in this chapter to 
provide the context of the EPR work, but only the EPR work was carried out by me. The EPR 
section of the paper was drafted by me and revised by Susanne Mossin, Anna Bukowski, Anders 
Riisager, and Jakob Albert. The final version of the manuscript was approved by all Authors. 

Catalysts that are active for SCR in the low-temperature range are currently still being pursued 
and a new vanadium-based “TripleCat” with activity as low as 150°C has recently been com-
mercialized by Umicore [90]. In industrial stationary applications, the flue gas may need re-
heating before the SCR unit which is costly. One example, where a low-temperature application 
is relevant, is flue gas from boilers firing biomass. The flue gas from straw-fired plants contains 
alkali metals such as potassium that act as a poison to the vanadium-based catalyst by binding 
to the active site [91]. If the SCR catalyst is active at low temperature the deNOx unit may be 
placed after an ESP filter removing the potassium-containing fly-ash. 

The vanadium-containing polyoxometalates with Keggin structure were tested for the low-tem-
perature activity at 200-350°C in the SCR reaction by Bukowski and co-workes on several 
supports. It was discovered that the TiO2 supported material had significantly higher catalytic 
activity than the same material on an alumina support. Other methods of characterization had 
not revealed a clear difference between the two catalysts with the same active component on 
different supports. Thus, the EPR characterization was attempted.  
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In the previous chapter, the active metal was copper. Copper is a convenient metal to study by 
EPR spectroscopy, as the spectra are not too complicated. This is due to the S=1/2 system, the 
nuclear spin of copper being I = 3/2, and the large g-anisotropy which separated the hyperfine 
coupling pattern well from the perpendicular part of the spectrum. Furthermore, the abundance 
of literature in the field causes the interpretation of the EPR spectra of Cu-centers to be more 
substantiated. Interpreting the EPR spectra of vanadium was more complicated than for the 
copper case. The nuclear spin of vanadium is I = 7/2 causing splitting of the EPR signal into 8 
lines. When the A-anisotropy is greater than the g-anisotropy, this causes 8 lines overlapping 
with another set of 8 lines for each vanadium signal in the EPR spectra. Dispite the more com-
plicated EPR signals, the results did show a difference between the materials as described in 
paper 4 below. Paper 4 is reprinted with permission of the Royal Society of Chemistry.  

 

Paper 4: 
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8. Method Development in CW-EPR spectroscopy in-situ measure-

ments 

In the work presented here, in-situ EPR spectroscopy was applied in the analysis of Cu-CHA 
and V-POM materials. The method of applying in-situ measurements under close-to realistic 
conditions gave insight into differences of the material reactivity and coordination. This was 
exemplified by the “redox window” defined as the amount of transition metal in the materials 
that could change oxidation state under the applied conditions. The value is given relative to 
the total amount of the relevant metal on the catalyst material. For the V-POM materials, a 
difference in support-metal interaction was detected using this observable property. Any metal 
that is active in the catalyst for the SCR reaction must be able to change oxidation state. For the 
interrogation of this property, EPR can be a valuable tool. Although the ability to change oxi-
dation state is required for catalyst activity, it is not guaranteed that the measured changes are 
directly linked to the catalytic activity. For further analysis, the EPR measurement should be 
accompanied by activity measurements. One way to achieve this is to measure the exhaust from 
the in-situ measurements, e.g. by mass spectrometry. If such measurements are done with iso-
tope-labeled NH3, it may be possible to probe the activity of specific sites. The challenge of 
some species being EPR silent will remain. To counter this other methods of analysis must be 
used. Here infrared and Raman spectroscopy along with X-ray absorption methods are possible 
go-to solutions. 

For the Cu-CHA materials, the copper distribution was observed to be dependent on the 
Na+:SDA ratio during synthesis. Furthermore, differences in reactivity and observed reaction 
rates of the fresh, SO2 exposed, and regenerated Cu-CHA materials were discovered. The stand-
ard in-situ measurement techniques of exposing the catalyst to SCR-relevant gases at elevated 
temperature, typically 200°C, and observing changes in the relative intensities of the EPR spec-
tra thus demonstrated their value.  

For other applications of EPR spectroscopy on the solid catalyst or absorber materials, however, 
the typical measurement protocols of in-situ spectroscopy were less fruitful. An example of this 
is the case of the Cu-MOF materials from Paper 3 [64]. In that work, the usual method was first 
attempted, but the resulting EPR spectra were broad and not very informative. This could be 
due to the flow of dry gas through the materials and the use of low NH3 concentration not 
resembling the treatments reported by Wegeberg et.al. for the reversible NH3 chemisorption. It 
is also possible that the EPR spectra were broad mainly due to the exchange coupling in the 
material because the Cu-centers are located closely together or simply because the pre-treat-
ment performed on the material (pressing and size fractioning) was too harsh for the more frag-
ile molecular materials. Thus, to replicate the experimental conditions used by Christina 
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Wegeberg during other investigations, a few mg powdered sample was placed in a 4 mm su-
prasil EPR tube. The tube, that was open in only one end, was exposed to the NH3 atmosphere 
over concentrated aqueous NH3. The first obstacle to overcome was the slow exchange of at-
mosphere in the long narrow EPR tube. This was solved by stirring the air with a Pasteur pipette 
and the powder quickly changed colour according to Wegebergs description. For the desorption 
of NH3, the atmosphere in the tube was exchanged several times while the EPR tube was slowly 
heated in an oil bath. During the slow heating, the tube was taken out and placed in the EPR 
instrument repeatedly for a semi-in-situ measurement of the ligand exchange during desorption. 
Care was taken to place the tube in the same position in the EPR instrument for each measure-
ment. Thus, by the careful replication of previous process conditions, it was possible to obtain 
the EPR results, demonstrating the stepwise chemisorption process in the material as presented 
in Paper 4. 

A different case, where the reaction conditions used by collaborators were imitated was the 
work presented in Paper 5. Our collaborators had developed a nickel nano-particle-based photo-
catalyst for the activation of CO2 to form CH4 and C2H6. In order to investigate these materials, 
the setup had to be modified to resemble the photocatalytic reaction conditions in H2 and CO2. 
The gas lines were exchanged and adapted to the new gases and a UV-light source with a fiber-
optic cable was fitted to the instrument. The front of the cavity of the EPR instrument has a 
grid, that allows for 50% of applied radiation to enter the cavity and illuminate the samples. 
Several challenges were overcome to complete these measurements. One example is that the 
cavity is constantly flushed with N2 during in-situ measurements at high temperatures. This is 
done both to avoid water and oxygen in the cavity from the atmosphere which both can interfere 
with the microwave radiation. A second effect is the heating from the light source. We always 
have a N2 flow to keep the cavity at a stable temperature during in-situ measurements, but 
opening the grid in the front of the cavity made the N2 flow unable to keep the temperature 
stable and as a result, the cavity heated during the first measurements. The challenge was solved 
by adjusting the N2 flow while monitoring the temperature of the cavity and adjusting the other 
openings in the cavity to ensure a homogenous N2 flow and a stable temperature. During the 
measurements, different combinations of UV-radiation and H2-activation of the Ni nanoparti-
cles were explored to obtain the EPR results in Paper 5. The successful application of operando 
EPR during a photocatalytic reaction opens for the possibility of applying our in-situ EPR setup 
in photocatalytic systems.  

The loss of signal intensity for all samples during heating can also pose a challenge for samples 
with less intense signals. In these cases, the EPR signal may disappear and ex-situ measure-
ments may be necessary to allow for the material to cool sufficiently and reach a temperature 
low enough for an EPR signal to be observed.  
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However, the strengths of the in-situ measurements are not to be ignored. An example is the 
thermal treatment and dehydration of Cu-exchanged zeolites. For these systems in-situ meas-
urement have the clear advantage that the reaction can be followed in real-time and from both 
the changes in relative intensity and from the spectral line shapes it is possible to deduce if the 
dehydration was successful. We tried for quite some time to speed up analysis by establishing 
an efficient protocol for ex-situ dehydrations to allow for the dehydration of several samples 
quickly and measure the EPR signal without going through a time-consuming in-situ measure-
ment. Unfortunately, it was very difficult to determine if the ex-situ dehydration had been com-
plete without following the process in-situ. Another challenge was to protect the extremely 
hydrophilic samples from the atmospheric air in a reliable work-flow. Furthermore, because the 
sample was taken out of the instrument and the EPR-tube for the dehydration process it could 
be difficult to obtain reliable results regarding the intensity. Finally, the attempts were discarded 
since even a small loss of precision was a problem for our intended application of the method.  

For EPR analysis the observation of an EPR signal is not enough. It is also important to know 
how much of the species giving the signal is present, since a small impurity may dominate the 
signal and lead to wrong conclusions. This is especially important in the field of catalysis where 
catalysts are composed of several materials and many reactions are running simultaneously. 

Utilizing the in-situ measurements that have been applied in the Mossin group, it is possible to 
follow changes in the catalyst systems as different reaction gases are led through the catalyst. 
This can provide an insight into some of the reactions taking place. While the presence of an 
EPR signal is clear evidence of a paramagnetic species, there can be several reasons for the 
absence of an EPR signal. Here the need for complementary measurement techniques arises. 
An example of this is the linear diamine Cu(I) species that is diamagnetic and thus EPR silent. 
This species has been detected by X-ray absorption spectroscopy, providing an insight into the 
part of the catalytic process that is in the dark from the point of view of EPR. Therefore, an 
important observation is that other analysis methods are required for reliable interpretation of 
the EPR data. 

EPR is a powerful tool mostly when applied to isolated metal centers. If the concentration of 
paramagnetic centers becomes too high, magnetic coupling can occur causing a loss of infor-
mation. This was seen in the Cu-MOF work. To follow this line of investigation, the synthesis 
of MOFs with some of the Cu exchanged for Zn was attempted. If a similar structure could be 
engineered where Zn replaced 9/10 Cu centers, the interaction of copper centers could be hin-
dered. Attempts to replace the Cu(NO3)2 precursor for a 1:9 Cu:Zn mix using the Zn equivalent 
precursor were unfortunately not successful. 

Further investigations of the Cu-CHA zeolites in the future may include more advanced EPR 
techniques such as HYSCORE (hyperfine sublevel correlation) which should be able to probe 
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the coupling of the unpaired electron on Cu to Al sites in the 6 membered ring for Cu-CHA 
materials. The results will still only provide an average of the bulk sample, which may cloud 
the interpretation of such results.  

Furthermore, for materials with strong EPR signal as the Cu-CHA, the applications of high-
temperature cavities and equipment are interesting. If such measurements were performed, they 
might give an insight into the changes in the mechanism at higher temperatures suspected for 
Cu-CHA in SCR as presented in the introduction. Such measurements will, however, call for 
several changes to the current setup. 
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9. Conclusions 

In this work, the application of in-situ EPR spectroscopy as a powerful technique to follow 
changes in the chemical environment of metal centers in porous materials, in the field of envi-
ronmental catalysis has been demonstrated. Cu-CHA materials find industrial use in NOx re-
moval as NH3-SCR catalysts and they have been a hot topic for scientists across disciplines due 
to the commercial success and the academic challenges in elucidating the reaction pathways 
and material properties.  

The distribution of active Cu-sites in the CHA catalysts is determined by the aluminium distri-
bution in the materials. It was demonstrated by EPR investigations that the distribution of alu-
minium is dependent on the Na+:SDA ratio in the material during the zeolite synthesis. By EPR 
investigations of dehydrated Cu-CHA samples at least three signals were detected with distinct 
spin Hamiltonian values determined from the EPR signal. Two signals showed copper coordi-
nated to 4 Of-atoms. The spin Hamiltonian values for Site A and B were gǁ = 2.328, Aǁ = 490, 
and gǁ = 2.358  Aǁ = 456, respectively. The third signal was isotropic and contain little infor-
mation on the Cu- coordination. It was demonstrated that the samples previously investigated 
by EPR showed an almost random distribution of the two sites. For the sample synthesized with 
Na+-ions in the synthesis gel, mostly Site B was observed. The sample synthesized without 
sodium and only with OH- from the SDA solution showed most Site B, but some Site A at a 
higher Cu-loading. 

The sample with an almost random distribution of sites was exposed to isotope-labeled 15NH3. 
Because of the super hyperfine interaction of the electron with the nuclear spin of N, it was 
possible to determine that exposure to NH3 at 100°C caused the formation of a [Cu(NH3)x]2+ 
species, concurrent with literature predictions by several groups. It was not possible to deter-
mine the exact coordination number of Cu. Exposure to NH3 with natural abundance N, showed 
the exchange of all 15NH3 within 10 min at 100°C and 500 ppm NH3. This result underlines that 
Cu-centers in CHA are not static in the samples at low temperatures, rather the system is highly 
mobile and reactive. 

A CHA zeolite with a series of Cu-loadings was investigated in EPR as well as H2TPR. The 
results showed that the amount of EPR active copper after thermal treatment reaches a maxi-
mum value at 1.8 wt. % on the sample with Si/Al=9 with no further increase even when the Cu-
loading was increased. This is likely connected to the formation of EPR silent ZCuOH sites 
when the more favoured Z2Cu sites are occupied in the material. In the literature, two low-
temperature peaks are often observed in H2TPR of Cu-CHA and have been ascribed to ZCuOH 
and Z2CU sites. By applying H2TPR measurements and an in-situ EPR protocol imitating the 
TPR experiment, it was possible to observe the reduction of some Z2Cu for the sample with 4 
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wt. % Cu at temperatures >260°C. This, along with the splitting of the low-temperature H2TPR 
peak for the highest Cu-loadings leads to the conclusion that the previous interpretations of H2-
TPR results involving ZCuOH and Z2Cu might be too simplistic. The suspected mobility of 
Cu-sites for samples with high Al and Cu content may influence the H2-TPR results. Both H2-
TPR and quantitative EPR demonstrate linear correlation with the total concentration of copper. 

The influence of SO2 on the Cu-CHA NH3-SCR catalysts was investigated by in-situ and quan-
titative EPR analysis. The amount of EPR active Cu in samples before and after thermal acti-
vation was largely unaffected by the SO2. The EPR spectra did show significant changes to the 
Cu-coordination after SO2 exposure and regeneration, suggesting that SO2 binds to the EPR 
active Z2Cu-sites. The fresh sample in the reduced state showed high reactivity towards trace 
O2 in the gas, which caused oxidation of some of the Cu-centers. This reactivity was retarded 
by the SO2 exposure and not restored by the regeneration. Furthermore, the total amount of 
copper that was able to change oxidation state between Cu+ and Cu2+ at 200°C was considerably 
lower in the SO2 exposed sample compared to the fresh sample. The regeneration did not fully 
restore Cu-center’s ability to change oxidation state. 

The ability of a new Cu-MOF to reversibly and stepwise chemisorb two NH3 molecules was 
elucidated by an adapted semi-in-situ EPR experiment. The magnetic coupling of the Cu-cen-
ters in the new material resulted in exchange narrowing of the EPR spectra. The new MOF 
structure [(Cu(tpt)(o-phthalate)] named USD-1 was modified, post-synthesis, by solvent-as-
sisted linker exchange without recrystallization. By this method one of the bridging o-phthalate 
linkers was exchanged by two NO3

-. The resulting blue crystals showed a reordering of the 
structure in SC-XRD experiments and turned green in cryogenic oil. The structure of the green 
crystals was [Cu2(tpt)2(NO3)2(o-phthalate)] and was named USD-2. A third compound, which 
was a 1D zig zag coordination polymer with the repeating unit {Cu2(OAc)4(tpt)}n was synthe-
sized. The two latter compounds could also reversibly bind NH3 from the vapour phase resulting 
in a color change from green to purple. 

In a collaboration project, the difference in SCR activity of a new V-based polyoxometalate 
catalyst on Al2O3 and TiO2 supports was investigated by in-situ EPR spectroscopy. The Al2O3 
supported catalyst did not change oxidation state between V4+ and V5+ to the same extent as the 
TiO2 supported catalyst. A small difference in the EPR spectra of the two catalysts was ascribed 
to a difference in metal-support interaction which may partly be the reason for the difference in 
oxidation state. 

In all the projects, the EPR measurement was adapted in order to obtain spectra recorded at 
conditions relevant to each material. The adaptability of the in-situ technique was vital for the 
method to provide valuable insights that can be used in the decision-making when designing 
new materials and catalysts. 



9 Conclusions 

137 
 

As vehicles become more electrified and many combustion processes are replaced by renewable 
energy such as wind or solar, the market for NH3-SCR catalysts may decline. There are several 
possibilities of extending the future of in-situ EPR spectroscopy. Other materials for different 
sustainable processes may be investigated. The Cu-CHA materials are being investigated for 
the oxidation of methane to methanol, which is a possible application where in-situ EPR may 
find its next successful application. Furthermore, for materials with strong EPR signal as the 
CHA, the applications of high-temperature cavities and equipment that is resistant to higher 
temperatures, might be developed. This will however call for several changes to the current set-
up that may involve non-standard solutions. With recent developments of table-top instruments, 
it is likely that EPR spectroscopy will become more common in the future.  
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Appendix  

Appendix A – Boltzmann distribution and EPR intensity 
The intensity of an EPR spectrum is a function of temperature. Defining a reference temperature 
as T0. The intensity of an EPR signal I(T), at temperature, T, is proportional to the difference of 
population (N) between the upper and lower spin energy levels of the spin states: 

𝐼𝐼(𝑇𝑇) ∝ 𝑁𝑁𝑙𝑙 − 𝑁𝑁𝑢𝑢 

The expression for I(T0)/I(T) is set up in the following way:  

𝐼𝐼(𝑇𝑇0)
𝐼𝐼(𝑇𝑇)

=
𝑁𝑁𝑙𝑙(𝑇𝑇0) − 𝑁𝑁𝑢𝑢(𝑇𝑇0)
𝑁𝑁𝑙𝑙(𝑇𝑇) − 𝑁𝑁𝑢𝑢(𝑇𝑇)

 

The expression is multiplied with Ntotal=N(T)=N(T0) in the numerator and denominator at the 
two different temperatures, since the total population is not changed with temperature:  

𝐼𝐼(𝑇𝑇0)
𝐼𝐼(𝑇𝑇)

=
𝐼𝐼(𝑇𝑇0) ∙ 𝑁𝑁(𝑇𝑇)
𝐼𝐼(𝑇𝑇) ∙ 𝑁𝑁(𝑇𝑇0)

=
[𝑁𝑁𝑙𝑙(𝑇𝑇0) − 𝑁𝑁𝑢𝑢(𝑇𝑇0)] ∙ [𝑁𝑁𝑙𝑙(𝑇𝑇) + 𝑁𝑁𝑢𝑢(𝑇𝑇)]
[𝑁𝑁𝑙𝑙(𝑇𝑇) − 𝑁𝑁𝑢𝑢(𝑇𝑇)] ∙ [𝑁𝑁𝑙𝑙(𝑇𝑇0) + 𝑁𝑁𝑢𝑢(𝑇𝑇0)] 

From the Boltzmann equation, Nu(T) is isolated and inserted in the expression:  

𝑁𝑁𝑢𝑢(𝑇𝑇)
𝑁𝑁𝑙𝑙(𝑇𝑇) = 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇      ⇒         𝑁𝑁𝑢𝑢(𝑇𝑇) = 𝑁𝑁𝑙𝑙(𝑇𝑇) ∙ 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇 

Thus: 

𝐼𝐼(𝑇𝑇0)
𝐼𝐼(𝑇𝑇)

=
�𝑁𝑁𝑙𝑙(𝑇𝑇0) − 𝑁𝑁𝑙𝑙(𝑇𝑇0) ∙ 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0� ∙ �𝑁𝑁𝑙𝑙(𝑇𝑇) + 𝑁𝑁𝑙𝑙(𝑇𝑇) ∙ 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇�

�𝑁𝑁𝑙𝑙(𝑇𝑇) − 𝑁𝑁𝑙𝑙(𝑇𝑇) ∙ 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇� ∙ �𝑁𝑁𝑙𝑙(𝑇𝑇0) + 𝑁𝑁𝑙𝑙(𝑇𝑇0) ∙ 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0�
 

𝐼𝐼(𝑇𝑇0)
𝐼𝐼(𝑇𝑇)

=
𝑁𝑁𝑙𝑙(𝑇𝑇0) ∙ �1 − 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0� ∙ 𝑁𝑁𝑙𝑙(𝑇𝑇) ∙ �1 + 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇�

𝑁𝑁𝑙𝑙(𝑇𝑇) ∙ �1 − 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇� ∙ 𝑁𝑁𝑙𝑙(𝑇𝑇0) ∙ �1 + 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0�
=

�1 − 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0� ∙ �1 + 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇�

�1 − 𝑒𝑒−
∆𝐸𝐸
𝑘𝑘∙𝑇𝑇� ∙ �1 + 𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇0�

 

Since the experiments were performed at T>273 K and kT>> ΔE, the approximation is used for 

the Boltzmann correction:           𝑒𝑒− ∆𝐸𝐸𝑘𝑘∙𝑇𝑇 ≈ 1 − ∆𝐸𝐸
𝑘𝑘∙𝑇𝑇
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→ 0  
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*This derivation was also published in Master Thesis: Dependence of the properties of Cu-Zeolites on synthesis 
method studied by in-situ EPR by David Nielsen. 

Appendix B 

Exp_529 – Cu2(CH3COO)4(tpt) - 1D polymer 
Table 1 Crystal data and structure refinement for Exp_529. 
Identification code Exp_529 
Empirical formula C26.66H24.66N6O8.66Cu2 
Formula weight 694.74 
Temperature/K 100.00(10) 
Crystal system monoclinic 
Space group I2/a 
a/Å 8.53290(10) 
b/Å 13.7705(2) 
c/Å 26.0817(4) 
α/° 90 
β/° 92.8230(10) 
γ/° 90 
Volume/Å3 3060.94(7) 
Z 4 
ρcalcg/cm3 1.508 
μ/mm-1 2.225 
F(000) 1416.0 
Crystal size/mm3 0.151 × 0.1 × 0.024 
Radiation Cu Kα (λ = 1.54184) 
2Θ range for data collection/° 6.786 to 149.16 
Index ranges -10 ≤ h ≤ 10, -17 ≤ k ≤ 17, -32 ≤ l ≤ 32 
Reflections collected 24847 
Independent reflections 3126 [Rint = 0.0311, Rsigma = 0.0146] 
Data/restraints/parameters 3126/36/228 
Goodness-of-fit on F2 1.158 
Final R indexes [I>=2σ (I)] R1 = 0.0396, wR2 = 0.1036 
Final R indexes [all data] R1 = 0.0411, wR2 = 0.1045 
Largest diff. peak/hole / e Å-3 0.86/-0.50 
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Appendix C 

Exp_516 – USD-2 green – 
Cu2(TPT)2(NO3)2(O-phthalate) 
Table 1 Crystal data and structure refinement for Exp_516. 
Identification code Exp_516 
Empirical formula C22H14N7O5Cu 
Formula weight 519.94 
Temperature/K 100.01(10) 
Crystal system trigonal 
Space group P3121 
a/Å 15.29930(10) 
b/Å 15.29930(10) 
c/Å 37.3453(2) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å3 7570.24(11) 
Z 6 
ρcalcg/cm3 0.684 
μ/mm-1 0.807 
F(000) 1584.0 
Crystal size/mm3 0.28 × 0.087 × 0.075 
Radiation Cu Kα (λ = 1.54184) 
2Θ range for data collection/° 6.672 to 149.552 
Index ranges -19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -46 ≤ l ≤ 46 
Reflections collected 180874 
Independent reflections 10334 [Rint = 0.0363, Rsigma = 0.0112] 
Data/restraints/parameters 10334/295/343 
Goodness-of-fit on F2 1.036 
Final R indexes [I>=2σ (I)] R1 = 0.0250, wR2 = 0.0779 
Final R indexes [all data] R1 = 0.0275, wR2 = 0.0796 
Largest diff. peak/hole / e Å-3 0.22/-0.18 
Flack parameter 0.000(5) 
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“The influence of Na+ in the synthesis of Cu-CHA on Cu-speciation after ion exchange studied by 
EPR spectroscopy”  

David Nielsen1, Qi Gao1, Susanne Mossin1. 
1Centre for Catalysis and Sustainable Chemistry, Department of Chemistry, Technical University 
of Denmark, Kemitorvet 207, 2800 Kgs. Lyngby, Denmark. 
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Paper 1 is presented in the main text 

Supporting Information 

Methods of Cu-CHA synthesis and the effect of Na+ in synthesis 
on Cu-speciation after ion exchange studied by EPR spectroscopy 
David Nielsen, Qi Gao, Susanne Mossin. 

 

Supporting Information 

Solid State NMR results for the parent zeolite of the materials resulting from a synthesis mixture 
containing organic SDA only (OH-route) and from a different synthesis where NaOH was added 
to the synthesis (NaOH-route) are shown in Figure S1-S2. For the NaOH-route material an ion-
exchange with NH4NO3 was performed and the absence of Sodium was confirmed by XRF on the 
powdered sample.  

 
Figure S1: 29Si SS-NMR spectrum for the CHA synthesized with Na:SDA = 0.5 (NAOH-route material)  to the left and 27Al spectrum 
to the right. The spectra were recorded on calcined H-Form of the CHA.  
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Figure S2: 29Si SS-NMR spectrum for the CHA synthesized with Na:SDA = 0 (OH-route material)  to the left and 27Al spectrum to 
the right. The spectra were recorded on calcined H-Form of the CHA.  

  

The 29Si SS-NMR spectra were used to estimate the Si/Al for the samples. The Q4 peaks observed 
were similar to those observed for similar materials in the literature. For the 27Al spectra framework 
Al is observed at 60 ppm (AlO4) and extra-framework Al at 1 ppm (AlO6).  

In Figure S3, the EPR spectra of the 4 samples with dilute Cu-loading from the main text is shown 
with the full spectrum. The signal from an iron impurity is marked with the black arrow. 
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Figure S3: Background corrected and normalized EPR spectra from four selected Cu-CHA sample originating from different 
synthesis methods. Site B is the dominant species in the three samples. Both site A and Site B are present in the blue spectrum 
from the HF-route synthesized material.  

 

  

260 280 300 320 340 360

 HF-Route 0.2 wt. % Cu
 OH-Route 0.5 wt. % Cu
 Na-Route 0.4 wt. % Cu
 Commercial 0.2 wt. % Cu

Field (mT)

2.60 2.40 2.30 2.20 2.10 2.00 1.90
g-value

Site A 

Site B 

Fe - signal



Paper 2: 

“H2-TPR and in-situ EPR studies of Cu-speciation in CHA zeolites for the selective catalytic 
reduction of NOx” 

David Nielsen1, Qi Gao1, Linette B. R. Christensen1, Ton V. W. Janssens2, Peter N. R. 
Vennestrøm2 and Susanne Mossin*1.  
1Centre for Catalysis and Sustainable Chemistry, Department of Chemistry, Technical University 
of Denmark, Kemitorvet 207, 2800 Kgs. Lyngby, Denmark. 
2Umicore Denmark Aps, Kogle Allé 1, 2970 Hørsholm, Denmark. 

In progress 

 



 



 



 



Paper 2 is presented in the main text. 

Supporting information 
 

H2-TPR and in-situ EPR studies of 
Cu-speciation in CHA zeolites for 
the selective catalytic reduction of 
NOx 
David Nielsen, Qi Gao, Linette B. R. Christensen, Ton V.W. Janssens, Peter N. R. Vennestrøm 

and Susanne Mossin. 

 

  
Figure S1: The value of the numerical integration of TPR curve (total H2 consumption) vs. Cu load in wt. %  of each sample. 

The integrated area of the H2-TPR curve is proportional to the total H2 consumption and is plotted 
versus the Cu load of each sample in Figure S1. A statistically significant linear fit was made with 
a slope of 0.94 ± 0.1 and an intercept of 0.01 ± 0.3. The data are in correspondence with Cu2+ being 
reduced to Cu+.  
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The deconvolution and Gaussian fits assuming a model with 4 Gaussians are shown in Figure S2- 
Figure S6: 

 
Figure S2: Deconvolution of TPR curve by fit of 4 Gaussian functions.Sample is 0.8 wt. % Cu. 

 
Figure S3 Deconvolution of TPR curve by fit of 4 Gaussian functions. Sample is 1.6 wt. % Cu. 
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Figure S4 Deconvolution of TPR curve by fit of 4 Gaussian functions. Sample is 2.4 wt. % Cu. 

 
Figure S5 Deconvolution of TPR curve by fit of 4 Gaussian functions. Sample is 3.2 wt. % Cu. 

 

 
Figure S6 Deconvolution of TPR curve by fit of 4 Gaussian functions. Sample is 4 wt. % Cu. 
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Figure S7: EPR spectra of samples 1-5 (Cu-SSZ-13, SAR-18 ) exposed to atmospheric conditions and prior to any gas treatment. 

 

EPR spectra of the fresh samples are shown in Figure S7.  
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Figure S8: Selected EPR spectra after treatment with SCR relevant gases. The black line was recorded after 1h dehydration in 
10% O2. The red line was recorded after the Dehydration and 50 min in NO+NH3 followed by 50 min in NO+O2. The green line 
was recorded after the red line and exposure to NO+NH3 for additional 50 min. All spectra were recorded at 200°C in He, except 
for the blue spectrum which was recorded at 50°C in 100 ppm NH3.   

 

240 260 280 300 320 340 360

 Dehydrated
 NO+O2

 NO+NH3

 NH3 at 50°C after NO+NH3

Field (mT)

0.8 wt. % Cu

2.80 2.60 2.40 2.30 2.20 2.10 2.00 1.90
g-value



 
Figure S9: Selected EPR spectra after treatment with SCR relevant gases. The black line was recorded after 1h dehydration in 
10% O2. The red line was recorded after the Dehydration and 50 min in NO+NH3 followed by 50 min in NO+O2. The green line 
was recorded after the red line and exposure to NO+NH3 for additional 50 min. All spectra were recorded at 200°C in He, except 
for the blue spectrum which was recorded at 50°C in 100 ppm NH3. 
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1. Abstract 
 

Electron paramagnetic resonance (EPR) can be collected both under ex-situ, in-situ and operando 
conditions on solid catalyst materials exposed to relevant gas mixtures. The reactions can be 
followed with a time resolution of less than a minute and the EPR response can be used to quantify 

mailto:*slmo@kemi.dtu.dk


the content of the EPR active component. This is exemplified by the reaction between NO, NH3 
and O2 to form N2 and water, the selective catalytic reduction (SCR) reaction. Reactive SCR 
catalysts containing redox active copper and vanadium find use in industrial applications. Both 
metals alternate between two oxidation states, one diamagnetic and one paramagnetic having an 
informative EPR spectrum. The spectral resolution at the relevant temperatures (150 - 250 °C) in 
in-situ or operando experiments is often compromised and the main information obtained is the 
change in spectrum intensity with time and reaction conditions. Here we present and compare the 
information obtained on a copper-exchanged zeolite material and on a vanadium polyoxometallate 
immobilized on titania during in-situ cycling between different gas mixtures relevant for the SCR 
reaction.  

 

2. Introduction 
The selective catalytic reduction (SCR) reaction is catalyzed by several redox active transition metals such 
as copper, vanadium, iron and manganese on different supports. Of these especially vanadium as V2O5 
supported on titania, TiO2 and copper as ion-exchanged Cu2+ in aluminium-containing zeolite materials 
such as chabazite (CHA) find use in industrial applications. The temperature is typically between 150 and 
350 °C. For both of these types of materials the metals alternate between two oxidation states in the 
catalytic cycle, one diamagnetic and one with one unpaired electron having an informative EPR spectrum. 
For copper the oxidized state, Cu2+ is paramagnetic and can be observed by EPR whereas the reduced 
state, Cu+ is diamagnetic and EPR silent. For vanadium, the EPR active state is the reduced state of the 
metal, V4+ whereas the oxidized state, V5+ is EPR silent. Typically the spectral resolution is compromised 
in in-situ or operando experiments due to the high temperatures and the high concentration of 
paramagnetic centers. Therefore the main information obtained in the experiment is the change in 
spectrum intensity with time and reaction conditions. Due to the good time resolution and the possibility 
to quantify the number of paramagnetic centers, this provides very valuable information about the 
catalyst material and the reaction dynamics as well as the number of metal centers that are accessible by 
the gas flow.  

 

3. In-situ EPR of transition metal centers 
Electron paramagnetic resonance (EPR) is a powerful tool to identify and quantify paramagnetic 
transition metal centers.1 It is very attractive due to the low energy of the radiation that does not 
interfere with the catalytic reaction in any way and the flexibility of the experimental setup. The 
magnetic field necessary to perform routine X-band EPR is modest and can be reached with a 
normal electromagnet. The probed volume is convenient for typical investigation of solid catalyst 
materials. For 1-electron redox catalysts, one of the relevant oxidation states will be paramagnetic. 
Most support materials are diamagnetic metal oxides and therefore invisible in an EPR experiment 
whereas the redox active catalytic site of interest can be probed. There are some challenges in 



using EPR at room temperature and above, however. The intensity scales inversely with 
temperature so that the signal intensity becomes lower at the high temperatures relevant for 
heterogeneous catalysis. For systems with integer spin the allowed transitions in EPR may be 
outside the accessible frequency or field interval. Of even higher concern is that a short lifetime of 
the excited state will broaden the signal or even make it disappear completely. If an electronic 
excited state is close in energy and populated at the relevant temperature and if it is able to 
communicate with the ground state then there is usually an efficient pathway to relax the excited 
spin state, which is too fast for the EPR time scale. Fortunately, several systems exist where the 
ground state is well separated in energy from the excited states and informative EPR signals can 
be observed even at high temperatures. This is true for Cu2+ (d9 electron configuration) in a 
coordination environment with 4 equatorial donor atoms (tetragonal coordination) and for 
vanadium(IV) (d1 electron configuration)  in the form of oxidovanadium(IV) species (vanadyl, 
VO2+). The approximate energy level diagrams of these systems are given in Scheme 1. The 
electronic ground states are in both cases far from other electronic states (> 10000 cm-1) and 
vibrations around the equilibrium bond distances and vibrations will not influence energy level 
diagrams to any large extent. As a consequence of the many criteria that have to be fulfilled in 
order to observe an EPR spectrum at high temperature, the data from EPR have to be interpreted 
carefully. The absence of an EPR spectrum does not constitute proof that no paramagnetic species 
are present, but only that none of the types of EPR active centers are present. On the other hand, 
the observation of an EPR signal is absolute proof of the presence of a given paramagnetic species. 

 

 
Figure 1: Approximate energy level diagram of a Cu2+ in square planar coordination environment (approximate D4h symmetry) in 
Cu-zeolite 2 and, VO2+ in a square pyramidal coordination environment (approximate C4v symmetry).3 

Cu2+ and V4+ are both relevant for the industrially important SCR reaction since the redox couples 
Cu2+/Cu+ and V5+/V4+ are part of the reaction in copper-exchanged zeolites and in vanadia on 
titania, respectively.4,5 EPR can probe the oxidized state of copper whereas the reduced state is 



EPR silent. For vanadium it is the reduced oxidation state which is observable whereas the oxidized 
state is EPR silent. Copper-exchanged zeolite materials are applied in automotive deNOx in the 
exhaust gas treatment system of diesel engines6 whereas vanadia on titania is relevant for deNOx 
in flue gases in stationary installations, e.g. power plants7 and use in heavy-duty trucks. In the 
following, these two types of materials have been chosen as examples of redox active catalyst 
materials. 

EPR gives two separate types of information. 1) The appearance of the spectrum itself giving 
information about the coordination environment of the paramagnetic metal ion and the distribution 
between different sites and 2) the EPR signal intensity.  

 

  



4. Information from analysis of EPR spectra 
The information obtainable in the appearance of the EPR spectra of well-resolved Cu2+ and V4+ 
EPR spectra are the subject of many works. For this study, a chabazite zeolite, SSZ-13, was 
synthesized according to literature procedure.8 It contained Si/Al = 11.3 according to analysis by 
X-ray Fluorescence (XRF). Sodium was not present in any of the precursors.9,10 The zeolite was 
ion-exchanged with aqueous Cu(NO3)2 (5 mM) for 16 h, filtered, dried at 90°C and calcined at 
580°C for 3 h.  The material was fractioned into a particle size distribution of 150-300 µm. The 
sample contained 1.14 wt. % Cu by Inductively coupled plasma elemental analysis (ICP analysis). 
A Keggin-type polyoxometallate containing vanadium was supported on TiO2 (anatase). The 
synthesis of the material is described in 11. The material contains 1.6 wt. % of V by ICP. Both 
materials were checked and were found to be active catalysts for the SCR reaction.8,11 

Examples of spectra obtained for the copper exchanged zeolite and the vanadia on titania samples 
are shown in Figure 2. The spectra were measured with a Bruker X-band EPR spectrometer (model 
EMX) with a ST4102 cavity, a microwave frequency of 9.5 GHz, a power of 6.3 mW, a modulation 
frequency of 100 kHz, and a modulation amplitude of 0.52 mT using a variable temperature insert 
controlled by a separate thermocouple. 

 
Figure 2. Left: EPR spectrum of Cu-Zeolite recorded at 200°C in a flow of 10% O2 + 1000 ppm NO in He. For each Cu2+ species, a 
quartet signal arises due to the hyperfine splitting as illustrated by the black and blue lines. The axial part of the hyperfine 
interaction is not resolved. Right: EPR spectrum of Vanadia on TiO2 recorded at 250°C in a flow of 550 ppm NH3 + 500 ppm NO in 
He.  

The literature is rich with EPR spectra of Cu2+ and V4+ in different coordination environments. For 
copper the immediate coordination environment induced by 4 oxygen ligands gives an EPR 
spectrum, which is significantly different from the spectrum of copper surrounded by 4 other 
atoms, such as nitrogen.12 The particular shape of a typical EPR spectrum is reported by comparing 
the experimental spectrum to the spectrum predicted from a spin Hamiltonian model of the energy 
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levels. The simplest form only includes the interaction between the unpaired electron and the 
magnetic field, and treats interactions between the electron and any nuclear spins as a field-
independent perturbation with coupling parameters for each nucleus.  

𝐻𝐻 = 𝑔𝑔𝜇𝜇𝐵𝐵𝑺𝑺𝑺𝑺 + 𝐴𝐴𝑺𝑺𝑺𝑺 

Here µB is the Bohr magneton, g and A are the diagonal g- and A tensors (gx, gy, gz) and (Ax, Ay, 
Az), B is the magnetic field, I is the nuclear spin and S is the electron spin. When applied to explain 
the EPR transitions, this model works excellently for many spin systems. It is routinely applied to 
report EPR spectra in condensed form by stating the spin Hamiltonian tensors, g and A. It is usually 
assumed that the choice of axes that provide diagonal g- and A tensors are coinciding. An EPR 
spectrum simulation program such as Easyspin13 uses this spin Hamiltonian model to predict the 
field dependence of the energy levels of the different electronic and nuclear spin states. The 
program will search for all transitions between energy levels for a given experimental microwave 
frequency. Allowed transitions are weighted by their transition probability and spectra are 
evaluated over all orientations of the molecular coordination system with respect to the laboratory 
frame. Finally, a line shape function, typically Lorentzian or combined Lorentzian and Gaussian 
are applied to obtain a final simulated spectrum  

Both D4h and C4v symmetry imply an axial spin Hamiltonian. Taking into account that both nuclei 
have non-zero nuclear spin, the spin Hamiltonian thus have only 4 parameters for both systems: gz 
= g||, gx = gy,= g⊥ to describe the field position of the features of the spectra and Az = A||, Ax = Ay,= 
A⊥ to describe the splitting of the spectra due to the interaction between the electron and the nearby 
nuclei. The spin quantum number is I = 3/2 for both naturally abundant isotopes of copper giving 
rise to a hyperfine quartet and the difference between the isotopes only gives rise to a modest 7 % 
deviation in coupling parameters, which is typically not resolved in experimental spectra. For X-
band EPR of typical tetragonal copper systems, the splitting of spectral features due to the g 
anisotropy is significant and larger than the splitting due to the interaction with the copper nuclei, 
which is typically only significant in the parallel direction. For vanadium, the only isotope has I = 
7/2 giving rise to a hyperfine octet. For X-band EPR of typical tetragonal oxidovanadium(IV) 
species, the splitting pattern due to the hyperfine octet dominates over the small splitting due to 
the g anisotropy, see Figure 2 left and right. 

Peisach and Blumberg collected EPR spectral information of Cu2+ in many coordination 
environments in biomolecules and conceived a plot of A|| versus g||.12 These parameters are easily 
discerned in a typical EPR spectrum of a Cu2+ compound. It is found empirically to describe the 
coordination environment of copper and to reveal well which type of donor atoms coordinate 
directly to Cu in the tetragonal plane. Carl and Larson applied this plot to data obtained on a range 



of copper zeolite materials.14 Davidson and Che devised a similar plot for V4+, using the average 
g- and A-values, which were found to be more descriptive of the coordination environment in this 
case.15  

The spectrum of the Cu-Zeolite in Figure 1 shows spin Hamiltonian parameters that correspond to 
two similar, yet distinguishable, Cu-species coordinated to 4 oxygen atoms. The two separate sites 
were assigned to Cu coordination to the zeolite framework in two different sites that are subtly 
different due to a different Al distribution in a double 6 ring in the framework.16,17 The spectrum 
for the vanadium based catalyst show at least two different species as well as a broad unresolved 
peak. With two sets of overlapping octets with pronounced anisotropy in the hyperfine coupling 
tensor for each species the spectrum becomes more difficult to interpret. An analysis of the two 
resolved species reveal that both correspond to square pyramidal or axially distorted octahedral 
oxidovanadium(IV) species. The isotropic g-value of the underlying broad species also indicates 
this type of coordination.18 The assignment of each of these species to particular 
oxidovanadium(IV) sites on anatase TiO2 have been discussed recently.19,20 

 

5. Information from time resolved EPR spectral intensity during in-situ 
measurements 

The intensity of the EPR spectra is another source of valuable information. It can be obtained from 
the background-corrected first-derivative spectra by simple double integration. For concentrated 
samples, the individual features of the EPR spectrum are often not discernible and the overall line 
position and the total intensity is the only information that can be extracted. The magnitude of the 
magnetic moment of an isolated unpaired electron is always the same and therefore, in the absence 
of strong exchange coupling between paramagnetic centers, the intensity of the EPR spectrum at 
a given temperature is directly proportional to the number of paramagnetic centers. This is one of 
the most powerful aspects of the method. For heterogeneous catalyst materials at high 
concentration, the spectra are less informative due to the high temperatures and relatively high 
concentration of paramagnetic centers but the relative intensity during an experiment can be 
obtained even during changes in reactant gases and temperature as long as the resonant cavity of 
the instrument can be maintained at a constant ambient temperature. Using a commercial double-
walled quartz insert with vacuum between the glass walls in a ST4102 standard cavity (Bruker) 
and a variable temperature unit using a flow of air or nitrogen gas, the sample can maintain another 
temperature than the cavity and reliable and quantifiable results can be obtained in a broad 
temperature interval of 100 K – 573 K. 



EPR spectra are almost exclusively measured as first-derivative spectra and therefore spectral 
intensity is obtained by double integration over the field. If care is taken to compare the measured 
intensity to well-known reference samples and to perform careful background corrections as well 
as corrections due to changes in temperature, it is possible to find the percentage of EPR active 
centers and EPR inactive centers in the sample. A little care must be taken before translating the 
number into a percentage of oxidized and reduced metal ions since EPR signal intensity in some 
cases can be lost due to subtle changes in the coordination environment and not due to the change 
of oxidation state. As an example of this, even the loss of one ligand in a Cu2+ ligand sphere (going 
from square planar Cu2+ to trigonal Cu2+) may result in the loss of the observable EPR spectrum.16 

Here we will show how much information can be extracted from a single descriptor, the total 
intensity of the spectra, as a function of time and reaction conditions. The method will be 
exemplified by measurements upon a copper-exchanged zeolite sample and vanadia in 
polyoxometallate supported upon titania. Both samples are exposed to SCR-relevant gas mixtures: 
During exposure to reducing gases (NH3 + NO) and to oxidizing gases (NO + O2). Careful initial 
ex-situ experiments are performed in both cases to quantify the EPR signal intensity of the fresh 
materials relative to reference samples at room temperature. An explanation of how this 
quantification is performed can be found in 16 for Cu and in 20,21 for V.  

5.1 Cu-zeolite 
20 mg of Cu-Zeolite was immobilized in a 4 mm inner diameter quartz tube as described in 17 and 
a time-resolved experiment was started recording an EPR spectrum every 90 seconds. After 
acquiring a few spectra a flow of 200 mL/min of 10 % O2 in He was applied. The temperature was 
ramped to 250 °C at 10 degrees/min and left at 250 °C for 30 min. Subsequently, the sample was 
exposed to reaction gases at 200°C. 

The results are shown in Figure 3 as the double integral of the EPR spectra recorded after 
background correction. The intensity of each spectrum has been multiplied with 295 K/ T, where 
T is the temperature of the particular scan. This is done in order to correct for the decrease in 
intensity due to the different Boltzmann distribution of the spin states at the temperature, T of the 
measured spectrum and of the temperature of the reference spectrum (295 K). For this Cu-zeolite 
material > 90 % of the Cu is EPR active after heating at 250 degrees in air and ∼ 100 % is EPR 
active after oxidation with NO + O2. Samples with higher Cu-loading has previously been shown 
to have a decreased EPR signal of the activated catalyst compared to the fresh catalyst due to the 
inability of EPR to see some types of Cu sites, which were assigned to be [Cu-OH]+ bound to a 
1Al site in the zeolite framework.16 We conclude that this particular sample has all Cu in 2Al sites 
in the framework.22 



 

 
Figure 3: Quantification of EPR active metal centers as a function of time during exposure to different reaction gasses: 1000 ppm 
NO, 1000 ppm NH3, 10% O2 in He for Cu-zeolite at 200°C and 500 ppm NO, 550 ppm NH3, 10% O2 for vanadia on titania at 250 °C. 
The white areas indicate a reaction mixture of NO + NH3 and the green areas indicate NO + O2. The region marked SCR represents 
a flow of 1000 ppm NO + 1000 ppm NH3 + 10% O2 in He. In the left graph 1.14 wt. % Cu corresponds to 100 % of the copper content 
observed by EPR in the fresh sample. In the right figure 0.8 wt. % V corresponds to 50 % of the total vanadium content in the 
sample by comparison between the EPR intensity of a fresh sample and a calibration curve based upon EPR signal intensity of 5 
reference samples.  

Figure 3, left shows that the EPR signal decreases very fast when Cu2+ is reduced to Cu+ by 
exposure to NO + NH3. The oxidation of Cu+ to Cu2+ by NO + O2 occurs at a slower rate than the 
reduction and appears to occur in two steps with different rates. The Cu-zeolite is microcrystalline 
and has a completely uniform porosity and we observe changes in the gas flow very fast in the 
EPR response during reduction. This sets the bar for how fast we can possibly observe changes 
also during oxidation. The slower rate after a few minutes must be due to slower reaction and not 
due to diffusion limitation. Investigation of the intermediate spectrum during the first sharp 
increase in intensity shows that only one species of Cu2+ is present, namely the species (2) marked 
with blue in Figure 2, left.23  

Approximately 9% of the total amount of Cu2+ is still EPR active even after prolonged reduction 
with NO + NH3. This indicates that 0.1 wt. % Cu in this sample is not involved in the catalytic 
reaction at 200°C. Apparently, the gas phase NO and NH3 can reach and reduce 91 % of all Cu 
and only 9 % is not accessible for reduction. Comparing different samples in this way can give 
insight into the fraction of metal that is available for catalysis and the fraction of transition metal 
that is wasted in inactive or inaccessible sites.  

After around 220 minutes and 3 completely reproducible cycles, suddenly the Cu signal only 
reaches 95 % after oxidation instead of 100 % as before. There was no change in the procedure or 
in the features of the spectra and we concluded that it must be due to a mechanical change in the 
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sample such as shifting of the fractioned powder in the tube due to a shift in the catalyst bed in the 
gas flow. This illustrates the inherent uncertainty in performing quantification in such an in-situ 
setup and therefore all reliable quantification results should be based upon several replicas of 
experiments. 

Furthermore, it is observed that the intensity of the Cu-zeolite sample when exposed to SCR gases 
(marked in Figure 3, left) is close to the reduced state of the catalyst. This is in accordance with 
mechanistic studies that suggest that the rate limiting step of the catalytic cycle should be found in 
the part of the catalytic cycle that involves oxidation of Cu+ to Cu2+.4 

 

5.2 Vanadium in a Keggin polyoxometallate on titania 
20 mg of the sample was mounted in the same way as the Cu-zeolite and the experiment proceeded 
in almost the same way including the initial activation in air at 250 °C. The differences were that 
He concentration of NO and NH3 was lower (500 and 550 ppm, respectively) and the temperature 
during reaction was higher (250 °C). In this case, the EPR signal intensity increases when the 
sample is exposed to NO + NH3 and decreases when it is exposed to NO + O2. This is the complete 
opposite of what was observed for Cu since EPR is sensitive to the reduced state of vanadium. For 
this sample, the EPR signal corresponds to 3 % of the V present after exposure to NO + O2. In 
other words, at least 97 % of the vanadium in the sample is in the oxidized state after this treatment. 
During exposure to NO + NH3 19 % of the total amount of vanadium is EPR active. Information 
from EPR alone cannot prove that the other 81% of the vanadium is all V5+ as there might be 
another reason for the lack of signal. This could be fast relaxation of the excited state in a different 
V4+ species (such as tetrahedral V4+ sites 15). On the other hand 19 % of vanadium is positively 
detected as oxidovanadium(IV) (VO2+) by the EPR analysis. Interestingly, the magnitude of the 
change in EPR signal intensity between the fully oxidized catalyst (in NO + O2 flow) and fully 
reduced (in NO + NH3 flow) was observed to be a relevant descriptor for the SCR activity on a 
range of investigated materials.11 This measure is observable in Figure 3 as the difference in the 
upper and lower plateaus and corresponds to 19 - 3 = 16 % of the total vanadium content or 0.26 
wt. % V in the sample. 

For the vanadium sample, the oxidation and reduction rates are comparable. The intensity profile 
suggests that both reduction and oxidation proceed by first a regime with fast rate of response and 
then a slower rate since there is a kink in the slope of both profiles. In this case inspection of the 
EPR spectra itself does not give additional information to help understand the difference between 
the two regimes. The first reduction (42-58 minutes into the experiment shown in Figure 3 right) 
has a different shape than the following, which could indicate a reordering of surface species 



during the first cycle. It cannot be excluded that either of the two rates observed is due to internal 
diffusion limitations for this sample. The porosity profile of the TiO2 supported material is quite 
different from the Cu-zeolite sample and could very well have an impact on the reaction profile on 
this time scale.  

 

6. Conclusion 
The information obtainable by quantification of the EPR signal show that both materials respond 
fast and efficiently to the change in gas composition of the flow. In general, the extremely well-
defined and crystalline Cu-zeolite materials give correspondingly detailed and sharp EPR spectra 
and signal intensity profiles and almost all copper in the sample (91 % or 1.0 wt. % Cu) changes 
oxidation state during the procedure. The supported vanadium samples have a higher degree of 
disorder on the molecular level and the EPR response is complicated by a higher degree of 
magnetic interactions between paramagnetic species giving a large contribution from species with 
a signal broadened by exchange interactions of a range of directions and magnitudes. About 16 % 
of the total amount of vanadium was found to change the EPR response after the changes in gas 
composition. For 84 % of the vanadium we did not detect any EPR response after reduction. Indeed 
the vanadium sample was also found to be less active for the SCR reaction than the Cu sample on 
a weight basis.8,11  

The quantification of the EPR signal proceeded equally well on both samples and the EPR signal 
intensity was reproduced within 1 % for the vanadium sample and within 1-5 % for the Cu sample 
in subsequent oxidation-reduction cycles despite the complexity of the in-situ setup and 
quantification procedure. 

In conclusion, it has been shown through two examples how the observation of EPR signal 
intensity during redox cycling can provide valuable information to guide the design of new and 
more efficient catalysts for the SCR reaction and to characterize the response to gas mixtures 
relevant for the SCR reaction. The method is equally valuable for other 1-electron redox cycling 
catalytic reactions if at least one of the oxidation states give a robust quantifiable EPR signal. In 
practice, this implies that the paramagnetic species should possess an uneven number of unpaired 
electrons and an electronic ground state which is well-separated from excited states. 
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Abbreviations 

CHA 3-letter code for the Chabazite zeolite structure type 

EPR  Electron Paramagnetic Resonance 

ICP Inductively Coupled Plasma Optical Emission Spectroscopy Elemental Analysis 

SCR Selective Catalytic reduction 

XRF X-ray Fluorescence spectroscopy 

 

Symbols 

g The g-tensor describing the connection between the energy of electronic spin energy levels 
versus the magnetic field in the spin Hamiltonian  

A The A-tensor describing the magnitude of the coupling between the electronic spin, S and 
the nuclear spin, I in the spin Hamiltonian 

µB The Bohr magneton 

I The nuclear spin operator 

S The electronic spin operator 

B The magnetic field 

D4h  Symmetry label for square planar symmetry 

C4v Symmetry label for square pyramidal symmetry 
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