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Selective catalytic reduction (SCR) of NOx using NH3 as a reductant (4NH3 + 4NO + O2 

→ 6H2O + 4N2)  over Cu-SSZ-13 zeolites is a commercial technology used to meet emissions 

targets in lean-burn and diesel engine exhaust. Optimization of catalyst design parameters to 

improve catalyst reactivity and stability against deactivation (hydrothermal and sulfur poisoning) 

necessitates detailed molecular level understanding of structurally different active Cu sites and 

the reaction mechanism. With the help of synthetic, titrimetric, spectroscopic, kinetic and 

computational techniques, we established new molecular level details regarding 1) active Cu site 

speciation in monomeric and dimeric complexes in Cu-SSZ-13, 2) elementary steps in the 

catalytic reaction mechanism, 3) and deactivation mechanisms upon hydrothermal treatment and 

sulfur poisoning. 

We have demonstrated that Cu in Cu-SSZ-13 speciates as two distinct isolated sites, 

nominally divalent CuII and monovalent [CuII(OH)]+ complexes exchanged at paired Al and 

isolated Al sites, respectively. This Cu site model accurately described a wide range of zeolite 

chemical composition, as evidenced by spectroscopic (Infrared and X-ray absorption) and 

titrimetric characterization of Cu sites under ex situ conditions and in situ and operando SCR 

reaction conditions. Monovalent [CuII(OH)]+ complexes have been further found to condense to 

form multinuclear Cu-oxo complexes upon high temperature oxidative treatment, which have 

been characterized using UV-visible spectroscopy, CO-temperature programmed reduction and 

dry NO oxidation as a probe reaction. Structurally different isolated Cu sites have different 

susceptibilities to H2 and He reductions, but are similarly susceptible to NO + NH3 reduction and 

have been found to catalyze NOx SCR reaction at similar turnover rates (per CuII; 473 K) via a 

CuII/CuI redox cycle, as their structurally different identities are masked by NH3 solvation during 

reaction.  
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Molecular level insights on the low temperature CuII/CuI redox mechanism have been 

obtained using experiments performed in situ and in operando coupled with theory. Evidence has 

been provided to show that the CuII → CuI reduction half-cycle involves single-site Cu reduction 

of isolated CuII sites with NO+NH3, which is independent of Cu spatial density. In contrast, the 

CuI → CuII oxidation half-cycle involves dual-site Cu oxidation with O2 to form dimeric Cu-oxo 

complexes, which is dependent on Cu spatial density. Such dual-site oxidation during the SCR 

CuII/CuI redox cycle requires two CuI(NH3)2 sites, which is enabled by NH3 solvation that 

confers mobility to isolated CuI sites and allows reactions between two CuI(NH3)2 species and 

O2. As a result, standard SCR rates depend on Cu proximity in Cu-SSZ-13 zeolites when CuI 

oxidation steps are kinetically relevant. Additional unresolved pieces of mechanism have been 

investigated, such as the reactivity of Cu dimers, the types of reaction intermediates involved, 

and the debated role of Brønsted acid sites in the SCR cycle, to postulate a detailed reaction 

mechanism. A strategy has been discussed to operate either in oxidation or reduction-limited 

kinetic regimes, to extract oxidation and reduction rate constants, and better interpret the kinetic 

differences among Cu-SSZ-13 catalysts. 

The stability of active Cu sites upon sulfur oxide poisoning has been assessed by 

exposing model Cu-zeolite samples to dry SO2 and O2 streams at 473 and 673 K, and then 

analyzing the surface intermediates formed via spectroscopic and kinetic assessments. Model 

Cu-SSZ-13 zeolites were synthesized to contain distinct Cu active site types, predominantly 

either divalent CuII ions exchanged at proximal framework Al (Z2Cu), or monovalent [CuIIOH]+ 

complexes exchanged at isolated framework Al (ZCuOH). SCR turnover rates (473 K, per Cu) 

decreased linearly with increasing S content to undetectable values at equimolar S:Cu ratios, 

consistent with poisoning of each Cu site with one SO2-derived intermediate. Cu and S K-edge 

X-ray absorption spectroscopy and density functional theory calculations were used to identify 

the structures and binding energies of different SO2-derived intermediates at Z2Cu and ZCuOH 

sites, revealing that bisulfates are particularly low in energy, and residual Brønsted protons are 

liberated at Z2Cu sites as bisulfates are formed. Molecular dynamics simulations also show that 

Cu sites bound to one HSO4- are immobile, but become liberated from the framework and more 

mobile when bound to two HSO4-. These findings indicate that Z2Cu sites are more resistant to 

SO2 poisoning than ZCuOH sites, and are easier to regenerate once poisoned. 
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The stability of active Cu sites on various small-pore Cu-zeolites during hydrothermal 

deactivation (high temperature steaming conditions) has also been assessed by probing the 

structural and kinetic changes to active Cu sites. Three small-pore, eight-membered ring (8-MR) 

zeolites of different cage-based topology (CHA, AEI, RTH) have been investigated. With the 

help of UV-visible spectroscopy to probe the Cu structure, in conjunction with measuring 

differential reaction kinetics before and after subsequent treatments, it has been suggested that 

the RTH framework imposes internal transport restrictions, effectively functioning as a 1-D 

framework during SCR catalysis. Hydrothermal aging of Cu-RTH results in complete 

deactivation and undetectable SCR rates, despite no changes in long-range structure or 

micropore volume after hydrothermal aging treatments and subsequent SCR exposure, 

highlighting beneficial properties conferred by double six-membered ring (D6R) composite 

building units. Exposure aging conditions and SCR reactants resulted in deleterious structural 

changes to Cu sites, likely reflecting the formation of inactive copper-aluminate domains. 

Therefore, the viability of Cu-zeolites for practical low temperature NOx SCR catalysis cannot be 

inferred solely from assessments of framework structural integrity after aging treatments, but 

also require Cu active site and kinetic characterization after aged zeolites are exposed to low 

temperature SCR conditions. 
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1. INTRODUCTION 

 Reliance on Fossil Fuels 

Fossil fuels continue to be a major contributor to global energy production, with fossil fuels 

contributing to over 80% of global and US energy needs, as of 2010.1,2 With the current policy 

commitments, the global energy demands have been predicted to rise by 40% in 2035, which 

would result in continued reliance on fossil fuels to account for increased energy demand, 

projected to contribute 75% of global energy demand by 2035.1,3 Current diversification in fossil 

fuel global consumption comes from crude oil (39%), coal (33%) and natural gas (28%).2,4 Each 

of these fossil fuels (oil, coal and natural gas) have different energy efficiencies (to usable forms 

like electric power, etc.) and environmental footprint/emissions. Different applications of fossil 

fuel-derived energy include transportation fuels (oil and natural gas), electricity (oil, coal and 

natural gas), heating systems (natural gas), etc.1,2 Despite heavy reliance on fossil fuels for 

energy production, the degree of dependence on fossil fuels has to eventually decline due to 1) 

non-renewable nature of fossil fuels, 2) difficulty and expensiveness in extracting remaining 

reserves, and 3) negative impact on the environment/pollution during extraction, transportation 

and use of fossil fuels.5 

 Pollution from Consumption of Fossil Fuels 

A major drawback/cost of heavy reliance on fossil fuels is their environmental 

footprint/pollution.  Extraction of coal from the ground, via mining, negatively affects 

neighboring surface and subsurface water bodies polluting the water with toxic chemicals like 

selenium, arsenic, manganese, lead, iron, and hydrogen sulfide (water pollution), adversely 

affects soil quality (soil pollution) and also alters the surrounding ecosystem.5 On the other hand, 

extraction of oil and gas, via drilling, involves large volumes of water and diverse chemical 

usage, contamination of surfaced water (with harmful solids, heavy metals, hydrocarbons and 

radioactive materials) (water pollution), land degradation, alteration of ecosystem, along with 

greenhouse gas (methane) emissions.3,5 Additionally, the transportation of coal, oil and gas poses 

human health risks, and other safety concerns like oil spills and gas leaks. Most significant 

impact occurs from air emissions during burning of fossil fuels. 3,5 Various types of emitted air 
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pollutants include carbon dioxide (CO2), carbon monoxide (CO), sulfur dioxide (SO2), nitrogen 

oxides (NOx), particulate matter/soot (PM), volatile organic compounds (VOCs), ozone (O3), 

ammonia (NH3), benzene, ethylene oxide, formaldehyde, etc.6 Amongst various public health 

and environmental concerns (Figure 1), the most serious one is universal and irreversible global 

warming effects caused by these air pollutants. United States Environmental Protection Agency 

(EPA) classified air pollution emission sources as stationary sources (electric power generation, 

residential, industrial and commercial fuel combustion), mobile sources (aircraft, locomotives, 

non-road equipment and on-road vehicles), fires (agricultural field burning, wildfires) and 

biogenics (naturally occurring emissions – vegetation and soil).7 Mobile sources contribute to 

majority of nitrogen oxides (NOx) and carbon monoxide (CO) emissions in the US.8 Among 

mobile sources, on-road vehicles (fossil fuel transportation) emissions alone contribute to about 

30% of total global warming emissions (surpassing the power sector)9. More specifically, these 

on-road vehicles (fossil fuel transportation) contribute more than 33% to total nitrogen oxides 

(NOx) (and carbon monoxide - CO) emissions, making them the single largest source of toxic air 

pollution (Figure 1 and 2). 

 

Figure 1.1 Anthropogenic NOx emission sources and their impact on public health and 
environment (NAEI 2018) 
 

In the light of this increasing pollution from use of fossil fuels in transportation (and power 

sector), there is an ongoing shift to new cleaner renewable energy sources (water, biomass, wind, 

geothermal and solar energy) to replace non-renewable fossil fuel energy resources (coal, oil and 

natural gas). However, complete transition from fossil fuels to renewable energy sources will 
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require substantial time, which necessitates the use fossil fuels in the most environmentally 

responsible way in the meantime. One of the important strategies to use transportation fossil 

fuels in environmentally friendly manner (without substantial reduction in consumption) is to 

have emission controls for the abatement of emitted air pollutants like particulate matter (PM), 

carbon monoxide (CO), nitrogen oxides (NOx), etc., specifically from on-road vehicles i.e. 

gasoline and diesel engine exhausts, as these mobile sources has been found to a dominant 

contributor to total air pollutant emissions.11 

 
Figure 1.2 Anthropogenic PM and NOx emission sources, with a detailed breakdown of 
dominant mobile/transport pollutant sources (2013) 

 Emission Aftertreatment Systems for Gasoline and Diesel Engine Exhaust 

About 80% of transportation fuels are derived from petroleum (fossil fuels), which includes 

gasoline, diesel, liquified petroleum gas (LPG), jet fuel and marine fuel12. About 92% of 

transportation fuels include gasoline and diesel, which upon combustion emits carbon dioxide 

(CO2), particulate matter (PM), nitrogen oxides (NOx), carbon monoxide (CO) and unburnt 

hydrocarbons (uHC).12,13  Both gasoline and diesel are internal, intermittent combustion engines, 

but have a fundamental difference in their mixture preparation and ignition, which subsequently 

results in different exhaust chemical composition requiring different emission 

control/aftertreatment system designs. 
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In gasoline engines, air and fuel are mixed prior to entering the cylinder followed by 

compression of the mixture. In order to prevent auto-ignition, compression ratio is much lower 

compared to diesel engine, resulting in slightly reduced fuel-efficiency.14 This is followed by 

igniting the mixture with a spark, and propagation of flame across the combustion chamber.14 

Minimization of local fuel-rich conditions (due to premixing) produces a little soot, high 

temperatures in the flame zone results in the formation of CO and NOx, and flame quenching 

near the walls results in partially oxidized and unburned HC.14,15 Therefore, pollutants from 

gasoline engine exhaust include unburnt hydrocarbon (uHC), carbon monoxide (CO), particulate 

mater (PM) and nitrogen oxides (NOx). Overall emission abatement strategy involves 

combination of advanced engine control strategies (to design efficient and cleaner engines) and 

emission control strategies (aftertreatment system for emission abatement).13 Emission control 

system includes oxidation catalyst (OC), three-way catalyst (TWC), NOx absorber catalyst and 

gasoline particulate filter (GPF). 13,16,17 

On the other hand, in diesel engines, air is first introduced into the engine cylinder followed 

by compression heating to temperatures above 700 K.18 The fuel is then introduced into the 

combustion chamber via a high-pressure injection system to be mixed with the hot air until the 

fuel jet becomes hot enough for auto-ignition.18 Fuel-rich center of burning jet results in 

formation of partially burnt or unburnt fuel, polycyclic aromatic HC (PAHs) and CO, whereas 

excess air at the outer edges of burning jet results in high temperatures and the formation of 

NOx.18 Diesel engines are the preferred power systems, especially for heavy-duty trucks and 

buses, due to their long record of reliability, durability, high torque output and fuel-efficiency.18 

While such lean-burn diesel engine-powered vehicles have advantage of having 30-40% higher 

fuel economy and about 20% reduction in CO and CO2 emissions (as compared to gasoline 

engine), there are some disadvantages in the form of significantly higher particulate matter (PM) 

and NOx emissions, along with some unburnt HC, CO and CO2 emissions, in the atmosphere.18,19 

In the wake of various health and environmental concerns posed by such diesel engine emissions, 

a number of countries worldwide have established substantially lower emission limits, with US 

EPA imposing new regulations for on-highway diesel tracks and passenger cars to further reduce 

diesel engine exhaust emissions starting with 2007 model year.  

Reducing diesel emissions to achieve ultra-low emission targets requires a systems 

engineering approach20,21, which combines the use of ultra low sulfur diesel (ULSD)22 with 
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advanced engine control technologies and advanced exhaust emission control technologies 

(aftertreatment systems). Engine control technologies involve developing cleaner diesel engines 

by engine manufacturer with an ultimate aim to reduce engine-out emission to as low as possible 

in order to reduce the burden on exhaust emission control. These engine control 

approaches/strategies include reduced oil consumption, advanced common rail fuel injection, 

electronic engine controls, combustion chamber modifications, intake temperature management, 

air boosting, improved air/fuel mixing and exhaust gas recirculation (EGR).20,21 Advanced viable 

emission control technologies (aftertreatment system) aim to reduce gaseous tailpipe emissions 

including unburnt hydrocarbon (HC), carbon monoxide (CO), particulate matter (PM) and 

Nitrogen oxides (NOx). Designed technologies to control HC, CO and PM emissions include 

Diesel oxidation catalysts (DOCs), Diesel particulate filters (DPFs) and Closed crankcase 

ventilation (CCV), and technologies designed to control NOx emissions include Exhaust gas 

recirculation (EGR), Selective catalytic reduction (SCR), Lean NOx catalysts (LNCs) and Lean 

NOx traps (LNTs).20,21 As the diesel emission standards and diesel engine technology are closely 

linked, currently stringent diesel emission standards are driving the emission technology. While 

the combination of engine control/management (combustion) and emission control/aftertreatment 

system (post-combustion) have sufficed to abate engine emissions meeting current emission 

regulations. As legislations become more stringent in future, engine control/management strategy 

alone will not be sufficient for compliance with stringent NOx limits, making the emission 

control (i.e. technology to treat exhaust emissions) more critical. Figure 3 shows a typical diesel 

aftertreatment/emission control system. 

 

Figure 1.3 Block diagram representation of a typical Diesel Aftertreatment system (HC: Unburnt 
Hydrocarbon, PM: Particulate Matter, NOx: NO and NO2, SOx: SO2 and SO3) 
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This work focusses on selective catalytic reduction (NOx SCR) component of diesel 

aftertreatment/emission control system. The following section discusses the basics of SCR. 

 Selective Catalytic Reduction (SCR) of NOx with Ammonia 

Nitrogen oxides (NOx, x=1,2) are a family of poisonous gases, which upon reaction with 

volatile organic compounds (VOC) produces ozone (smog) in the atmosphere and are a dominant 

source of air pollution3. As discussed above, most of the NOx emissions (~60% in Europe) 

results from combustion engines23, via high temperature oxidation of atmospheric nitrogen, even 

though there has been a significant decline in nitrogen content in gasoline and diesel. Among 

NOx emission from all combustion engines, diesel engines contribute to about 75% of total NOx 

emissions23.  

N% + O%
∆(
)*2NO              (1.1) 

 

Due to their high efficiency and low costs, catalytic technologies are preferred (over emission 

abatement) for NOx emission abatement24. The importance of catalyst becomes even more 

apparent in this case, where NO reduction (to N2 and O2) is thermodynamically favored, but 

kinetically difficult, which necessitates the discovery of catalytic technology to accelerate NO 

reduction kinetics. This has been a very difficult problem to solve, and to date no catalyst has 

been found that can achieve appreciable NOx conversions under relevant operating conditions25. 

Though NOx can be efficiently reduced using a three-way catalyst in gasoline engine exhaust25,26, 

this three-way catalyst technology cannot be extrapolated to diesel engine exhaust due to 

operation under excess oxygen. This further led the way to a discovery of a very elegant reaction 

to reduce NOx from lean exhaust conditions (excess oxygen) - selective catalytic reduction of 

NOx with NH3 to nitrogen (NH3-SCR). As the current diesel exhaust gas contains dominantly 

nitrogen oxides (NO), with a minor fraction is nitrogen dioxide (NO2)27, the basic and dominant 

reaction on SCR catalysts is referred to as standard SCR, as shown below27–29.  

4NO + 4NH.	+	O% → 4N% + 2H%O        (1.2) 
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This SCR process has been applied to abatement of NOx from stationary power plants for last 

few decades30, and has been developed enough to be applied for NOx reduction in diesel engine 

exhaust31,32, wherein reducing agent (NH3) results from decomposition of non-toxic urea in 

presence of water (hydrothermal conditions). It is worthwhile to note that, SCR process has also 

been previously used with other reducing agents like hydrocarbons (HC-SCR) and hydrogen (H2-

SCR). However, standard NH3-SCR is unique, as it involves stoichiometric dosage of NH3 to 

reduce NOx, as opposed to HC- and H2-SCR, where the reducing agents are used in 

stoichiometric manner. This standard SCR is the leading emissions control strategy for the 

abatement of hazardous nitrogen oxide pollutants (NOx, x = 1, 2) in lean-burn and diesel engine 

exhaust. 

 
Figure 1.4 Representation of a typical Standard SCR catalytic system (Images from Johnson 
Matthey and International Zeolite Association) 

 

In case there is an increase in NO2 share of NOx emissions, or NO is pre-oxidized to NO2, 

and NO and NO2 are both present as 1:1 mixture, then the NO reduction reaction becomes faster 

the standard SCR, and is referred to as fast SCR, as shown below28,29,33: 

 
4NH. + 2NO + 2NO%	+	O% → 4N% + 6H%O           (1.3) 
 

Thus, such involvement of NO2 increases the reaction rate, precludes the participation of 

O2 in the SCR reaction, and therefore, simultaneously broadens the operating temperature 

window of catalysts at lower temperatures34. However, feeding significant amounts of NO2 to 
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up, accumulate and further block the catalytic active sites for low temperature SCR as indicated 

by infrared spectroscopy, and can also decompose to N2O, an unwanted potent greenhouse gas.35 

In case NO2 exceeds NO in the mixture, SCR reaction occur with pure NO2 via. slow 

SCR, as shown below29,36:  

4NH. + 3NO% → 3.5N% + 6H%O        (1.4) 

 

 Even though NH3 (reducing agent) should ideally selectively react and reduce NOx 

without reacting with excess oxygen, NH3 can undergo oxidation unselectively to give N2, NO, 

N2O or NO2 as follows: 

4NH. + 3O% → 2N% + 6H%O         (1.5) 

4NH. + 5O% → 4NO + 6H%O         (1.6) 

2NH. + 2O% → N%O + 3H%O         (1.7) 

4NH. + 7O% → 4NO% + 6H%O        (1.8) 

 

NH3 can react selectively with NOx via. standard, slow and fast SCR, or react non-selectively 

via. side reaction NH3 oxidation to give N2, NO, N2O or NO2 depending on catalyst composition, 

surrounding gas conditions and temperature.37 All these possible undesirable and competitive 

side reactions add complexity to SCR chemistry and hence, the reaction mechanism has been 

studied extensively on SCR catalysts, as will be discussed in introduction sections of subsequent 

chapters. 

 Standard SCR Catalysts 

Standard SCR of NOx (using urea/ammonia as the reducing agent) in lean-burn diesel engine 

exhaust has been studied over a wide variety of catalysts including precious (Ag) and noble 

metal (Pt) based catalysts, transition and base metal oxides (like vanadium, manganese, tungsten, 

molybdenum, titanium, cerium, zirconium, iron)38, spinel-based oxides, zeolites (framework with 

narrow pores like ZSM-5, BEA, FER, MOR and CHA)37 as well as activated carbon-based 

catalysts. Vanadia based catalyst (TiO2-supported V2O5, promoted with WO3, with V acting as 

the active redox center)39, which are a common choice for non-road applications, found 

commercial application as standard SCR catalyst for heavy duty diesel vehicles in 2005 in 

Europe39. Despite commercialization of such vanadia based catalysts, there were some associated 
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problems including poor low temperature standard SCR performance, decrease in reactivity and 

selectivity at high temperatures (>5500C), volatility (>6500C) and toxicity of vanadia species, 

and ability to oxidize SO2 to SO3 (more potent catalyst poison than SO2)40–42. These 

disadvantages with vanadia based catalysts resulted in exploration of other catalysts, including 

metal-exchanged zeolites in the recent years, which can operate over a wide temperature range, 

while retaining the stability in SO2 and H2O at high temperatures (>873 K).  

 Cu-exchanged Zeolite as Standard SCR Catalyst 

Cu/Fe-exchanged zeolites are the most preferred set of standard SCR catalysts, as they offer 

higher NOx conversion efficiencies over a wide temperature range and better hydrothermal 

stability, as compared to traditional vanadia based catalysts, with some drawbacks of limited 

sulfur tolerance and hydrocarbon poisoning. 43–45 Cu-exchanged zeolites are more popular and 

widely used due to higher activity at low temperatures (~473 K) and low sensitivity to NO2/NOx 

ratio46, as compared to Fe-zeolites, which exhibit appreciable activity at higher temperatures 

(>573 K)37 and higher sensitivity to NO2/NOx ratio. Therefore, this work is centered around Cu-

exchanged zeolites as the standard SCR catalyst. With respect to the choice of zeolite support, 

the attention has been shifted recently to the use of small-pore zeolite supports (specifically CHA 

framework zeolites – Cu-SAPO-34 and Cu-SSZ-13) because of their excellent hydrothermal 

stability and resistance to hydrocarbon poisoning, as compared to medium- (MFI and FER) and 

large-pore (BEA and FAU) zeolites.43,44 

In spite of commercialization of Cu-SSZ-13 as a standard NH3-SCR catalyst, there are 

many challenges to further improve Cu-SSZ-13 SCR performance, including the reactivity, 

selectivity and stability, especially the SCR performance in low temperature regime (373-573 K) 

during the cold start and short distance travel47. Additionally, there are quite a bit of unknowns 

with Cu-SSZ-13, which hamper the development of new strategies to design more active and 

stable Cu-SSZ-13 catalysts. Their structure (nature of Cu active sites) and function (catalytic 

SCR performance) changes unpredictably with operating conditions (hydrating conditions, 

dehydrating conditions, SCR gas conditions), sulfur poisoning and hydrothermal treatment. 

Further development of more reactive and stable Cu-SSZ-13 catalysts would require 

fundamental molecular level understanding of nature of Cu active sites under different operating 

conditions and reaction pathways/mechanism.  
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 Zeolites ® Transition Metal-Exchanged Zeolite ® Cu-SSZ-13  

Zeolites are crystalline aluminosilicates composed of elementary building units of corner-

sharing SiO4 and AlO4 tetrahedra and can be arranged to create molecular sieve frameworks that 

vary in crystalline topology, pore size, channel dimensionality (0D-3D) and interconnectivity48, 

pockets, cages and other structural characteristics. This diversity in structural features resulted in 

over 230 zeolite frameworks/topologies listed in the Zeolite Structures Database49. From the 

perspective of catalysis, all these zeolite structural features are critical in influencing the 

chemical reactions taking place in pores and voids, due to 1) shape-selectivity effects, 2) 

confinement effects due to stabilization by van der Waals interactions, and 3) coordination of 

active metal centers to the zeolite involving covalent and electrostatic interactions of cationic 

metal species with conjugate anions50,51. These shape-selectivity effects, confinement effects as 

well as metal-zeolite interactions could be advantageously tailored for a specific application.  

 

 
Figure 1.5. Zeolite unit cell with chabazite (CHA) topology from International Zeolite 
Association  

 
There are various types of transition metal-zeolite interactions, depending on the way in 

which transition metal active site is incorporated into the zeolite, as follows52: 

1. Metal centers could be stabilized chemically via. strong basic lattice sites ligation: 

Substitution of quadri-charged silicon cations (Si4+) by triply-charged aluminum cations 

(Al3+) generate anionic charges that are compensated by either a proton/Bronsted acid sites 

(H+) or monovalent/multivalent extralattice/extraframework cations (e.g. Na+, Cu2+, etc.) 
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resulting in isolated single-site transition metal-exchanged catalyst 

2. Metal centers could be stabilized mechanically via. encapsulation within the zeolite pores. 

For example, Pt nanoparticles dispersed inside MFI zeolite nanoshells  

3. Metal centers could be directly isomorphously substituted into the zeolite framework as 

single framework heteroatom 

Out of various transition metals for application in catalysis, most prominent elements 

include Cu, Fe, Ni, Pt, Ti, Pd, Mo, and Co.52 Among these prominent transition metals, Cu 

exchanged as divalent extraframework cations (Cu-zeolite) has received substantial attention in 

the past 40 years for the removal of nitrogen oxides from lean combustion gases (diesel and lean-

burn exhaust aftertreatment), as standard NH3-SCR catalyst 53,54. And among various Cu ion-

exchanged zeolites, Cu exchanged on small-pore CHA zeolites (specifically, SSZ-13) have 

received a lot of importance due to their excellent hydrothermal stability and activity for NOx 

SCR and methanol conversion to light olefins, commonly assigned to their unique 8 membered 

ring cage structure, pore size, and channel connectivity. Therefore, this work is focused around 

Cu-exchanged on small-pore zeolite catalysts (specifically, Cu-SSZ-13) for NH3-SCR of NOx. 

 Cu Site Speciation in SSZ-13 Zeolite 

Due to structural heterogeneity at the molecular scale, most of the heterogenous solids 

contain distribution of active sites with varying reactivity, local environment, coordination and 

interaction with surrounding gas conditions. Similarly, Cu cations exchanged in SSZ-13 zeolite 

have also been reported to exhibit structural and chemical heterogeneity, as Z2Cu (+2 oxidation 

state, 4-fold coordination and 2:1 H+:Cu exchange stoichiometry) and ZCuOH (+2 oxidation 

state, 3-fold Cu coordination and 1:1 H+:Cu exchange stoichiometry)55–58. There remain a lot of 

unknowns in the understanding Cu cation speciation in SSZ-13, including the exact nature, 

number, and reactivity of different Cu cationic species, as a function of zeolite composition 

(Si/Al and Cu/Al ratios), framework topology, pretreatment and operating gas conditions, their 

spectroscopic assignments, and their catalytic consequences on standard SCR kinetics. More 

detailed literature review and specific details will be discussed in the introduction section of 

chapter 2.  
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 Standard SCR Reaction Mechanism  

It has been widely accepted that low temperature standard SCR proceeds via. CuII-CuI redox 

cycle, as seen from prevalence of a mixture of CuI and CuII with operando x-ray absorption 

spectroscopy (XAS) experiments under steady-state SCR catalysis and no observed correlation 

of standard SCR rate with either CuI or CuII fraction 59–62. With the help of reactant O2 cutoff 

experiments, it was previously shown that a combination of NO and NH3 is necessary for the 

CuII → CuI reduction half-cycle, which was shown to occur via NO assisted dissociation of N-H 

bond of a Cu-bound NH3 ligand along with generation of a proximal Brønsted acid site61. CuI → 

CuII re-oxidation was hypothesized to occur via. in-situ reaction of NO and O2 to yield nitrite ion 

(NO2-) on Cu, which could react with proximal NH4+ ions to produce N2 and H2O and close the 

catalytic cycle (Figure 5)61. 

 
Figure 1.6 Proposed low temperature standard SCR CuII-CuI redox mechanism on isolated CuII 
on paired Al sites in six-membered ring61 
 

This proposed reaction pathway was expanded further by Janssens et al.62 to suggest that the 

CuI → CuII re-oxidation occurred via a termolecular in-situ reaction of CuI, NO and O2 to form 
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CuII-nitrate (CuIINO3-), which is further reduced by another NO to form CuII-nitrite (CuIINO2-) 

and release NO2 molecule to participate in a parallel fast SCR cycle, thus coupling standard and 

fast SCR reactions (Figure 6). Both of these redox reaction pathways (Figure 5 and 6) were 

proposed to occur on a single and isolated Cu cationic site, which is consistent with observed 

standard SCR reaction rate varying linearly with the catalyst Cu content (Cu/Al = 0-0.2, Si/Al = 

4.5)56. However, this linear dependence is not observed at low Cu loadings (Si/Al = 6, Cu/Al < 

0.02)63 and in fact, the standard SCR rate (473 K) was found to show a quadratic dependence on 

total Cu content. This observation was reconciled by proposing the formation of transient Cu 

dimers ([Cu-O-Cu]2+) as the active site at low Cu loadings (Si/Al = 6, Cu/Al < 0.02), while 

single and isolated Cu cationic site (CuII) became the predominant active sites at higher Cu 

loadings (Si/Al = 6, Cu/Al > 0.02) 63. But preferential formation of Cu dimers at low Cu loadings 

seems unlikely as opposed to high Cu loadings, along with the fact that single and isolated CuII at 

paired framework Al sites are the energetically preferred sites at low Cu loadings.  

 
Figure 1.7 Proposed coupled standard SCR (black) and fast SCR (blue) redox reaction pathways 
on isolated [CuIIOH]+ sites on isolated Al sites62 
 

Therefore, there is a need to resolve this discrepancy and propose a fully consistent CuI → 

CuII re-oxidation reaction pathway. Furthermore, as discussed in section 1.8, Cu cations 

exchanged in SSZ-13 zeolite have been reported to exist as single and isolated Z2Cu (CuII) 
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and/or ZCuOH ([CuIIOH]+), depending on sample composition (Si/Al and Cu/Al ratios), but how 

these structurally different CuII sites will behave under SCR conditions, and whether they have 

the same reaction mechanism/pathway is not clear. 

In summary, some of the unresolved pieces in the standard SCR mechanism includes, 1) 

unknown active site requirements and reactivity of different single and isolated CuII and CuI 

cationic sites, 2) elementary steps and reaction intermediates, and 3) unrecognized role of 

Bronsted acid sites (H+) during low temperature (473 K) standard SCR reaction. Detailed 

literature review and more specific details will be discussed in the subsequent chapters 3 and 4. 

 Challenges with interpretation of differences in SCR Kinetics 

Under conventional standard SCR conditions, fractional reaction orders with respect to 

reactants (NO, NH3 and O2) are observed. Such fractional orders are difficult to interpret and 

could be indicative of mixed kinetic relevance of various reaction steps (mixed kinetic regime), 

involvement of the same reactant in multiple reaction steps, and multiple adsorbed reaction 

intermediates. This makes it difficult to interpret SCR kinetics differences with change in 

catalyst structural features like Cu spatial density (Cu/Al), framework Al density (Si/Al), etc.  

 Stability of Cu-SSZ-13 against Hydrothermal Deactivation 

Cu-SSZ-13 catalysts are required to retain sufficient SCR performance upon exposure to 

high temperatures (>923 K) in the presence of steam (∼7% H2O (v/v))45,64,65, conditions 

experienced during regeneration of particulate filters. It has been previously established that 

hydrothermal deactivation results in, 1) dealumination of framework Al (which anchors 

extraframework Cu cations and ammonium species during SCR reaction), and 2) structural and 

chemical changes to extraframework Cu cations (aggregation into larger Cu oxide species - 

CuxOy). Such structural changes are shown to be more severe in medium-pore and large-pore 

Cu-exchanged zeolites (e.g., Cu-MFI, Cu-BEA) than in small-pore zeolites (e.g., Cu-CHA, Cu-

AEI)66–68. As a result, more hydrothermally stable small-pore zeolites (Cu-CHA, Cu-AEI, Cu-

RTH) have been used in this work to identify various structural descriptors like support zeolite 

framework type, dimensionality, pore size, pore and channel interconnectivity, exchanged Cu 

speciation that dictate the hydrothermal stability. There have been instances where structural 
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integrity of zeolite has been maintained, despite the loss in SCR performance69. This necessitates 

the need to use a detailed step-wise approach on model Cu-zeolite catalysts to study atomic level 

deactivation mechanism, which would further aid in development of more hydrothermal stable 

catalysts. 

 Stability of Cu-SSZ-13 against Sulfur Poisoning 

In spite of regulation of diesel sulfur levels from “low-sulfur” contents (500 ppm in 1993) to 

“ultra-low sulfur” (15 ppm in 2006) by the Environmental Protection Agency 70(EPA), amounts 

of sulfur oxides (SOx, x = 2, 3) formed during the diesel combustion are enough to deactivate 

Cu-SSZ-13 zeolite catalysts, which are used for NH3-SCR. Even though high temperature (673-

1073 K) regeneration is a typical strategy used to reverse the deactivation of SOx-poisoned Cu-

SSZ-13 zeolites, further improvement in strategies to regenerate sulfur-poisoned catalysts and 

develop more sulfur-tolerant catalysts could be made by gaining molecular understanding of 

stability of different Cu site types to sulfur exposure in Cu-SSZ-1371,72. Cu-SSZ-13 catalyst 

deactivation with sulfur has been previously shown to occur via. physical (sulfur-derived species 

causing pore-blocking)73–76 and chemical77,78 (sulfur-derived species adsorbed on Cu sites 

causing deactivation or inhibition) mechanisms.  In the subsequent chapters, effects of SO2 

poisoning on different types of Cu sites in Cu-SSZ-13 zeolites will be studied. 

 Thesis Overview 

As discussed in the above introduction sections, there are many opportunities and challenges 

to further improve Cu-zeolite catalysts SCR performance, including reactivity, selectivity and 

stability. With the general objective of improving the low temperature standard SCR 

performance of Cu-zeolite catalysts, especially the SCR performance in low temperature regime 

(373-573 K), this work specifically aims to: 

1. Understand the nature of active Cu sites as a function of zeolite support framework type, 

framework Al density (Si/Al), Cu exchange levels (Cu/Al) and gas conditions, 

2. Study the role played by zeolitic support, other than stabilizing the Cu active species, 

3. Investigate detailed reaction mechanism for low temperature NH3-SCR (443 – 503 K) on Cu-

SSZ-13 catalysts to enable future development of microkinetic and/or global kinetic model, 
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4. Investigate hydrothermal deactivation mechanisms of various small-pore zeolite catalysts 

(Cu-CHA, Cu-AEI and Cu-RTH) in order to identify structural descriptors (support zeolite 

framework type, dimensionality, pore size, pore and channel interconnectivity, exchanged Cu 

speciation) that dictate the hydrothermal stability of a given Cu-zeolite catalyst, 

5. Investigate Cu-SSZ-13 catalyst deactivation mechanisms upon sulfur poisoning to develop 

more efficient catalyst regeneration strategies and synthesize more sulfur-tolerant catalysts 

 

Relevant detailed literature review and specific details will be discussed in the introduction 

section of subsequent chapters.  

Chapter 2 elaborates on how the surrounding conditions and bulk zeolite composition 

play crucial roles in determining Cu speciation (type and number) and reactivity (chemical 

characteristics). It combines experimental (synthetic, titrimetric, spectroscopic and kinetic 

characterization) and computational (stochastic simulations, ab initio dynamics and free energy 

calculations) approaches to elucidate Cu speciation under different operating conditions as a 

function of catalyst composition over a wide range of zeolite chemical composition space. 

Catalytic consequences of structurally and chemically different Cu sites on standard SCR 

kinetics are also discussed.  

Chapter 3 serves a dual purpose of proposing a fully consistent CuI → CuII oxidation 

cycle reaction pathway as well as investigating the consequences of Cu active site spatial density 

and mobility on standard SCR kinetics, by integrating computational (ab initio dynamics and 

free energy) and experimental (synthesis, spectroscopic, kinetic and titrimetric analysis) 

approach. 

Chapter 4 interrogates the catalytic function of Cu-CHA zeolites under SCR reaction 

conditions that enable isolating quantitative kinetic parameters that reflect rate constants in 

which CuII reduction or CuI oxidation become the dominant kinetically relevant processes. 

Operating at dilute O2 pressures enable accessing conditions in which CuI oxidation becomes the 

dominant kinetically relevant step, and excess O2 pressures enable accessing conditions in which 

CuI oxidation steps appear to become kinetically irrelevant. This approach enables more 

accurately quantifying the influence of Cu ion spatial density in Cu-CHA on the kinetics of 

oxidation and reduction processes in the SCR redox cycle, and can be extended to quantitatively 

determine how changes to catalyst properties, including zeolite topology and framework Al 



45 

density and arrangement, influence the fraction of active Cu ion sites and the rate constants of 

different elementary steps in the SCR cycle. 

Chapter 5 explores the effects of commonly observed NH3 inhibition during low 

temperature standard SCR, different parameters influencing NH3 inhibition and its origin in the 

reaction mechanism. 

Chapter 6 picks up from chapter 3 to further investigate low temperature standard SCR 

reaction mechanism, specifically investigating the mechanistic pathways of mononuclear and 

binuclear copper complexes in Cu-SSZ-13. The combination of steady state distribution of 

different Cu oxidation states as a function of sample composition, and non-steady state temporal 

changes to Cu oxidation state and coordination number during various sequential transient 

reaction steps enabled to reveal the nature (active site requirements and kinetics) of various 

reaction steps. Further with the aid of vibrational spectroscopy, attempts are made to identify 

reaction intermediates during such reaction steps. Additionally, the previously unestablished 

connection between Cu-SSZ-13 catalyst composition, nature of active site (s), operating reaction 

conditions and reaction pathway has been discovered in this work.  

Chapter 7 investigates the effects of zeolite support framework Al density on standard 

SCR kinetics, and eventually decouples different intrinsic effects of framework Al density on 

measured steady state standard SCR kinetics. 

Chapter 8 studies the stability of three different small-pore Cu-exchanged zeolites (Cu-

CHA – Cu-SSZ-13, Cu-AEI – Cu-SSZ-39, Cu-RTH) upon hydrothermal aging and subsequent 

exposure to standard SCR reactants at low temperatures (473 K) via. monitoring the structural 

and active site changes in these three different small-pore Cu-exchanged zeolites. Bulk 

characterization techniques (XRD and micropore volumes) were found to divulge only subtle 

differences between fresh, hydrothermally aged and SCR gas mixture-exposed aged Cu-zeolites, 

and therefore, fail to provide direct insights into decreases in SCR reactivity measured on 

hydrothermally aged, small-pore Cu-zeolites. However, this decrease in SCR reactivity was 

further explained using UV-Visible spectroscopy, wherein structural changes to active Cu sites 

were detected upon exposure of hydrothermally aged catalysts to SCR reaction conditions at low 

temperature. These structural changes to active Cu sites were consistent with the formation of 

mixed copper-aluminate domains via reaction with extraframework Al species formed upon 

dealumination during hydrothermal aging.  
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Chapter 9 aims to study the stability of Cu-SSZ-13 against sulfur poisoning. Specifically, 

it decouples the effects of SO2 poisoning on different types of Cu sites (ZCuOH and Z2Cu) in 

Cu-SSZ-13 zeolites to further build upon the prior literature work. We use a combination of 

detailed kinetic (reaction rate, orders and activation energies), spectroscopic (XAS, UV-Visible, 

FTIR), Brønsted acid site titration (NH3) methods, and density functional theory (DFT) 

calculations measurements to show that sulfur transforms both ZCuOH and Z2Cu sites to 

inactive states, resulting in a constant SCR turnover rate when normalized by the number of 

residual Cu sites that are not poisoned by sulfur. Effect of exposure conditions on poisoning 

intermediates further highlights chemical differences between the two Cu site types, including 

differences in the number of titratable Brønsted acid sites.  

Chapter 10 deals studies Ultraviolet-visible (UV-Vis) spectra of Cu-SSZ-13 zeolites 

synthesized to contain specific Cu site motifs, together with ab initio molecular dynamics and 

time-dependent density functional theory calculations, were used to test the ability to relate 

specific spectroscopic signatures to specific site motifs. 

Chapter 11 deals with identification and quantification of multinuclear Cu-oxo complexes 

evolved from mononuclear Cu cations, and their relevancy for SCR and NO oxidation reactions. 
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2.  CATALYTIC CONSEQUENCES OF CONDITION-DEPENDENT CU 
SITE SPECIATION IN SSZ-13 ZEOLITE ON STANDARD SCR 

KINETICS 

 “Reprinted with permission from Catalysis in a Cage: Condition-Dependent Speciation and 
Dynamics of Exchanged Cu Cations in SSZ-13 Zeolites, Chrisopher Paolucci, Atish A. Parekh, 
Ishant Khurana, John R. Di Iorio, Hui Li, Jonatan D. Albarracin Caballero, Arthur J. Shih, 
Trunojoyo Anggara, W. Nicholas Delgass, Jeffrey T. Miller, Fabio H. Ribeiro, Rajamani 
Gounder, William F. Schneider, Journal of the American Chemical Society, doi: 
10.1021/jacs.6b02651. Copyright (2016) American Chemical Society.” 

 Preface 

Chapter 2 reflects the reproduction of my first coauthored article published in The Journal 

of the American Chemical Society, 138 (18), 6028-6048, 2016, titled “Catalysis in a Cage: 

Condition-Dependent Speciation and Dynamics of Exchanged Cu Cations in SSZ-13 Zeolites”. 

This chapter not only contains a good amount of experimental work (synthetic, titrimetric, 

spectroscopic and kinetic characterization), but also includes a lot of theory and computation 

results (stochastic simulations, ab initio dynamics and free energy calculations) from our 

collaborators. The contents of this chapter serve to combine experimental and computational 

approach to elaborate on Cu cation speciation dependency on different catalyst operating 

conditions as a function of catalyst composition over a wide range of zeolite chemical 

composition space. This chapter also reveals how structurally different CuII cationic sites will 

behave under SCR conditions, and whether they have the same low temperature reaction 

mechanism/pathway or not. 

 Abstract 

The relationships among the macroscopic compositional parameters of a Cu-exchanged 

SSZ-13 zeolite, the types and numbers of Cu active sites, and activity for the selective catalytic 

reduction (SCR) of NOx by NH3 are established through experimental interrogation and 

computational analysis of materials across the catalyst composition space. Density functional 

theory, stochastic models, and experimental characterizations demonstrate that under the 

synthetic conditions applied here, Al randomly distribute on the SSZ-13 lattice subject to 
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Löwenstein’s rule and that exchanged CuII ions first populate 2 Al sites within six-membered-

rings before populating remaining 1 Al sites as [CuIIOH]+. These sites are distinguished and 

enumerated ex situ through vibrational and x-ray absorption spectroscopies (XAS) and chemical 

titrations. In situ and operando XAS follow Cu oxidation state and coordination environment as 

a function of environmental conditions including low temperature (473 K) SCR catalysis and are 

rationalized through first-principles thermodynamics and ab initio molecular dynamics. 

Experiment and theory together reveal that the Cu sites respond sensitively to exposure 

conditions, and in particular that Cu species are solvated and mobilized by NH3 under SCR 

conditions. While Cu sites are spectroscopically and chemically distinct away from these 

conditions, they exhibit the same turnover rates, apparent activation energies and apparent 

reaction orders at the SCR conditions, even on zeolite frameworks other than SSZ-13. 

 Introduction 

In 1925,1 Hugh Stott Taylor theorized that specific groups of atoms were responsible for 

the rate enhancing capacity of heterogeneous catalyst surfaces, from which he coined the phrase 

“active site.” This concept has become ubiquitous in modern catalysis science and has proven 

indispensable to the emergence of rational catalyst design. Most catalytic solids, however, are 

structurally heterogeneous at the molecular scale. They contain a distribution of active sites of 

different catalytic reactivity,2–4 reflecting non-uniformities in active site coordination and local 

environment,5,6 response to external stimuli,7,8 and interactions with reacting molecules.9–12 The 

integration of density functional theory (DFT) computational models and experimental operando 

spectroscopies that interrogate active sites during catalysis can provide powerful insights into the 

coupling between active site composition, reaction environment, and reaction mechanism.13,14 In 

this work, we demonstrate how this approach enables the identification, quantification, and 

characterization of distinctly different active sites in a macro- and microscopically heterogeneous 

zeolite catalyst. We show through operando characterization that the composition and structure 

of active sites changes dynamically during reaction, differs from their ex situ states, and that 

such reaction-environment-induced modifications are integral to observed catalytic performance.  

We demonstrate this capability in the context of Cu-exchanged zeolite catalysts. Zeolites 

are crystalline, nanoporous aluminosilicates constructed of corner-sharing SiO4 and AlO4 

tetrahedra, or T-sites. Framework substitution of Si4+ by Al3+ introduces an anionic charge into 
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the oxide lattice that must be charge-compensated by extralattice cations. The Al sites are in 

general not ordered, so that at a given Si:Al ratio a zeolite presents a distribution of local Al 

environments.15–19 The common oxidation states of Cu are 1+ and 2+, and thus a single Cu ion 

can in principle charge-compensate one or two Al T-sites.20–27 The exact form of this exchange 

and charge compensation can depend on Cu oxidation state, overall framework structure, and 

local Al siting. In addition, Cu is observed to form multinuclear oxo-complexes and oxide 

clusters that further enrich its exchange chemistry and catalysis.28–33 

Cu-exchanged zeolites have been explored for a variety of hydrocarbon partial oxidations 
31,32,34–44 and NOx reduction and decomposition chemistries.45–47 Cu-zeolites have long been 

known to be active for the selective catalytic reduction (SCR) of NOx with NH3.13,48–56 SCR 

catalysts promote the reduction of NOx by NH3: 

4NO + 4NH.	+	O% → 4N% + 2H%O            (2.1) 

 

over the competing and undesired oxidation of NH3: 

4NH.	+	3O% → 2N% + 6H%O            (2.2) 

 

Small pore Cu-exchanged SSZ-13, in particular, is able to satisfy all the practical requirements of 

an SCR catalyst and is now in commercial use.57–60 However, the relationships between zeolite 

composition, reaction conditions, active site(s), and mechanism remain to be elucidated. 

 

 
Figure 2.1 (left) side view of the chabazite cage. (right) HSE06-optimized structures of (A, B) 
dehydrated oxidized and reduced Cu sites and (C) hydrated oxidized sites. Label indicates 
location of Cu ion within the chabazite cage. 
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SSZ-13 has the chabazite topology. The single symmetry distinct T-site organizes into 

four-, six-, and eight membered rings (Figure 2.1, left) that form a cage ∼8 Å in diameter.61 SSZ-

13 can be prepared in elemental compositions from highly enriched (Si:Al = 2) to infinitely 

dilute (Si:Al = ∞) in Al sites. The H-form (i.e., Al charge-compensated by H+) can be exchanged 

to various Cu:Al ratios, and the locations and forms of these exchanged Cu ions have received 

considerable attention.28,62,63,65−79 X-ray absorption (XAS), UV−visible (UV−vis) , and infrared 

(IR) spectra of zeolites28,42,66,70,71,80,81 all suggest exchanged Cu ions are present as hydrated and 

oxidized CuII(H2O)6 82 at ambient conditions regardless of zeolite composition and topology.  

The homogeneity of Cu sites under ambient conditions gives way to a rich variety of Cu 

species after high temperature and oxidative removal of H2O. X-ray diffraction (XRD) reveals 

monomeric Cu ions in SSZ-13 that occupy either 6MR (A) sites63,69 or both (A) and (B) sites62,75 

(Figure 2.1). We have reported that high Al content Cu SSZ-13 zeolites (Si:Al = 5) contain 

exclusively CuII in the (A) site under dry oxidizing conditions up to a Cu:Al = 0.20,66,83 as 

demonstrated through the 4-fold coordination of Cu with zeolitic oxygen in extended X-ray 

absorption fine structure spectra (EXAFS) and titrations of residual Brønsted acid sites that 

reveal a 2:1 H+:Cu2+ exchange stoichiometry. In contrast, Borfecchia et al. report 3-fold Cu 

coordination under similar conditions64 on a Si:Al = 13, Cu:Al = 0.44 sample. Giordanino et al. 

report IR features attributable to Cu hydroxyl ([CuIIOH]+)64,71 on Si:Al = 13, Cu:Al = 0.44, 

whereas Gao et al. only observe this band on a subset of Si:Al = 6 samples.76 DFT calculations 

generally indicate that isolated, unligated CuI and CuII ions prefer the A site (Figure 2.1, left) 

regardless of the location of Al.64,66,68,83–88  

H2 temperature programmed reduction (TPR)76,89 experiments are consistent with the 

existence of at least two types of exchanged CuII with differing susceptibility to reduction. 

Borffecchia et al. similarly observe only a fraction of CuII ions to reduce in He at 673 K. 

Chemical probes including NO, NO2 and CO73,89–94 will thus see a different mixture of Cu sites 

depending on sample history. For instance, NO adsorbs strongly on vacuum-reduced CuII → CuI 

sites89,90 but more weakly and dynamically on CuII sites.65,83 The relevance of these ex situ 

probes to catalytic conditions has yet to be established. Standard SCR is a redox reaction, as 

evidenced by the observation of both CuI and CuII in operando experiments,73,84,95 and thus the ex 

situ reducibility of catalysts might be expected to correlate with observed activity. However, 

catalysts with different ex situ properties exhibit similar SCR characteristics. Reactant cutoff 
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experiments demonstrate that both NO and NH3 are necessary for the CuII → CuI reduction half-

cycle across samples of various compositions.73,83 Apparent activation energies are the same 

(≈70 kJ mol−1) and 473 K SCR turnover rates are linear in Cu content (Cu:Al = 0.08 − 0.20) on 

Si:Al = 5 samples.66,83,96 Samples with compositions nearer to those studied by Borfecchia et al. 

present the same CuI/CuII fractions in operando XAS73 and similar apparent activation energies76 

as the Si:Al = 5 samples but different susceptibilities to Cu reduction in H2 TPR.76 Thus, while 

there is general agreement that various isolated, exchanged Cu ions are present and contribute to 

the SCR catalysis, the precise nature, number, and reactivity of different cationic species, their 

dependence on zeolite composition (Si:Al and Cu:Al ratios) and framework topology, sample 

treatment history and environment, and their spectroscopic signatures under ex situ vs. in situ 

conditions, remain unknown. Here, we report a coordinated computational (stochastic simulation, 

ab initio dynamics, and free energy) and experimental (synthetic, spectroscopic and titrimetric) 

analysis of Cu speciation under ex situ conditions and in situ and operando SCR conditions as a 

function of catalyst composition over a wide range of zeolite chemical composition space. We 

demonstrate that the types, numbers, and chemical characteristics of Cu sites depend on bulk 

composition of the zeolite, can be predicted through first-principles-based models, can be 

distinguished in the laboratory, and depend strongly on the environmental conditions. 

Environmental conditions have a profound impact on Cu ion siting, coordination, and mobility, 

resulting in SCR turnover rates (473 K) that are independent of the initial Cu cation site and the 

zeolite framework type. The results rationalize a large body of literature, resolve contradictory 

findings regarding the active sites for NOx SCR, and consolidate the understanding of Cu cation 

speciation in zeolites. 

 Results 

2.4.1 Cu Cation Speciation in Cu-SSZ-13 

2.4.1.1 First-principles Speciation of Cationic Cu Complexes 

We first created molecular models for isolated Cu exchange sites in SSZ-13 and established their 

relative free energies under wet and oxidizing conditions relevant to Cu exchange and catalyst 

treatment. We used a 12 T-site supercell66,83,84 with a single Al substitution to represent an 

isolated Al atom in the CHA framework. Charge-compensating CuI ions prefer to sit in the plane 
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of the 6MR,66,83,84,86 and we label this structure as [ZCuI] in Figure 2.1A to denote charge-

compensation of a single Al (Z) by Cu. This notation also emphasizes the formal 1+ oxidation 

state of Cu, and this structure is used as the CuI reference in relating computed Bader charges to 

effective Cu oxidation states. An oxidized form of the Cu site compensating a single framework 

Al atom has been proposed64,73,97 to be formed by addition of an extra-lattice OH ligand, which 

redirects the Cu into the 8MR according to the optimized [ZCuIIOH] structure shown in Figure 

2.1B. Similarly, two proximal framework Al atoms (2Al sites) can be charge compensated by a 

single CuII ion. The exchange energies of CuII at different potential 2Al sites were previously 

computed using a 2 × 1 × 1 24 T-site supercells containing 4 Al atoms distributed to place 2Al 

sites in each of the 4, 6, and 8MR:66 

Z%H6 + Cu(:;)
== → Z6H%Cu== + 2H(:;)

>         (2.3) 

 

CuII exchange at 2Al sites in the 6MR ring is 108 and 145 kJ mol−1 more exothermic than 

exchange at 2Al sites in the 4MR and 8MR, respectively. We adopt a model with 2Al at third-

nearest-neighbor (3NN) positions in a 6MR for Cu near 2Al. Cu exchange at the 2NN Al 6MR is 

coordinatively similar and the exchange energy more endothermic by 22 kJ mol−1. The 3NN Al 

6MR structure is labeled [Z2CuII] in Figure 1A and is taken as the Bader charge standard for the 

CuII oxidation state. We previously found that this [Z2CuII] site can be reduced by addition of H 

to an Al site proximal to Cu,83 which is the [ZH]/[ZCuI] species shown in Figure 2.1A. The 

forward slash emphasizes that these two sites are proximal. Reduction to CuI decreases Cu 

coordination to the lattice but preserves Cu location within the 6MR.  

Motivated by XAS20,66,70 and molecular dynamics98 evidence that exchanged CuII ions 

are hydrated under ambient conditions, we first explored H2O coordination to the [Z2CuII] and 

[ZCuIIOH] ions by computing the structures and successive adsorption energies of H2O ligands 

(x = 1 to 6): 

1Al ∶ 		ZCu==(OH)(H%O)CDE + H%O
∆FGHI
)⎯⎯*ZCu==(OH)(H%O)C     (2.4) 

2Al ∶ 	 	Z%Cu==(H%O)CDE + H%O
∆FGHI
)⎯⎯*Z%Cu==(H%O)C 
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Table 2.1 H2O adsorption energies (∆Eads) on Cu sites computed using HSE06-TSvdw. Cage 
location referenced to Figure 2.1. CN and Of indicate total Cu coordination number and number 
of close framework O contacts, respectively. 

 

In each simulation, we started from the equilibrated (x − 1) H2O structure, added another H2O 

molecule, annealed for 150 ps at 473 K using NVT ab initio molecular dynamics (AIMD) at the 

GGA level, then subsequently optimized the geometry and evaluated the energy with the HSE06 

functional including Tkatchenko Scheffier van der Waals (TSvdw) corrections, and zero-point 

vibrational energies (ZPE) (supplementary information section 2.1.1-1 of Paolucci et al.177). 

Energy and Cu coordination number (CN) results are summarized in Table 2.1, where CN is 

defined as the number of heavy atoms within 2.3 Å of Cu. H2O adsorption energies are on the 

order of −70 to −90 kJ mol−1 and are generally more exothermic on [Z2CuII] than on [ZCuIIOH] 

sites. The computed Cu oxidation state is insensitive to added H2O. On [Z2CuII], successive H2O 

ligands generally displace framework oxygen (Of) from the first coordination sphere, until at x = 

4 the CuII ion is fully coordinated by H2O; additional H2O molecules form a second coordination 

sphere through hydrogen bonds to first shell H2O. With hydration, the Cu ion moves from within 

the 6MR (site A, Figure 2.1) to the 8MR (site B) to the cage center (site C). The final optimized 

x = 6 structure is shown in Figure 2.1C. The [ZCuIIOH] site behaves similarly with added H2O; 

the fully hydrated complex is shown in Figure 2.1C.  

Exchanged Cu may lose waters of hydration and acquire other ligands during synthesis 

and after oxidation or reduction treatments. We computed the structures and energies of various 

combinations of O, OH, H2O, and O2 ligands on both the 1Al and 2Al models in the nominally 

oxidized and reduced states. The list of candidate structures was guided by chemical plausibility 

and includes proposed intermediate species reported elsewhere (e.g., CuIIO, CuII(OH)2).84,99 

Optimized structures, energies, and ZPE’s, of all 26 species are tabulated in SI 2.1.1-1. We 

applied a first-principles thermodynamic analysis to rank the stability of this library of Cu-bound 
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HxOy species as a function of temperature and hydrogen and oxygen potentials. We take O2 and 

H2O as the oxygen and hydrogen references, respectively: 

Z∗Cu +
C

%
LH%O −

E

%
O%N +

O

%
O%

∆PQRST
)⎯⎯⎯*	Z∗CuHCOO	       (2.5) 

 
used the HSE06-TSvdw energies and applied previously developed correlations83 to estimate 

adsorbate entropies. The formation free energies (∆Gform) are computed according to Section 5.2 

and the µH2O and µO2 related to T and P through the ideal gas relation. Results for an ambient 

condition (Condition 1, 298 K, 2% H2O, and 20% O2) representative of an air- exposed catalyst, 

and an elevated temperature condition (Condition 2, 673 K, 2% H2O, and 20% O2) representative 

of an oxidation pretreatment are summarized in Figure 2.2. For clarity, species with ∆Gform > 

+200 kJ mol−1 are not shown in Condition 2.  

At the high temperatures (673 K) and high oxygen potentials (20% O2) of Condition 2, 

the lowest free energy structure near the 2Al site is the isolated [Z2CuII] ion. At these conditions, 

adsorption of a single H2O ligand is endergonic by 15 kJ mol−1, and the reduced form of the Cu 

site ([ZCuI]/[ZH]) is endergonic by another 15 kJ mol−1. Other adsorbates on Cu sites near 2Al 

lead to complexes much higher in free energy, including adsorbed molecular O2. Similarly, on 

Cu sites near 1Al, the lowest free energy structure is oxidized [ZCuIIOH] with normalized Bader 

charge (SI 2.1.1-1) of +1.8, slightly less than [Z2CuII]. The reduced form of the site, [ZCuI], and 

its hydrated form, [ZCuI(H2O)], are very close in free energy to the oxidized [ZCuIIOH] state. 

Molecular O2 adsorption on the [ZCuI] site is endergonic by 50 kJ mol−1 relative to [ZCuIIOH], 

and even higher in free energy are other oxidized forms, including [ZCuIIO]99 and 

[ZCuII(OH)2].84 The primary effect of decreasing temperatures to ambient (Condition 1) is a 

significant decrease in the free energies of all hydrated Cu states, which causes the most stable 

species to become the fully hydrated Z2[CuII(H2O)4](H2O)2 and Z[CuII(OH)(H2O)3](H2O)3 

complexes at 2Al and 1Al sites, respectively. 
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Figure 2.2 Formation free energies (∆Gform) CuHxOy species at (left) 298 K, 2% H2O, 20% O2 
and at (right) 673 K, 2% H2O, 20% O2 on the 2Al (Z2Cu) and 1Al (ZCu) sites. Common energy 
reference set through Equation 2.6. 

 

We generalize the analysis in Figure 2.2 to a range of temperatures and O2 pressures at 

fixed H2O partial pressure (2%) and plot the lowest free energy species at each set of conditions 

in Figure 2.3 in the form of a phase diagram. For reference, Conditions 1 and 2 of Figure 2.2 are 

labeled with red boxes on Figure 2.3. The phase diagrams are insensitive to the H2O pressure 

over the range of experimental interest. For comparison, we report the corresponding T-PH2O 

diagram in supplementary information section 2.1.1-2 of Paolucci et al.177. As discussed below, 

these diagrams indicate that the stable Cu state (CN, Of, and oxidation state) depend sensitively 

on the environmental conditions over ranges of experimental interest and that the lowest free 

energy species differ for Cu complexes that charge compensate 1Al or 2Al sites. 
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Figure 2.3 Ex situ Cu speciation phase diagrams based on HSE06-Tsvdw calculations on 1Al 
(left) and 2Al (right) Cu exchange sites. Regions indicate site composition that minimizes free 
energy at 2% H2O and given T and PO2. Labeled on the phase diagram and illustrated below are 
minimum free energy species at (1) ambient (298 K, 20% O2), (2) oxidizing (673 K, 20% O2) 
and (3) inert (673 K, 10−6 atm O2 in He). 
 

2.4.1.2 1Al and 2Al Cu Exchange Populations  

To this point, we have treated the 1Al and 2Al sites independently. To place these two on a 

common energy scale, we computed the Cu exchange energy between the two sites: 

[Z%CuH%O] +[ZH] → ZH/ZH + [ZCuOH] ∆E = 	+66	kJ	molDE    (2.6) 

 
We evaluated this energy in a large supercell containing separated Z2 and Z sites as well as in 

separate supercells constructed to conserve atomic numbers; results are in close agreement (+66 

vs. +69 kJ mol−1) and structures are given in supplementary information section 2.1.2 of Paolucci 

et al.177 . We used the +66 kJ mol−1 result to offset the 0 K energies of [Z2CuIIH2O] and 

[ZCuIIOH] and thus place the two site types on the same free energy y-axis shown in Figure 2.2. 

The zero of energy is defined as [ZCuI]. The free energy associated with Cu near 2Al is 

substantially lower than Cu near 1Al at both 298 K (−142 kJ mol−1) and at 673 K (−55 kJ mol−1). 
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These results indicate that Cu ions prefer to segregate to 6MR 2Al exchange sites over a wide 

range of conditions.  

The relative density of Cu ions in 6MR 2Al sites and in 8MR 1Al sites will depend on the 

total Cu content and the number of such 2Al and 1Al sites present in a given SSZ-13 sample. We 

determined the Al distribution as a function of Si:Al ratio by numerical simulation17,66 assuming 

random Al distribution subject to Löwenstein’s rule,100 which prohibits 1NN Al pairs. We then 

assume that exchanged Cu ions populate all available 2NN and 3NN 2Al sites as [Z2CuII] before 

occupying 1Al sites as [ZCuIIOH]. Figure 2.4 reports the computed fraction of Cu present as 

[ZCuIIOH] as a function of Si:Al and Cu:Al ratios. The region below the white line corresponds 

to a composition space containing exclusively Cu species near 2Al, while the region above the 

white line contains gradually increasing [ZCuIIOH] fractions that become the dominant species 

in the upper right red area. To ensure 2Al 6MR stay charge compensated by a single Cu past the 

saturation point we computed the energy of two [ZCuIIOH] in a 6MR (supplementary 

information section 2.1.2 of Paolucci et al.177): 

 

[Z%CuH%O] +[ZCuOH] → ZCuOH/ZCuOH + [ZH]  ∆E = 	+81	kJ	molDE  (2.7) 

 

Thus, these 6MR 2Al sites will remain populated by [Z2CuII] as additional Cu is exchanged in 

the form of [ZCuIIOH].  

To test these model predications, we prepared and analyzed a series of SSZ-13 catalysts 

of varying Si:Al and Cu:Al ratio (samples represented by white circles in Figure 2.4). An Al-rich 

SSZ-13 sample (Si:Al = 5) was synthesized using high Al FAU zeolite as the Al source101 and 

characterized as reported previously,28,66,83,102,103 while lower Al content SSZ-13 samples (Si:Al 

= 15, 25) were synthesized using Al(OH)3 as the Al source.104 Powder XRD patterns 

(Supplementary Information section 2.1.3-1 of Paolucci et al.177), and Ar adsorption isotherms 

(87 K, SI Supplementary Information section 5.3-2 of Paolucci et al.177) were consistent with the 

CHA topology on all H-form SSZ-13 samples. The number of H+ sites on each H-SSZ-13 

sample was quantified from the NH3 evolved during TPD of NH4-form samples, and were 0.65, 

1.02, and 0.98 H+:Al for the Si:Al ratios of 5, 15, and 25, respectively. The high Al H-SSZ-13 

sample (Si:Al=5) contained fewer H+ sites than its number of framework Al atoms (H+:Alf = 

0.76),103 reflecting the imprecision with which ex situ methods such as 27Al MAS NMR 
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spectroscopy may characterize structural surrogates for H+ sites. It also reflects the non- 

uniformity of SSZ-13 samples prepared using FAU to CHA interconversion methods,101 for 

which repeat synthesis experiments on crystallized samples that contained H+: Al ratios that 

varied between 0.45-0.85 were observed (Supplementary Information section 2.1.3-4 of Paolucci 

et al.177).  

 

 

Figure 2.4 Predicted Cu site compositional phase diagram vs. Si:Al and Cu:Al ratios. Color 
scales indicates predicted fraction of CuOH. White line demarcates transition from [Z2CuII]- 
only region to mixed [Z2CuII]/[ZCuIIOH] region. White circles indicated compositions of 
synthesized Cu-SSZ-13 samples. 
 
Increasing amounts of Cu were exchanged into these three (Si:Al = 5,15,25) H-SSZ-13 samples 

from aqueous-phase CuII(NO3)2. The number of residual H+ sites was quantified using NH3 TPD, 

which was performed after samples were saturated with gaseous NH3 (433 K) and purged in wet 

helium (3% H2O, 433 K) to desorb Lewis acid-bound NH3 and selectively retain NH4+ species,102 

as illustrated by Equation 2.8: 

Z∗CuNH. + H%O → Z∗CuH%O + NH.       (2.8) 

Z∗CuNH. + H%O → Z∗CuH%O + NH. 
 
Figure 2.5 shows the number of residual H+ sites present on each Cu-SSZ-13 sample after 

oxidative treatment in flowing air (773 K), normalized by the number of H+ sites quantified on 

their respective H-SSZ-13 parent samples after the same oxidative treatment, as a function of 

Cu:Al ratio. The dashed lines in Figure 2.5 represent the number of residual H+ sites as a 
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function of Cu:Al ratio predicted from the simulation results in Figure 2.4. At a Si:Al ratio of 5, 

each exchanged Cu cation decreased the number of residual H+ sites by two (on average) up to a 

Cu:Al ratio of 0.20 (Figure 2.5),102,103 consistent with the exchange stoichiometry: 

 

Z%H% + Cu== → Z%Cu== + 2H>        (2.9) 

 
On samples with Si:Al ratios of 15 and 25, each exchanged Cu exchanged two H+ sites until 

Cu:Al ratios of 0.10 and 0.04, respectively, but only one additional H+ site beyond this limit 

(Figure 2.5), consistent with the exchange reaction: 

ZH + Cu==H%O → ZCuOH + 2H>        (2.10) 

 

These Cu:H+ exchange stoichiometries provide experimental evidence that cationic Cu species 

exchange sequentially as [Z2CuII] sites until saturation and then as [ZCuIIOH] sites (Figure 2.2).  

Figure 2.6 shows FTIR quantification of the disappearance of Brønsted ZH species and 

the appearance of [ZCuIIOH] as a function of Cu density on the series of Cu-SSZ-13 samples 

with Si:Al= 15. The H-SSZ-13 spectrum includes four features in the O–H region, including 

modes at 3605 and 3580 cm−1 105,106 from Brønsted sites, at 3732 cm−1 from isolated silanols, and 

at 3700 cm−1 from vicinal silanols.107 The integrated area of the Brønsted ZH peaks of the Cu:Al 

0.12 sample, taking that of the H-SSZ-13 sample as the baseline, decreased with a 2:1 H+:Cu 

ratio (supplementary information section 2.1.3-3 of Paolucci et al.177), consistent with Equation 

2.9. A new, fifth feature appears at 3660 cm−1 in Cu:Al > 0.21 samples, at a location consistent 

with previous assignment to64 and the computed harmonic O–H stretch frequency of [ZCuIIOH]. 

The integrated area of this 3660 cm−1 band increases linearly across the range Cu:Al = 0.21-0.44 

(Figure 2.6 inset), and the integrated areas of the Brønsted OH stretches decrease concurrently in 

a 1:1 H+:Cu ratio, consistent with Equation 2.10. These vibrational data provide strong additional 

support for the sequential population of [Z2CuII] followed by [ZCuIIOH] sites. 
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Figure 2.5 Residual H+ sites per parent sample H+ from NH3 titrations on oxidized M-SSZ-13 
samples vs. extent of M/Al exchange for Si:Al = 5 (blue diamonds), 15 (green circles) and 25 
(orange squares). Open and filled symbols denote CuII and saturated CoII exchange, respectively. 
Dashed lines are model predictions 
 
 CoII exchange provides a third independent enumeration of the number of 2Al 6MR sites 

on each sample, because CoII does not exchange at single Al sites as [ZCoIIOH] at the exchange 

pH used here (pH ≈3.2).108 Samples with Si:Al ratios 5, 15, and 25 were saturated with CoII and 

the Co:Al contents were determined by atomic absorption (supplementary information section 

2.1.3-2 of Paolucci et al.177) to be 0.19, 0.10, and 0.04, respectively. These values agree 

quantitatively with the maximum number of 2Al 6MR sites predicted for each Si:Al ratio in 

Figure 2.4 for a random Al distribution in SSZ-13. Furthermore, the numbers of residual of H+ 

sites on Co-saturated SSZ-13 samples were quantified by NH3 titration and are plotted on Figure 

2.5 as filled symbols, and agree quantitatively with the transition Cu:Al ratios between exchange 

of [Z2CuII] and [ZCuIIOH] species. These results indicate that isolated CoII and CuII exhibit 
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identical preferences for 2Al 6MR sites and that both cations replace two Brønsted sites via 

Equation 9 when exchanged at these sites. 

 

 

Figure 2.6 FTIR spectra of oxidized Cu-SSZ-13 samples (Cu:Al = 0–0.44, Si:Al=15). Inset: 
Integrated 3660 cm−1 CuO-H area as a function of Cu:Al ratio. 
 
The Cu:Al values that demarcate the transition between formation of [Z2CuII] sites and [ZCuIIOH] 

sites are 0.20, 0.10 and 0.04 for the H-SSZ-13 samples with Si:Al ratios of 5, 15 and 25, 

respectively (Figure 2.5). These Cu:Al values are identical, within error, to the fraction of 2Al 

6MR sites predicted from simulation of Al distribution in CHA frameworks at these Si:Al ratios 

(Figure 2.4). Taken together, these experimental and computational findings indicate that under 

the conditions of synthesis applied here,109 the concentration of 2Al 6MR sites are in agreement 

with a random Al distribution in SSZ-13 subject to Löwenstein’s rule, that 2Al 6MR are the 

preferred sites for CuII exchange, and that these sites saturate before remaining 1Al sites are 

populated with [ZCuIIOH]. This quantification allows us to identify and contrast the structures, 

properties and catalytic performance under low temperature (473 K) standard SCR conditions of 

samples that contain predominantly [Z2CuII] or [ZCuIIOH] sites. We choose a sample with 

Si:Al=5 and Cu:Al=0.08 to represent a [Z2CuII] site and a sample with Si:Al=15 and Cu:Al=0.44, 
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similar in composition to that explored by others,64,71,73 to represent [ZCuIIOH]. We refer to these 

as the “2Al” and “1Al” samples, respectively. While the 1Al sample contains ≈20% [Z2CuII] 

sites, they are in the minority and the bulk spectroscopic techniques applied here are primarily 

sensitive to the majority [ZCuIIOH] site. 

2.4.2 Copper Cation Structure under ex situ Conditions 

We next combined XAS and AIMD simulations to explore the molecular and electronic 

structures of both the model 1Al and 2Al samples as a function of the conditions represented in 

Figure 2.3. Results are summarized in Figure 2.7 and 2.8 and in Table 2.2. We expect the 

framework composition to be robust to the conditions studied here. Significant dealumination of 

SSZ-13 is observed only after several hours of exposure to 10% H2O at ≈1000 K.60,79,110,111 

2.4.2.1 Condition 1: Ambient Atmosphere (XAS/AIMD) 

First, both 1Al and 2Al samples were subjected to high temperature oxidative treatments and 

then exposed to ambient atmosphere at 298 K, corresponding to Condition 1 of Figure 2.3. The 

Cu K-edge X-ray absorption near edge spectra (XANES) collected on both samples were 

indistinguishable, as shown in Figure 2.7, left. A single edge at 8.988 keV corresponds to the 

1s→4p transitions of a CuII ion in a distorted square-planar or octahedral coordination.82 EXAFS 

spectra of both samples from the same energy scan (Figure 2.7, middle) exhibited a high 

intensity first coordination shell peak at ≈ 1.5 Å. The spectra were fitted using a Cu2O(s) 

experimental reference to estimate 4.0 Cu-O bonds (1.94 Å average distance), and 4.2 Cu-O 

bonds (1.93 Å average distance) respectively on the 2Al and 1Al samples, which are identical 

within the ±5% error of the fit (details in supplementary information section 2.2.1-1 of Paolucci 

et al.177). Higher coordination shells beyond 2.0 Å appear with low intensity on both samples and 

indicate Cu-O bonds with extra- framework O species, as evidenced by the absence of scattering 

from Si or Al atoms bound to Of. The XANES and EXAFS spectra are indistinguishable from 

each other and that of aqueous CuII complexes,82 which are also known to form a square-planar 

tetraaquo complex. These observations are in agreement with the phase diagram Condition 1 

predictions shown in Figure 2.3.  

The EXAFS provides an ensemble average of the Cu coordination environment. To 

extract comparable information from simulation, we performed 298 K AIMD simulations (50 ps 
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of equilibration followed by 90 ps of sampling) on the lowest free energy hydrated forms of 

[Z2CuII] and [ZCuIIOH]. 

 

 
Figure 2.7 Left: XANES spectra collected on the 1Al (teal dashes) and 2Al (black lines) Cu-
SSZ-13 samples under treatment in 2% H2O 20% O2 at 298 K Middle: EXAFS spectra at same 
conditions. Right: 298 K AIMD RDFs and integrated RDFs (inset) 
 
In both cases, Cu remained near the center of the cage (Figure 2,1C) and were dynamic. Figure 

2.8 superimposes the Cu positions relative to the zeolite cage during the 90 ps sampling. To 

quantify Cu mobility, we discretized the supercell into 0:2×0:2×0:2 Å cubes, counted the cubes 

visited at least once during the simulation, scaled by the cube volume, and normalized to the 

volume visited by Z2[CuII(H2O)4(H2O)2]. Results are summarized in Table 2.2 and further 

detailed in supplementary information section 2.2.1-2 of Paolucci et al.177. 

Z[CuIIOH(H2O)3](H2O)3 is estimated to be 1.38 times as mobile as [Z2CuII(H2O)4](H2O)2, 

consistent with the weaker electrostatic attraction to a single Al compared to two proximal Al 

atoms. Throughout the Z[CuIIOH(H2O)3](H2O)3 simulation, H atoms are observed to hop 

between non-framework O with a barrier of ~20 kJ mol-1, causing O bound to Cu to spend time 

as both OH and H2O. The right panel of Figure 2.7 shows the computed radial distribution 

functions (RDFs) between Cu and all heavy atoms. Both RDFs show a prominent peak near 2 Å 

corresponding to the first coordination shell with peak area corresponding to four O atoms. This 

first RDF peaks correspond with the first EXAFS peak (the RDF and EXAFS are offset due to 

the difference between electron scattering and interatomic distances). The 1Al RDF is broadened 

in comparison to the 2Al due to the presence of both shorter Cu-OH and longer Cu-H2O bonds 

that are not resolvable by EXAFS. The RDFs are near-zero between 2.2- 3.0 Å; structure appears 
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beyond 3.0 Å. The results are consistent with the observation of only low intensity peaks beyond 

the first major one in the EXAFS and H2O solvated Cu complexes. 

 

Table 2.2 Comparison of AIMD (blue, left) and EXAFS (black, right) characterization of 2Al 
and 1Al sites, including Cu-X (X = O, N) coordination number (CN), average Cu-X distances, 
and whether second-shell features appear. 

 
 

2.4.2.2 Condition 2: 20% O2, 673 K (XAS/AIMD) 

Next, we collected XANES spectra at 298 K on both samples after 1 hour treatment at 673 K in 

O2, corresponding to Condition 2 in Figure 2.3. The vessels were sealed before cooling to 

prevent rehydration of Cu. Resultant XANES and EXAFS are shown in Figure 2.9. In addition to 

the 8.988 keV CuII edge feature found observed in Figure 2.7, an additional feature appears at 

8.987 keV that reflects CuII present in a lower than octahedral coordination environment.20 

Further, on the 1Al sample a low intensity peak appears at 8.983 keV that we assign to 5% CuI 

based on a fit using CuI and CuII references (supplementary information section 2.2.2-1 of 

Paolucci et al.177).  



68 
 

 
Figure 2.8 Cu positions (grey balls) visited during 90 ps of NVT AIMD at 298 K. Fixed zeolite 
framework shown for ease of visualization; framework was unconstrained during dynamics. 
Inset illustrates discretization used to compute relative Cu mobilities. 
 

The EXAFS (Figure 2.9, middle) exhibit high intensity peaks at ≈1.5 Å that fit to 3.0 Cu-

O bonds at 1.91 Å and 3.8 Cu-O bonds at 1.94 Å on the 1Al and 2Al samples, respectively 

(Table 2.2). Consistent with the higher first-shell coordination and closer proximity to multiple 

Si/Al, the 2Al sample also exhibits a more distinct second shell peak at ≈2.4 Å than that on the 

1Al sample. To ensure reversibility, we cycled samples between Condition 1 and Condition 2 

and confirmed that XAS spectra were identical to those shown in Figure 2.7.  

These EXAFS features are consistent with those expected for the [Z2CuII] and [ZCuIIOH] 

species predicted to predominate at Condition 2. Cu remain bound to multiple Of for the duration 

of AIMD simulations on each, and each are computed to be about 8 times less mobile than the 

Z2[CuII(H2O)4](H2O)2 reference. The [Z2CuII] site oscillates between three nearly isoenergetic 

minima (Supplementary Information section 2.2.2-2 of Paolucci et al.177) that differ in the Of 

nearest-neighbor to Cu. The 1st shell in the RDF (Figure 2.9, bottom right) convolutes these 

three and integrates to a CN 3.9. By deconvolution of the RDF, we assign the second feature at 

≈2.8 Å to one Al and one Si atom nearest Cu (Supplementary Information section 2.2.2-3 of 

Paolucci et al.177). The AIMD CN is consistent with the EXAFS fit.  
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In contrast, [ZCuIIOH] only exhibits a “wagging” into and out of the 8MR plane during 

AIMD. The Cu-Of and Cu-OH pairs appear as sharp features in the RDF (Figure 2.9, top right). 

The integrated RDF and fitted CN are identical. The slightly broad second shell feature at ≈2.75 

Å arises from the Al nearest Cu (Figure 2.1B). This second shell feature is at 0.25 Å shorter 

distance and half the integrated area of the [Z2CuII] second shell, consistent with both the 

location and magnitude of the EXAFS second shell features.  

 

Figure 2.9 Left: XANES spectra collected on the 1Al (top) and 2Al (bottom) samples after 
treatment in 20% O2 at 673 K (solid blue lines), He at 673 K (dashed teal lines) and in 3% H2 at 
523 K (dot-dashed red lines). Middle: Corresponding EXAFS spectra. Right: AIMD Cu-Si/O/Al 
RDFs for ZCuOH (top) and Z2Cu (bottom). Insets show integrated RDFs. 
 

2.4.2.3 Condition 3: He, 673 K (XAS/AIMD) 

As noted above, a small amount of CuI appears in the XANES of the calcined 1Al sample. This 

auto-reduction feature64,71, becomes more prominent after treating the 1Al sample in flowing 

helium at 673 K for 1 hr following the calcining treatment (Figure 2.9, left panel). From spectral 

deconvolution and EXAFS fitting, we infer 55% of the Cu to be present as CuI and the mean Cu-

O coordination number to decrease to 2.4 (Table 2.2). In contrast, only 10% CuI is observed on 

the 2Al sample following the same helium treatment, and the coordination number is unchanged. 

The CuI feature becomes even more pronounced and the CuI fraction increases to 65% on the 

1Al sample treated in 3% H2 at 523 K 76,77; the 2Al sample is changed negligibly by H2 reduction. 
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These observations of autoreduction in the 1Al but not 2Al samples are consistent with the 

predictions for Condition 3 in Figure 2.3. That reduction is not complete on the 1Al sample 

suggests some kinetic as well as thermodynamic contribution to the autoreduction process, 

possibly associated with the mobility of the [ZCuIIOH]. Re-oxidation of samples after the He 

purge or H2 treatment returns the XANES and EXAFS spectra to their post-calcination forms 

(additional details in supplementary information section 2.2.3-1 of Paolucci et al.177), indicating 

that reduction and re-oxidation are reversible. To interpret the observed EXAFS, we used 298 K 

AIMD to compute the dynamics of the reduced [ZCuI] site. The Cu ion stays within the 6MR and 

retains coordination to the same two Of atoms; the computed RDF (Figure 2.9) is dominated by a 

Cu-Of feature at 1.93 Å that integrates to CN 2.1. The Cu mobility is enhanced by about 20% 

compared to [ZCuIIOH] and [Z2CuII], but still roughly 8 times less than hydrated [Z2CuII]. The 

second shell feature in EXAFS, spanning from roughly 2-3 Å, is echoed in the broad AIMD RDF 

past the first coordination shell, a consequence of [ZCuI] mobility within the 6MR. 

2.4.3 Copper Speciation At SCR Conditions 

The ex situ characterizations above show that Cu in the 1Al and 2Al samples are identical under 

ambient and hydrated conditions, exhibit different coordination after high temperature oxidation, 

and respond differently to high temperature reduction. We next explore the implications under 

catalytic conditions relevant to low-temperature NOx SCR. 

2.4.3.1 Operando XAS spectra and SCR Kinetics 

We used a custom-built reactor112 designed to collect XAS spectra in operando to determine the 

Cu oxidation states of the 2Al and 1Al samples during steady-state SCR (300 ppm NO, 300 ppm 

NH3, 10% O2, 2% H2O) at 473 K under differential and plug-flow conditions (<20% NO 

conversion). Observed SCR turnover rates (TOR, mol NO s−1 mol Cu−1), apparent NO, O2 and 

NH3 reaction orders, and apparent activation energies (Eapp) (Table 2.3) were identical on the 2Al 

and 1Al samples, within experimental error, and identical to values measured on these samples in 

a different plug-flow reactor. Operando XANES spectra for the two samples (Figure 2.10, left, 

black traces) indicate the presence of 50% and 55% CuI (8.983 keV peak), respectively, that are 

identical within fitting error (5%). Although the presence of both CuII and CuI species during 

standard SCR redox cycles is not surprising53,73,83,84,95, the identical CuI fractions and kinetic 
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parameters (Table 2.3) are unexpected given the different structures, dynamics and reducibility 

of [Z2CuII] and [ZCuIIOH] species in He and H2. These operando characterization results suggest 

that cationic copper sites are functionally equivalent during low temperature standard SCR at 

473 K. 

 

Table 2.3 Characterization of 2Al and 1Al Cu-SSZ-13 catalysts during low temperature (473 K) 
standard SCR: XANES CuI/CuII fraction, SCR rates (per Cu and mol NO) in the operando 
reactor/plug-flow reactor, apparent activation energies, and apparent NO, O2, and NH3 orders. 

 CuI | CuII TORa Eapp (kJ 

mol-1) 

NO Order O2 Order NH3 Order 

2Al 50|50 ±5 8.3/7.3 60 ±10 0.8/0.8 0.3/0.3 -0.2/-0.1 

1Al 55|45 ±5 9.9/8.0 74 ±10 n.m./0.7b n.m./0.3b n.m./0.0b 
a(s−1mol Cu−1 mol NO −1)×10−3 bn.m. = not measured, 1Al orders were measured only in PFR. 

 

 

Figure 2.10 Left: XANES spectra of the 1Al (top) and 2Al (bottom) Cu-SSZ-13 samples under 
treatment in 2% H2O, 10% O2, 300 ppm NH3 at 473 K (O2 + NH3, blue traces), 2% H2O and 300 
ppm NO/NH3 at 473 K (NO + NH3, red lines) and in 2% H2O, 10% O2, 300 ppm NO/NH3 at 473 
K (black traces). Middle: EXAFS collected under same conditions. Right: AIMD Cu-Si/O/Al 
RDFs for the most stable CuI (red lines) and CuII (blue traces) species on the 1Al and 2Al sites in 
the presence of NH3. Insets: Integrated RDFs 
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2.4.3.2 SCR gas species binding energies 

To understand Cu coordination in the SCR gas mixture (H2O, N2, NH3, NO, O2), we first 

computed adsorption energies of these species as well as NO2, which is often proposed as an 

SCR intermediate,73,91–94 on the oxidized and reduced forms of the 1Al and 2Al Cu sites using 

the same AIMD and HSE06-TSvdw optimization protocol. The computed NH3 binding energy to 

the [ZH]/[ZCuI] Brønsted site is −151 kJ mol−1, quantitatively consistent with NH3 differential 

heats observed via microcalorimetery on zeolitic H+ sites:113–117 

[ZH]/[ZCu=] +NH. → [_NH6]/Z[Cu=]       (2.11) 

 

Thus, the NH4+ form of this site prevails under SCR conditions, and we used the [ZNH4]/[ZCuI] 

structure shown in Figure 2.11 as the model for a reduced 2Al site. 

 Computed 1Al site binding energies are plotted against 2Al sites in Figure 2.11. Binding 

energies without the TSvdw correction are approximately 20 kJ mol−1 more positive. Binding 

energies (supplementary information section 2.3.2-1 of Paolucci et al.177) and structures on the 

[Z2CuII] and [ZCuIIOH] sites are generally consistent with those for H2O, NO, and NH3 reported 

elsewhere,67,73,86–88 although the inclusion of hybrid exchange significantly decreases the NO 

binding relative to the GGA values.67,83,86–88 The 1Al and 2Al binding energies are roughly 

linearly correlated, although deviations as large as 50 kJ mol−1 are evident. O2 interacts weakly 

with all sites; H2O and NO exhibit intermediate binding strengths. NH3 binds by −120 to −140 kJ 

mol−1 on all four Cu adsorption sites and does not significantly alter the Cu oxidation state. NO2 

binds strongly to reduced sites (oxidizing the Cu center to form a nitrite) but interacts weakly 

with oxidized Cu. NO is a notable outlier from the linear correlation: the HSE calculations 

predict NO to bind weakly to [Z2CuII] (−25 kJ mol−1) but with intermediate strengths on 

[ZCuIIOH] (−75 kJ mol−1). NO locates near the OH ligand rather than Cu, similar to structures 

for this species reported elsewhere,67 but does not form a HONO-like structure. N2 more strongly 

adsorbs to [ZCuI] than to other sites.  
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Figure 2.11 Parity plot of HSE06-TSvdw-computed binding energies of gaseous species rele- 
vant to SCR on 2Al oxidized (Z2Cu, blue) and reduced (ZNH4/ZCu, red) vs. corresponding 

oxidized (ZCuOH, blue) and reduced (ZCu, red) 1Al sites. 
 
Because NH3 out-binds all other species and is similar in its coordination behavior to H2O, we 

explored the sequential binding of additional NH3 on all four sites: 

∗ (NH.)CDE + NH.
∆FQRST
)⎯⎯⎯* ∗ (NH.)C	         (2.12) 

 

using an AIMD anneal at 473 K followed by HSE06-TSvdw optimization. Results are 

summarized in Table 2.4; structures and normalized Cu Bader charges are detailed in 

supplementary information section 2.1.1-1 of Paolucci et al.177. Binding energies are roughly 

constant as NH3 displaces Of from the Cu coordination sphere. 
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Table 2.4 HSE06-TSvdw-computed sequential NH3 adsorption structures and energies. Cage 
location indicates optimized ion location referenced to Figure 2.1. CN and Of indicate total Cu 
coordination number and number of close framework O contacts, respectively. 

 
CuI and CuII retain 2-fold and 4-fold coordination, respectively; additional NH3 beyond these 

limits are more weakly bound and not directly associated with Cu, instead forming hydrogen 

bonds with NH3 in the first coordination sphere. The only exception is ZCuIIOH(NH3)2; this 

species adopts a square-planar conformation including a single Of ligand at 0 K, but in the finite 

T dynamics adopts a trigonal planar form, free from Of, for ≈90% of the trajectory. Energy and 

entropy are evidently closely balanced between the two configurations. 

2.4.3.3 NH3 Phase Diagrams 

We used a first-principles thermodynamic analysis to rank the free energies of the NH3 species in 

Table 2.4 and HxOy structures from Figure 2.2,42 species in total, taking O2, H2O, and NH3 as 

oxygen, hydrogen, and nitrogen references, respectively: 

Z∗Cu +
C

%
LH%O −

E

%
O%N +

O

%
O% + z LNH. −

.

%
H%O +

.

6
O%N

∆PQRST
)⎯⎯⎯*	Z∗CuHCOONa	   (2.13) 

 
Figure 2.12 reports the lowest free energy 1Al and 2Al species as a function of T and O2 partial 

pressure at H2O and NH3 concentrations of 2%, and 300 ppm, respectively, representative of the 

experimental conditions shown in Figure 2.10. We chose O2 pressure as an independent variable 

for direct comparison to the experimental results detailed in the proceding section. The resultant 
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phase diagrams are substantially different from the HxOy ones in Figure 2.3; NH3-containing 

species dominate the diagrams up to 773 K, and H2O is an unimportant adsorbate. The most 

prominent species in the 1Al and 2Al diagrams are reduced CuI species and oxidized CuII 

species, respectively, although both oxidized and reduced forms of Cu appear on both diagrams. 

Both sites are saturated with NH3 at 473 K and successively lose NH3 ligands with increasing 

temperature. At 473 K, the 2Al phase diagram (Figure 2.12 right) shows Cu preferring 

CuI(NH3)2 as the O2 concentration decreases, and CuII(NH3)4 species as the O2 concentration 

increases. The CuI(NH3)2 complex is the most stable 1Al species over the entire O2 range 

examined here.  

 

 

Figure 2.12 Phase diagrams for 1Al (left) and 2Al (right) sites with varying T and PO2 at 300 
ppm NH3 and 2% H2O. Relative rankings for all species ∆Gform < 0 at 473 K and 10% O2 
(chrome spheres on the phase diagrams) are given to the right of each phase diagram. The 
structures shown on the bottom are the most stable CuI (red) and CuII (golden) under these 
conditions. 
 

Sidebars in Figure 2.12 rank the relative free energies of intermediates at the condition 

indicated by the chrome spheres in the phase diagrams (473 K and 10% O2), equivalent to those 

in Figure 2.10. Species with ∆Gform > 0 kJ mol−1 are excluded for clarity; full results are 

tabulated in supplementary information section 2.3.4-1 of Paolucci et al.177. The analysis predicts 

a reduced and NH3-saturated CuI to be most stable 1Al species at these conditions. CuI 
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complexes with one or three NH3 ligands are higher in free energy, and the first CuII species to 

appear is Z[CuIIOH(NH3)3] at 50 kJ mol−1 higher free energy than the most stable species. Thus, 

these two NH3-saturated and Of-liberated complexes are the most likely dominant forms of CuI 

and CuII under SCR conditions in the 1Al catalyst. The CuI/CuII ordering is reversed at the 2Al 

site, where the most stable complex is an oxidized and NH3-saturated Z2[CuII(NH3)4] at 16 kJ 

mol−1 below the reduced and NH3-saturated [ZNH4] / Z[CuI(NH3)2]. The CuI/CuII fractions are 

the same in the operando XANES (Figure 2.10) on the 1Al and 2Al samples and likely 

kinetically rather than thermodynamically controlled. The thermodynamic screening identifies 

the species most relevant to catalysis and highlights the importance of NH3 coordination under 

SCR conditions. 

2.4.3.4 XAS/AIMD for CuI/CuII with NH3 

 To explore Cu structure and dynamics under SCR conditions, we collected XAS and 

AIMD information on both 1Al and 2Al samples prepared with subsets of SCR gas mixtures that 

place them primarily in the CuI and CuII states.  

Figure 2.10 shows the XANES and EXAFS at 473 K of 1Al and 2Al samples treated in 

300 ppm of NO and NH3. Consistent with previous reports,73,83,95 this treatment reduces Cu. 

In fact, the XANES and the EXAFS on both samples are indistinguishable and the XANES fit to 

a CuI fraction of 100%. A prominent first shell peak at 1.88 Å in the EXAFS fits to 2.1 CN, 

which EXAFS cannot distinguish between O and N. The EXAFS is absent of longer-range 

structure. 

These XAS results are consistent with the reduced Cu forms highlighted in Figure 2.12.  

 

Figure 2.13 Cu positions (grey balls) sampled inside the zeolite cage during 90 ps of equilibrated 
NVT AIMD at 473 K for the most stable NH3 solvated CuI and CuII species. 
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We performed 473 K AIMD simulations on [ZNH4]/Z[CuI(NH3)2] and [Z[CuI(NH3)2] for the 2Al 

and 1Al sites, respectively. The linear CuI(NH3)2 species are identical in structure and, as 

evidenced in the dynamics trajectory (Figure 2.13) and the volume visited (Table 2.2), highly 

mobile. Computed RDFs between Cu and other heavy atoms are shown in Figure 2.10. As in the 

EXAFS, the lone peak at 1.89 Å integrates to 2.0 CN; the Cu location is completely disordered 

with respect to the zeolite lattice. To probe the ability of this NH3-mobilized CuI to diffuse 

between cages, we used the climbing image nudged elastic band (CI-NEB, appendix A) method 

to compute the energy to thread a CuI(NH3)2 ion through the 8MR. The path starts with one NH3 

in the plane of the 8MR, passes over a 37 kJ mol-1 transition state in which the Cu is centered 

within the ring, and ends with the other NH3 in the 8MR. This modest barrier suggests rather 

facile transport of reduced NH3 within the SSZ-13 lattice, as has been inferred from the NH3-

facilitated exchange of CuI.118  

Figure 2.10 similarly shows XAS spectra collected on the same samples during exposure 

to an oxidizing mixture of NH3 (300 ppm) and O2 (10%) at 473 K. The XANES are again similar 

to one another but markedly different from those at the reducing condition. Both samples exhibit 

a peak at 8.983 keV corresponding to a CuI species, 27% and 17% on the 1Al and 2Al samples, 

respectively, and a balance of CuII species. EXAFS show prominent first coordination shells at 

1.5 Å (not phase-corrected) that fit to 3.2 and 3.5 O or N around Cu at 1.92 Å. Neither EXAFS 

exhibit second shell coordination in the 2.5-3 Å range. RDFs and AIMD performed at 473 K on 

Z[CuII(OH)(NH3)3] and Z2[CuII(NH3)4], corresponding to the oxidized 1Al and 2Al species at 

SCR conditions, are also shown in Figure 2.10. As with CuI, both are free from framework 

oxygen and remain fully coordinated to NH3 through the course of the dynamics. RDFs integrate 

to ≈3.9 CN; weighting the AIMD RDFs by the XANES-observed fractions of CuI and CuII 

recovers average coordination numbers of 3.2 and 3.6, close to the EXAFS-fitted values. These 

species were roughly 50% less mobile than their CuI(NH3)2 counterparts (Table 2.2), and 30% 

more mobile than their hydrated forms (Table 2.2). Finally, to confirm the transferability of 

EXAFS spectra collected under the non-catalytic NO + NH3 and O2 + NH3 conditions to 

catalytic ones, we obtained 473 K SCR operando EXAFS on the recently enhanced APS Sector 

10-ID beam line on a Si:Al = 25, Cu:Al = 0.42 sample similar to the 1Al catalyst (Figure 2.4), 

kinetic details and spectra provided in SI 2.3.5-2. This catalyst has a 60/40 CuI/CuII ratio, a fit 

CN of 3.1, and no second shell structure. The CN is consistent with a 60/40 weighted average of 
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2CN CuI and 4CN CuII. The lack of second shell character demonstrates all Cu are NH3 solvated 

under operando conditions. 

2.4.4 SCR Mechanism  

2.4.4.1 CuII → CuI half-cycle 

We previously proposed an NO-assisted NH3 dissociation to be responsible for the CuII to CuI 

reduction during SCR.83 We report in Figure 2.14 (and supplementary information section 2.4.1-

1 of Paolucci et al.177) the computed CI-NEB pathways for such a step starting from NH3-

saturated CuII identified in the XAS and DFT here. Both reactions proceed by attack of NO on a 

Cu-bound NH3 to form an N–N bond. In the process, a proton is transferred to an acceptor and an 

electron to Cu, leaving an H2NNO intermediate that can decompose via proton transfers to N2 

and H2O.83,119 In the 1Al case, 

 

Figure 2.14 HSE06 CI-NEB calculated activation (Ea) and reaction energies for NO assisted 
reduction of NH3 solvated CuII 1Al (black) and 2Al (green) sites. Transition state structures are 
shown boxed. For ease of visualization, most of the zeolite framework is hidden. 
 
the Cu-OH ligand acts as the proton acceptor, to form water 

[ZCu==(OH)(NH.).] +NO → Z[Cu=(NH.). (H%NNO)] + H%O    (2.14) 
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In the 2Al case, an Of plays the role of the acceptor, to form a new, proximal Brønsted site: 

Z2[CuII(NH3)4] 

[ZCu==(NH.)6] +NO → [ZH]/Z[Cu=(NH.). (H%NNO)]      (2.15) 

 
The first path is much more exothermic than the second (−267 vs. −68 kJ mol−1), reflecting the 

strong driving force for creating H2O. Nonetheless, the computed barriers for these two paths are 

a similar 71 and 74 kJ mol−1, respectively, within the HSE06 model. These similarities reflect an 

early transition state dominated primarily by the partial desorption of NH3 from Cu to 

accommodate the attacking NO. The N–N separations at the transition states are over 2 Å and N–

H bonds only slightly elongated.  

 

 

Figure 2.15 The number of extra H+ sites (per Al) formed after reduction of CuII to CuI in 
flowing NO and NH3 (473 K) as measured by NH3 titration and TPD. Dashed lines represent the 
predicted number of H+ formed based on the assumption that reduction of only CuII at 2Al sites 
form a CuI/H+ site pair. 
 

The key difference between the 1Al and 2Al paths is that NH3/NO reduction of 2Al CuII 

should produce new Brønsted sites while 1Al CuII should not. The number of NH4+ species on 

samples treated in flowing NO and NH3 (473 K) were counted by TPD performed after purging 

physisorbed and CuI-bound NH3 species in flowing wet helium (3% H2O, 433 K).102 On all Cu-
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SSZ-13 samples, a larger number of NH4+ species were present after reduction treatments than 

after oxidation treatments (supplementary information section 2.4.1-2 of Paolucci et al.177). 

Figure 2.15 shows the number of additional H+ sites present after reduction of Cu sites to CuI as 

a function of the Cu:Al ratio on the Si:Al = 5 (blue diamonds), 15 (green circles), and 25 (orange 

squares) samples. The dashed lines indicate the excess H+ expected from the theoretical 

enumeration of 1Al and 2Al sites (Figure 2.4). In line with predictions, one additional H+ site is 

formed per Cu formed until all the 2Al sites are filled, beyond which point no additional H+ sites 

were formed. Re-oxidation in NO and O2 (supplementary information section 2.4.1-2 of Paolucci 

et al.177) returns the samples to the state shown in Figure 2.5. The catalytic cycle can thus be 

closed on both 2Al and 1Al sites. 

 

 

Figure 2.16 (Left) Proposed parallel standard SCR cycles for NH3-solvated Cu ions near 1Al 
(black) or 2Al (green). (Right) HSE06-TSvdw-computed reaction energies along each step of the 
proposed cycles. 1–5 correspond to the intermediates in the left panel. Listed are the molecules 
consumed (+) and generated (-) between each intermediate. 
 

2.4.4.2 SCR Cycle Energies 

The results above highlight the importance of NH3 coordination during 473 K SCR. We 

previously proposed an SCR cycle on [Z2CuII] sites that accounts for the observed Cu redox.83 
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thermodynamic analysis and EXAFS on 1Al and 2Al sites. The mechanism includes five primary 

CuII(OH)(NH
3
)

CuI(H
2
NNO)(NH

3
)
2

CuII(NO
2
)(NH

3
)
2

2 NH
3

NO

N
2
, H

2
O

 NO 
½ O

2

N
2
, H

2
O

CuI(NH
3
)
2

H
2
O

CuII(OH)(NH
3
)
3

CuII(NH
3
)
2

CuII(NH
3
)
4

CuI(NH
3
)
2
/NH

4
+

2 NH
3

NO

N
2
, H

2
O

2 Al

1 Al

NO
½ O

2

CuII(NO
2
)(NH

3
)
2
/NH

4
+

N
2
, 2 H

2
O

CuI(H
2
NNO)(NH

3
)
2
/NH

4
+

Reaction Intermediate

E
ne

rg
y 

kJ
 m

ol
-1

-800

-700

-600

-500

-400

-300

-200

-100

0

1 2 3 4 5 1

2 NH3 + 2 NO +
1

2
O2 −−→ 3 H2O + 2N2

1

2

34

5

2 Al

1 Al

+2 NH
3

+2 NH
3

+NO -H
2
O

+NO 

-N
2
 -H

2
O

-N
2
 -H

2
O

+NO +½ O
2

+NO +½ O
2

-N
2
 -H

2
O

-N
2
 -2H

2
O



81 
 

steps, starting from the 12 o’clock position: (1) NH3 adsorption on CuII; (2) NO- assisted NH3 

dissociation concurrent with CuII reduction to CuI; (3) N2 and H2O desorption from CuI; (4) CuI 

reoxidation to CuII by NO and O2 (a non-elementary step); and (5) reaction of adsorbed NO2 with 

NH3 or NH4+ to desorb N2 and H2O. Figure 2.16 (right) compares the computed reaction energies 

for each step (supplementary information section 2.4.2-1 of Paolucci et al.177). The similar 

energetics are consistent with the similar standard SCR turnover rates (473 K) measured on the 

two site types (Table 2.3). 

2.4.5 SCR Rates on Other Cu-Zeolites 

All the cationic Cu species in these cycles are NH3-solvated and thus not sensitive to the location 

of charge-compensating framework Al. To test the generality of this observation, standard SCR 

rates were measured on synthesized and commercial Cu-ZSM-5 and Cu-BEA samples of 

compositions similar to the Si:Al = 15 SSZ-13 samples. Standard SCR rates (per g, 473 K) on 

Cu-exchanged MFI (Si:Al = 13), BEA (Si:Al = 13) (sample preparation and characterization 

described in supplementary information section 5.3-1, 5.3-2 and 2.1.3-1 of Paolucci et al.177), and 

Cu-CHA (Si:Al = 5, 15) are shown in Figure 2.17 as a function of the Cu density (per g). The 

error was calculated by replicate experiments under the same conditions. These SCR rates were 

measured in a regime uncorrupted by mass or heat transfer artifacts (Koros-Nowak test96) and in 

a kinetic regime characterized by similar apparent reaction orders and apparent activation 

energies (supplementary information section 2.5-1 of Paolucci et al.177). Standard SCR rates (per 

g, 473 K) increased linearly with Cu density (per g) on the Cu-CHA samples of different Si:Al 

ratio (5, 15), as expected from the similar turnover rate measured for Cu at 1Al and at 2Al sites 

(supplementary information section 2.3.1 of Paolucci et al.177). Turnover rates for Cu-ZSM-5 and 

Cu-BEA samples are of the same magnitude and exhibit a similar dependence on Cu density. A 

linear fit to the entire dataset has a correlation coefficient R2 = 0.86. The Cu speciation was not 

determined on the Cu-ZSM-5 and Cu-BEA samples, and thus the observed scatter may have 

contributions from discrepancies between Cu weight % and isolated Cu ion density on these 

samples. These data suggest that both turnover rates and SCR mechanisms are independent of 

zeolite support at these conditions and in this kinetic regime. We surmise that this insensitivity to 

zeolite framework arises from NH3 solvation of both CuII and CuI species at 473 K, and that 

these NH3-covered ions are responsible for observed SCR turnover. 
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Figure 2.17 Standard SCR rates per g catalyst at 473 K on Cu-exchanged SSZ-13, ZSM-5, and 
BEA vs. Cu mass density 
 

 Discussion 

2.5.1 Al distribution and Cu speciation ex-situ 

While the apparent macroscopic composition of a heterogeneous catalyst is typically simple to 

determine, relating that composition to the molecular-scale, functional composition of an active 

site remains a major challenge. The relevant macroscopic composition variables for the Cu-SSZ-

13 materials are the Si:Al and Cu:Al ratio. As reported in Figure 2.4 and the supporting 

experimental results, two types of Cu sites are present over the composition ranges studied here, 

and the relative densities of each type of Cu site are a function of both composition variables. 

Figure 2.4 is based on two assumptions: first, that framework Al atoms are randomly sited during 

zeolite crystallization modulo Löwenstein’s rule, and second, that 6MR 2Al sites are populated 

by CuII cations to saturation before 1Al sites are populated with CuIIOH. The close 
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model. Synthesis conditions are well known to influence Al siting in zeolites,18,19,120–126,126–131 

and specifically in SSZ-13109 and thus the conclusions drawn from the synthetic conditions here 

cannot be extended to all Cu-zeolites or even to all Cu-SSZ-13 materials. We can, however, 

compare our findings to SSZ-13 zeolites prepared via procedures equivalent to those used 

here.66,69,101,104,132,133,133–136 Fickel et al.104 concluded, based on XRD and EXAFS, that an SSZ-13 

sample with Si:Al = 9 and Cu:Al = 0.18 contained predominantly Cu in the 6MR, in agreement 

with the models here that predict 80% of [Z2CuII] in such sites. Gao et al. compared the H2 TPR 

of SSZ-13 zeolites with Si:Al = 6 and 12 and Cu:Al=0.10-0.50.76,77,137 Samples we predict to 

contain [Z2CuII] show only a 653 K TPR feature, while samples in the range expected to contain 

[ZCuIIOH] also exhibit a 503 K TPR feature, consistent with the readier reducibility of 

[ZCuIIOH] sites demonstrated here (Figure 2.3 and 2.9). FTIR similarly shows only a 895 cm−1 

Cu-perturbed T-O-T vibration in the composition range dominated by [Z2CuII], supplemented by 

a 940 cm−1 feature in the range containing [ZCuIIOH].137 Davis and co-workers recently showed 

that these 2Al 6MR sites can be selectively protected against dealumination and deactivated for 

methanol-to-olefins (MTO) activity by preferential exchange of CuII ions110,138,139 and Gao et al. 

used an analogous concept to exchange 2Al 6MR sites with alkaline earth cations.110  

While this partitioning and counting of [Z2CuII] and [ZCuIIOH] sites is successful, these 

sites themselves are not monolithic. A 6MR ring can have 2Al in 2NN or 3NN relative positions, 

and even for given positions, at finite temperature an exchanged ion is quite dynamic within the 

site, as illustrated by the AIMD simulations. Coordination numbers and bond distances from the 

HSE06 optimizations are similar to those extracted from the AIMD trajectories, but only the 

latter captures the contributions of dynamics to the EXAFS. For example, even for given Al 

positions within a 6MR, [Z2CuII] samples several local minima (supplementary information 

section 2.2.2-3 of Paolucci et al.177) during the AIMD, broadening the RDF (Figure 2.9) and 

reducing CN< 4. Thus, finite temperatures and Cu dynamics are important considerations in DFT 

models of these systems. 

2.5.2 Cu speciation in situ 

Once microscopic sites are identified and enumerated, a second key challenge is to determine 

how they respond to environmental, in situ conditions. We find from the first-principles 

thermodynamics and spectroscopies that ambient conditions cause both the [Z2CuII] and 
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[ZCuIIOH] species to exist as hydrated ions, liberated from coordination to zeolite framework 

oxygens, differing in composition by only a single proton, and differing only slightly in mobility 

(Figure 2.8). These observations are consistent with a large body of literature on Cu-zeolites. 

XAS and UV-vis spectroscopies of CuII-exchanged SSZ-13,28,71,81,112,140 ZSM- 5 and BEA 

zeolites under ambient conditions are identical to the corresponding spectra of aqueous CuII 

complexes, demonstrating the insensitivity of zeolite topology to solvated ions.71,82 Similarly, the 

perturbed T-O-T vibrations in IR spectra due to framework-bound CuII disappear upon hydration 

of CuII under ambient conditions.70 Electron paramagnetic resonance (EPR) spectra at ambient 

observed for predominantly [Z2CuII] samples have been taken as evidence of hydrated and 

mobile CuII;77 broadening at 155 K is attributed to loss of that CuII ion mobility24,141 and 

coalescence into a single sharp signal at 523 K to loss of the hydration sphere.80  

The first-principles thermodynamics and XAS spectroscopies are consistent with the loss 

of water ligands at high temperature in O2. Similarly, Borfecchia et al.64 infer this loss from 

observed changes in EXAFS to a 3CN Cu species, the same behavior the Si:Al=15, Cu:Al=0.44 

catalyst exhibits (Figure 2.9) after dehydration. We and Borfecchia et al. also observe the 

appearance of CuI under more reducing conditions. We assign this reduced fraction to [ZCuIIOH] 

species, based on the comparisons between the 1Al and 2Al samples. The autoreduction is not 

complete on any sample, suggesting some kinetic in addition to thermodynamic control of the 

reduction process. The nominal autoreduction stoichiometry: 

4[ZCu==OH] → 4[ZCu=] + 2H%O + O%        (2.16) 

 

implies a complicated, multi-step process likely involving Cu dimer or higher-order 

intermediates28,77,97 and thus a sensitivity to spatial Cu–Cu (and hence Al–Al) separations. 

Consistent with this inference, Gao et al.76 report that the fraction of reducible [ZCuIIOH] at 

constant Cu:Al ratio decreases with increasing Si:Al ratio, or equivalently, increasing mean 

[ZCuIIOH] separation.  

Under standard SCR conditions at 473 K, CuI and CuII ions near 1Al or 2Al are all 

predicted and observed to be fully solvated by NH3, and further all Brønsted sites are present as 

NH4+. Both NH4+ and Cu-NH3 are observed in DRIFTS spectra at similar conditions142–144 on Cu-

SSZ-13 samples. In fact, both vibrational and XAS spectra of NH3 dosed to a number of Cu-
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exchanged zeolites are similar to those of aqueous CuI(NH3)2 and CuII(NH3)4.66,73,112,143,145–149 

The standard SCR active sites at 473 K are NH3-solvated Cu ions. 

 NH3 solvation influences Cu mobility as well as structure, and this effect is insensitive to 

zeolite topology. NH3 is observed to promote the exchange of CuII from CuO(s) into a number of 

zeolite frameworks, and this process is further promoted by in situ reduction of CuII to CuI by 

NH3 and NO mixtures.118 

2.5.3 Mechanistic Implications for SCR 

The SCR reaction is well established to involve CuI → CuII redox cycles.53,73,83,95 There has been 

some controversy regarding the species responsible for reduction.56,73,83,90,94 Exposure to NO 

alone at 473 K does not reduce either the 1Al [ZCuIIOH] (Supplementary information section 

3.4.1-1 of Paolucci et al.177) or 2 Al ([Z2CuII])83 samples, and the hybrid-exchange DFT results 

do not predict NO to strongly bind to or reduce either CuII site. We thus find no evidence to 

support the elementary mechanistic steps: 

[Z%Cu==] +NO → 4[Z%Cu=NO>]   or      (2.17) 

[ZCu==OH] +NO → [ZCu=HONO]         (2.18) 

 

Rather, NO and NH3 together are necessary to reduce either of these sites. The reaction pathways 

and activation barriers for these reductions are computed to be similar on the [ZCuIIOH] and 

[Z2CuII] sites in the presence of solvating NH3. These barriers are also similar to the 

experimental apparent activation energies, although direct comparison of the experiment and 

computations is only possible through a kinetic model. The presence of both Cu oxidation states 

during standard SCR likely indicates that neither oxidation nor reduction alone is rate-limiting,83 

and thus a satisfactory kinetic model would require kinetic details on both half-cycles. Reduction 

rates on the [ZCuIIOH] and [Z2CuII] may differ at temperatures at which NH3 ligands are lost.  

While NO and NH3 are most effective at reducing CuII, we and others95,150 also observe a 

partial reduction of CuII → CuI in flowing NH3 and O2. DFT calculations identified an O2-

assisted NH3 dissociation pathway that parallels but has much higher barrier than the NO-

assisted NH3 dissociation reaction.83 This pathway is unlikely to be catalytically relevant but 

could be responsible for this reduction. The results presented here provide indirect mechanistic 
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information about the SCR oxidation half-cycle. We find adsorbed NO2 to oxidize CuI to CuII as 

Cu-bound nitrite: 

[Cu=] +NO → 4[Z%Cu=NO>]          (2.19) 

 

consistent with many proposals.56,73,91–94 The source of NO2 and even its presence as a free 

intermediate during standard SCR is less clear. Janssens et al.73 proposed NO oxidation to nitrite 

to occur on a single, reduced Cu site through the intermediacy of a nitrate with the initial step as 

rate-determining (RDS): 

[ZCu(O%)(NO)] → [ZCuNO.]
>bc
)⎯* [ZCuNO%] + NO%

>bde
)⎯⎯*	[ZCuOH] +	H%O + N%   (2.20) 

  
However, computed activation energies and the RDS assumption are inconsistent with 

experimental activation energies and the observed 50/50 mixture of CuI/CuII for SCR.66,76,77,83. 

Rather, as with autoreduction, NO oxidation may involve participation of more than one Cu 

species, facilitated by the solvation and high mobility of CuI(NH3)2 and its low diffusion barrier 

between CHA cages. Solvated CuI ions are well known to participate in dimeric Cu oxidation 

chemistries,20,151–153 and a second-order dependence of SCR rate on Cu concentration has been 

observed on an Si:Al = 6 Cu-SSZ-13 catalyst at Cu:Al ratios ≤ 0.03.80 At higher temperatures Cu 

is expected to desolvate (Figure 2.12), consistent with the FTIR findings of Giordanino et al.142 

In sharp contrast to the 473 K spectra (Figure 2.10), EXAFS collected at 673 K in NH3 and O2 

demonstrate similar second shell character (supplementary information section 3.3.3- 1 of 

Paolucci et al.177) to the dry-oxidized framework bound Cu (Figure 2.9). Concurrent with this 

desolvation, apparent activation energies increase from 70 kJ mol−1 at 473 K to 140 kJ mol−1 76 at 

623 K, consistent with the dip in NO conversion observed89 in non-differential measurements. 

Thus, NH3 (de)solvation likely has a large impact on SCR oxidation half cycle rates. 

2.5.4 Implications for partial methane oxidation  

The results and approach described here are useful for the interpretation of the recently 

observed43 non-catalytic, stoichiometric partial oxidation of methane (PMO) on Cu-SSZ-13: 

2CH6 +O% → 2CH.OH          (2.21) 
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PMO is carried out in a three step sequence38–41,43 that can be understood in part through 

reference to Figure 2.3. In a first step, the Cu-SSZ-13 material is brought to ≈ 673 K in O2 

(≈20%) and balance inert, corresponding to Condition 2 in the figure. O2 is then purged by inert, 

bringing the material to Condition 3. We observe a subset of sites to reduce under these 

conditions, consistent with the participation of only a fraction of exchanged Cu in PMO.39 

Subsequent introduction of CH4 at 473 K results in the production of methanol, which is 

liberated by returning to percent level H2O pressures, between Conditions 1 and 2 of Figure 2.3. 

 Wulfers et al. demonstrated43 PMO on Si:Al = 6 and 12, Cu:Al = 0.35 SSZ-13 materials. 

The Si:Al = 12 sample has roughly double (mol methanol per mol Cu) the performance of the 

Si:Al= 6 sample, in precise correlation with the predicted increase in [ZCuIIOH] sites (Figure 

2.4). We conclude [ZCuIIOH] sites are likely precursors to ZCuOCuZ sites proposed to be 

responsible for PMO activity32,35,36,40,42 and [Z2CuII] are inactive. 

 
2ZCuOH→ ZCuOCuZ +H%O         (2.22) 

 Conclusions 

 While the macroscopic composition of a solid catalyst is generally straightforward to 

measure and control, the relationship between this apparent composition and the number and 

type of catalytically relevant active sites is generally difficult to infer. We illustrate here an 

example of a non-trivial catalytic system in which it is possible to determine through theory and 

experiment both the speciation and number density of active sites as a function of the relevant 

synthetic compositional variables. Further, we show that these distinct active sites can be tracked 

as they evolve under different exposure conditions, from ambient characterization, to dry and 

inert high temperature, to operando reaction conditions. This enumeration and tracking is 

enabled by site-sensitive spectroscopies that are able to interrogate the catalyst under working 

conditions and computational approaches that treat the catalyst in a “operando” fashion, 

incorporating reaction conditions and effective estimates of free energies avoiding the standard 

harmonic approximations into the predictions of site structure and composition.  

We show that exchanged, atomically dispersed and isolated Cu ions within the SSZ-13 

cages populate two distinct types of sites, distinguished by the number of charge-compensating 

Al T-sites, and that the structure and dynamics of these two Cu types are strongly influence by 
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the environment they experience. H2O solvates both Cu types at ambient conditions, is lost at 

higher temperatures, and is replaced by NH3 reactant at the 473 K SCR conditions. This NH3 

liberates Cu from the framework, greatly enhances Cu mobility, and masks some of the 

differences between the two site types. The sites remain distinct, however; while both Cu sites 

undergo similar redox cycles at similar rates under the conditions studied here, the mechanisms 

differ in detail, as illustrated by the intermediacy of transient Brønsted sites on one but not the 

other Cu site type (Figure 2.15).  

These findings underscore the need for caution in extrapolating from ex situ 

characterizations to catalytic conditions. Reaction conditions can and in this example do have a 

substantial influence on active site structure and properties. These environment-induced 

modifications need not be limited to reactants. Surrogate “promoters” that modify active sites 

(e.g., by mobilizing at different conditions, or that modify redox properties) could provide an an 

alternative to traditional catalytic material modifications for tuning catalytic activity. 

 Methods 

2.7.1 DFT and AIMD Details  

 Plane-wave, supercell DFT supercell calculations employed a triclinic SSZ-13 supercell 

containing 12 T-sites84 and Si:Al ratios of either 11:1 or 10:2. The first Brillouin zone was 

sampled at the Γ point only, as appropriate for this insulator. Many of the adsorbate structures 

considered here have multiple local minima. To identify representative structures for subsequent 

optimizations, initial structures were first annealed non-spin-polarized at 473 K in five 

independent simulations of 30 ps each starting from different initial guess structures, for 150 ps 

total using the Car-Parrinello molecular dynamics software154(CPMD), version 3.17.1, the 

Perdew-Becke-Erzenhof155 generalized gradient approximation (GGA) exchange-correlation 

functional, and ultrasoft psuedopotentials.156–158 These Born-Oppenheimer molecular dynamics 

simulations were run in the NVT ensemble using a Nose-Hoover thermostat with a timestep of 

0.6 fs. RDFs from the final 90 of 150 ps simulations were constructed from the trajectories of a 

subset of these species for comparison to EXAFS results.  
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Low energy structures visited during the AIMD simulations were subsequently optimized 

using the Vienna Ab initio Simulation Package (VASP)159,159 version 5.3.5. Calculations were 

performed spin-polarized using the projector augmented wave (PAW) treatment of core-valence 

interactions160,161 and a plane wave cut off of 400 eV. For computational efficiency, structures 

were first relaxed within the GGA of Perdew et al.155 and subsequently relaxed using the hybrid 

screened-exchange method of Heyd-Scuseria-Ernzerhof (HSE06)162–165 and the Tkatchenko 

Scheffier method for van der Waals interactions (TS-vdW).166 We con- verged self-consistent-

field (SCF) electronic energies to 10−6 eV and atomic forces to less than 0.03 eV/Å. Charge 

analysis was performed through the method of Bader.167–171 Cu charges are reported normalized 

to CuII and CuI references ([Z2CuII] and [ZCuI], respectively), then rounded to I or II reported as 

a superscript on Cu. Harmonic vibrational frequencies of adsorbed species were calculated at the 

HSE06-TSvdW level by numerical differentiation of atomic forces with 0.01 Å displacements on 

the adsorbate atoms and used to compute zero-point vibrational energies (ZPE). All structures 

can be found in the sites CONTCARS attachment SI file. 

2.7.2 Ab initio Free Energies 

Details can be found in Paolucci et al.177. 

2.7.3 Zeolite Synthesis and Characterization 

 Synthesis methods for all zeolites (SSZ-13, BEA, ZSM-5) can be found in SI 5.3-1. The 

crystal topologies of H-zeolites were confirmed from powder X-ray diffraction (XRD) patterns 

collected on a Rigaku Smartlab X-ray diffractometer equipped with a Cu K x-ray source (1.76 

kW), and measured from 4-40◦ at a scan rate of 0.00833◦ s−1 with a step size of 0.01◦ 

(supplementary information section 2.1.3- 1 of Paolucci et al.177). Micropore volumes of H-SSZ-

13 zeolites were determined from Ar adsorption isotherms (87 K), and for H-BEA and H-ZSM-5 

zeolites were determined from N2 adsorption isotherms (77 K), using a Micromeritics ASAP 

2020 Surface Area and Porosity Analyzer, and were in reasonable agreement with the values 

expected for the CHA, BEA, and MFI frameworks and can be found in supplementary 

information section 5.3-2 of Paolucci et al.177. Solid-state 27Al magic angle spinning nuclear 

magnetic resonance (27Al MAS NMR) spectroscopy was used to estimate the fraction of 

framework and extraframework Al on H-form zeolites. SS NMR spectra were collected using a 
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Chemagnetics CMX400 400 MHz spectrometer in a wide-bore 9.4 Tesla magnet at ambient 

conditions from 456 scans with 12.5 µs pulses and a 2 s delay and were measured at 104.24 MHz 

and MAS rate of 5 kHz. Prior to packing in a 4mm ZrO2 rotor, zeolite samples were hydrated by 

holding for >48 h in a desiccator containing a saturated potassium chloride (KCl) solution. All 

27Al MAS NMR spectra are referenced to an aqueous 1.0M Al(NO3)3 solution. NMR spectra 

and quantification of extraframework Al for all H-zeolite samples can be found in supplementary 

information section 5.3-3 of Paolucci et al.177. 

Cu-zeolites were prepared by aqueous-phase Cu ion exchange of H-form zeolites with a 

CuII(NO3)2 solution (0.001M-0.1M, 100 cm3 g catalyst−1; 99.999 wt%, Sigma Aldrich) for 4 h 

and 300 RPM at ambient conditions, during which the pH was controlled to 4.9 ± 0.1 through 

dropwise addition of a 1.0M NH4OH solution (Sigma Aldrich). Co-SSZ-13 zeolites were 

prepared by ion exchange of H-SSZ-13 with an aqueous 0.25M CoII(NO3)2 solution (150 ml g 

catalyst−1) for 4 h at ambient conditions, during which the pH was not controlled (pH stabilized 

between 3.2-3.6 after 4 h). Metal-exchanged zeolites were recovered by centrifugation and 

washed with deionized water six times (70 ml g catalyst−1 per wash), dried at ambient 

temperature under flowing air, and then treated in flowing dry air (100 ml g catalyst−1) to 773 K 

(0.0167 K s−1) for 4h. Elemental composition (Si, Al, Cu, Co) was determined using atomic 

absorption spectroscopy (AAS) on a Perkin-Elmer AAnalyst 300. 

2.7.4 NH3 Temperature Programmed Desorption 

 Residual H+ sites on H-zeolites, on Cu- and Co-exchanged zeolites after oxidation 

treatments in air (20% O2, balance N2, 773 K, 4 h), and on Cu-zeolites after reduction treatments 

(500 ppm NO + 500 ppm NH3, balance He, 473 K, 2 hr) were titrated using the procedure 

described by Di Iorio et al.102 This titration method involves saturation of zeolites (≈0.03- 0.05 g) 

with NH3 at 433 K (500 ppm, balance He, 2 h, 350 mL min−1), followed by removal of 

physisorbed and Cu-bound NH3 by treatment in wet helium (2.5-3.0% H2O/He, 8 h, 350 mL 

min−1), in order to selectively retain surface NH4+ species.102,103 NH3 was then evolved in a 

subsequent TPD in flowing He (350 ml min−1) to 823 K (0.083 K s−1), and quantified using on-

board calibrations in a MKS Multigas 2030 gas-phase FT-IR spectrometer. Further details can be 

found in supplementary information section 5.4-1 of Paolucci et al.177. 
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2.7.5 Kinetics 

 Standard selective catalytic reduction (SCR) kinetics were measured on a bench-top 

tubular glass reactor described elsewhere.66 All samples were sieved to a nominal size of 125-

250 µm and diluted with silica gel to obtain a bed height of ≈2.5 cm. Steady-state kinetic data 

was collected at NO conversions below 20%, so that the entire bed was exposed to 

approximately the same gas concentrations, using a reactant gas mixture of 300 ppm NO (3.6% 

NO/Ar, Praxair), 300 ppm NH3 (3.0% NH3/Ar, Paxair), 5% CO2 (liquid, Indiana Oxygen), 10% 

O2 (99.5%, Indiana Oxygen), 2.5% H2O (deionized, 18.2 MΩ, introduced through saturator), and 

balance N2 (99.999% UHP, Indiana Oxygen) at 473K and 1 atm. The total gas flow rate was 

maintained at 1.5 L min−1. Outlet gas concentrations were analyzed using on-board gas 

calibrations on an MKS MultigasTM 2030 gas-phase Fourier Transform Infrared (FTIR) 

spectrometer and NO, NO2, NH3, CO2, and H2O concentration data was recorded every 0.95s. 

2.7.6 Spectroscopic Methods (XAS, FTIR) 

XAS experiments were carried out on the insertion device (ID) and bending magnet 

(BM) beam lines of the Materials Research Collaborative Access Team (MRCAT, Sector 10) at 

the Advanced Photon Source (APS) at Argonne National Laboratory. A cryogenically cooled 

double-crystal Si(111) monochromator was used with an uncoated glass mirror to minimize the 

presence of harmonics. Spectra were recorded in transmission mode with the ionization 

chambers optimized for the maximum current with linear response (≈1010 photons s−1) using gas 

mixtures to give 10% absorption in the incident X-ray detector and 70% absorption in the 

transmission X-ray detector. A Cu metal foil spectrum were simultaneously collected while 

measuring sample spectra to calibrate the Cu K-edge to 8979 eV. Operando experiments were 

performed at the 10-ID line in a special glassy carbon tube reactor described by Kispersky et 

al.,112 in which XAS spectra were collected simultaneously with steady-state standard SCR rate 

measurements to verify that rates were identical to those measured in separate differential plug-

flow reactor experiments. XAS spectra were collected in an energy range between 8700 and 

9890 eV for samples held under different gas conditions, and between 8700 eV and 9780 eV for 

operando experiments (additional details in supplementary information section 2.2.1-1 of 

Paolucci et al.177). Multiple energy scans were taken to ensure the absence of time-dependent 
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change or beam damage to the sample. Spectra were collected under isothermal conditions and 

normalized using a first- order polynomial in the pre-edge region and a third-order polynomial in 

the post-edge region. XANES spectra were fitted using a linear combination of CuI and CuII 

references66,83,84 to determine the fractions of CuI and CuII in certain gas environments and under 

operando conditions. EXAFS data were fit from k = 2.7 to ≈11 Å−1 (details of the fitting 

procedure in supplementary information section 2.2.1-1 of Paolucci et al.177).  

FTIR data were collected on zeolite samples using a Nicolet 6700 FTIR spectrometer 

equipped with a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. Catalyst 

samples (≈35-40 mg) were pressed into a self-supporting wafer (≈2 cm in diameter) and placed 

in a custom-built FTIR cell that has been described elsewhere.176 Wafers were treated in flowing 

oxygen (10% O2, balance He) to 673 K for 30 min and then cooled to 473 K, prior to collecting 

spectra. Spectra were collected with a resolution of 4 cm−1 and averaged over 1000 scans, 

baseline corrected, and normalized to the framework Si-O-Si combination/overtone band 

between 2100-1750 cm−1. Additional details can be found in supplementary information section 

2.1.3-3 of Paolucci et al.177. 
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3. CATALYTIC CONSEQUENCES OF CU SPATIAL DENSITY AND 
MOBILITY IN CU-SSZ-13 ZEOLITE ON STANDARD SCR KINETICS 

“Reprinted with permission from Dynamic multinuclear sites formed by mobilized copper ions 
in NOx selective catalytic reduction, Christopher Paolucci, Ishant Khurana, Atish A Parekh, Sichi 
Li, Arthur J Shih, Hui Li, John R Di Iorio, Jonatan D Albarracin-Caballero, Aleksey Yezerets, 
Jeffrey T Miller, W Nicholas Delgass, Fabio H. Ribeiro, William F. Schneider, Rajamani 
Gounder, Science, doi: 10.1126/science.aan5630. Copyright (2017), American Association for 
the Advancement of Science.”  

 Preface 

Chapter 3 reflects the reproduction of my coauthored article published in Science, 357 

(6354), 898-903, 2017, titled “Dynamic multinuclear sites formed by mobilized copper ions in 

NOx selective catalytic reduction”. This chapter contains integrates the experimental work 

(primarily led by me) with computation results (from our collaborators). The contents of this 

chapter serve a dual purpose of proposing fully consistent CuI → CuII oxidation cycle reaction 

pathway as well as investigating the consequences of Cu active site spatial distribution and 

dynamics on standard SCR kinetics. This work not only resolves many questions about standard 

SCR, but also demonstrates how metal-exchanged zeolites can behave in ways that resemble 

homogenous catalysis, with the addition of non-mean-field effects.  

 Abstract 

Copper ions exchanged into zeolites are active for the selective catalytic reduction (SCR) 

of NOx with NH3, but the low temperature rate dependence on Cu volumetric density is 

inconsistent with reaction at single sites. We combine steady-state and transient kinetic 

measurements, x-ray absorption spectroscopy, and first-principles calculations to demonstrate 

that under reaction conditions, mobilized Cu ions can travel through zeolite windows and form 

transient ion pairs that participate in an O2-mediated CuI → CuII redox step integral to SCR.  

Electrostatic tethering to framework Al centers limits the volume that each ion can explore and 

thus its capacity to form an ion pair. The dynamic, reversible formation of multinuclear sites 

from mobilized single atoms represents a distinct phenomenon that falls outside the conventional 

boundaries of a heterogeneous or homogeneous catalyst. 
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 Introduction 

Single-site heterogeneous catalysts promise to combine the attractive features of 

homogeneous and heterogeneous catalysts: active sites of regular and tunable architecture that 

provide precise catalytic function, integrated into a thermally-stable, porous solid host that 

facilitates access of substrates to those sites and separation of products from the catalyst1. In the 

conventional definition, a single-site catalyst contains functionally isolated active sites, such that 

reaction rates per active site are independent of their spatial proximity2. Single metal atoms 

incorporated into solid oxide supports are reported to follow this conventional single-site 

behavior in catalytic CO oxidation to CO23-5, selective hydrogenation6,7, and water-gas shift8,9. 

Here, we report that a nominally single-site catalyst10 operates by dynamic, reversible, and 

density-dependent (non-mean-field) interaction of multiple ionically tethered single sites, a 

behavior that lies outside the canonical definition of a single-site heterogeneous catalyst11. 

We discovered this phenomenon in the quest for a molecularly detailed model to unify 

the seemingly disparate observations of the catalytic function of copper-exchanged chabazite 

(Cu-CHA) zeolites, materials used in emissions control for the standard selective catalytic 

reduction (SCR) of nitrogen oxides (NOx, x = 1, 2) with ammonia12:  

4NO + 4NH.	+	O% → 4N% + 2H%O            (3.1) 

Chabazite is a small-pore zeolite composed of cages (8 × 8 × 12 Å) interconnected by 6-

membered-ring (6-MR) prisms and 8-membered ring (8-MR) windows (Figure X). Substitution 

of Si4+ by Al3+ within the framework introduces an anionic charge that is balanced by extra-

lattice cations. After Cu ion exchange and high temperature oxidation treatment, two isolated Cu 

site motifs are present: discrete CuII ions that balance two proximal Al centers and [CuIIOH]+ 

ions that balance single Al centers10,13,14. Under low temperature (<523 K) standard SCR 

conditions, ammonia coordinates to and liberates Cu ions from direct association with the zeolite 

support, and these solvated Cu ions act as the redox-active catalytic sites15. At typical Cu ion 

volumetric densities, standard SCR rates increase linearly with Cu density, as expected for a 

single-site catalyst. As shown below, however, experimental observations in the low-Cu-density 

limit reveal a portion of the catalytic cycle in which O2 activation by transiently formed Cu pairs 

becomes rate-limiting. These Cu pairs form from NH3-solvated Cu ions with mobilities restricted 
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by electrostatic attraction to charge-compensating framework Al centers, leading to catalytic 

function that is neither single-site nor homogeneous. 

Recognizing the intermediacy of this distinct catalytic state reconciles a number of 

controversies in Cu-zeolite SCR catalysis, including the role of the zeolite support in the 

catalytic mechanism, the sensitivity of SCR rates to Cu density under different conditions of 

observation, the extent to which standard and the closely-related fast SCR cycles16 are connected 

via common intermediates, the chemical processes that limit low-temperature NOx SCR 

reactivity, and the origins of the apparent change in mechanism at elevated temperatures. These 

observations provide insight into the design of improved catalysts for SCR. More broadly, they 

reveal a distinct class of catalytic materials characterized by partially mobile ions that 

dynamically and reversibly form multinuclear active sites, a concept that may be exploited for a 

wide variety of reactions. 

 Results and Discussions  

3.4.1 Turnover Rates Depend on the Spatial Density of Single Cu Sites 

In order to assess the catalytic consequences of Cu ion density, we prepared a series of 

Cu-CHA samples with fixed framework Al composition (Si/Al = 15) and Cu/Al content ranging 

from 0.04 to 0.44 (synthesis methods and characterization data in appendix B section B1, figures 

B1-B4, and tables B1-B2), corresponding to Cu volumetric densities (ρCu) from (0.3 to 4.2) × 10-

4 Cu Å–3. We denote samples as Cu-CHA-X, where X indicates the mean Cu-Cu distance (in Å) 

assuming a homogeneous Cu distribution (appendix B, table B2). Mean Cu-Cu distances vary 

from 40.7 to 16.6 Å from the least to most heavily Cu-exchanged samples, and the highest Cu 

loading corresponds to approximately one Cu ion per three chabazite cages (Figure 3.1A). 

We observed that SCR rates increased linearly with Cu density at ρCu >1.9 × 10-4 Å-3 

(Figure 3.1B), as would be expected for a reaction catalyzed by isolated Cu sites. Turnover rates, 

apparent reaction orders and apparent activation energies (appendix B, table B3) are consistent 

with values reported for high Cu density Cu-CHA samples17,18. In contrast, standard SCR rates 

vary quadratically with Cu density below ρCu < 1.13 × 10-4 Å-3.  All kinetic quantities are 

consistent with those reported for Cu-dilute Cu-CHA samples (Si/Al = 4.5, Cu/Al < 0.0217; Si/Al 

= 6, Cu/Al < 0.0318). We show below that these two kinetic regimes, characterized by distinct 
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kinetic parameters, reflect different rate-controlling elementary steps and prevalent reactive 

intermediates during steady-state NOx SCR. 

 
Figure 3.1 Cu-density dependence of SCR rates. (A) The CHA cage  and schematic 
representation of the Cu ion densities per CHA cage in samples a and g. (B) Standard NOx SCR 
rates (per volume catalyst, 473 K, measured in a differential reactor using a gas mixture 
representative of practical low-temperature application, including 2.5% H2O, details in appendix 
B section B2) and apparent O2 orders measured on Cu-CHA-X samples (Si/Al = 15, table B3) of 
increasing Cu ion density. Colored line is a visual guide; regression fits to the quadratic (R2=0.99) 
and linear (R2=0.99) kinetic regimes are detailed in appendix B section B2. 
 

To probe the mechanistic origins of this change in kinetic behavior, we used x-ray 

absorption near-edge structure (XANES) spectroscopy to quantify Cu oxidation state during 

steady-state standard SCR in operando. Figure 3.2 and table B4 (appendix B) report the steady-

state CuI fraction obtained by XANES fitting (procedure detailed in appendix B section B3) as a 

function of Cu density for three samples in Figure 3.1 (Si/Al = 15) and seven other Cu-CHA 

zeolites (Si/Al = 4.5, 15, 25, table B4 in appendix B). Consistent with prior observation, the site-

isolated CuII ions observed ex situ evolve into a mixture of CuI and CuII ions during standard 

SCR catalysis, indicative of redox cycling between CuI and CuII oxidation states coupled with 

the SCR catalytic cycle12. The CuII → CuI half-cycle (Figure 3.2, inset) is accepted to occur on 

site-isolated CuII, to consume one equivalent of NO and NH3 per CuII, and to produce N2 and 

H2O15,16. 

The inverse relationship between steady-state CuI fraction and Cu volumetric density 

(Figure 3.2) is inconsistent with the behavior expected of a single-site catalyst, for which the 

active site oxidation state should depend only on the reaction conditions and temperature. The 
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XANES data show that CuI is the minority oxidation state at the highest Cu density and smallest 

mean Cu-Cu separations (< ~15 Å) during steady-state catalytic operation, but that its proportion 

increases with decreasing Cu density to the point that it becomes the majority oxidation state in 

the most dilute sample (mean Cu-Cu distance ~29 Å). In this dilute limit, the operando XANES 

and extended X-ray absorption fine structure (EXAFS) spectra become indistinguishable from 

those of a CuI-CHA sample reduced in situ or of CuI(NH3)2 in aqueous solution (figure B5, table 

B4 in appendix B)10. This observation suggests that CuI → CuII oxidation rates increase with Cu 

ion density and implies non-single-site behavior in the oxidation half-cycle, a process that is not 

well understood mechanistically beyond the observation that it consumes O212.  

 
Figure 3.2 Cu-density dependence of operando Cu oxidation state. The dependence of CuI 
fraction on Cu ion volumetric density during steady-state standard SCR at 473 K was measured 
by XANES (details in appendix section B3). Data points include samples a, f and g shown in Fig. 
1 (Si/Al = 15, filled squares), samples at Si/Al = 4.5 and Si/Al = 25 (open squares), and 
comparable literature data (open circle21, Si/Al = 16,  and open triangle Ref17, Si/Al = 4.5). Inset 
shows NH3-solvated, isolated CuI and CuII species previously observed and computed10 to be 
present during standard SCR at 473 K. Grey = Cu, green = Al, yellow = Si, red = O, blue = N 
and white = H. The colored arrow is a visual guide; error bars represent the absolute 5% 
uncertainty from linear combination XANES fitting (details in appendix section B3). 
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The coordination states of site-isolated CuI and CuII ions under standard SCR conditions 

at 473 K have been explored previously in detail10. X-ray absorption10 and emission20,21 

spectroscopy and density functional theory (DFT)-based models10 (including ab initio 

thermodynamic phase diagrams in figures B17-B18, appendix B) show that NH3 outcompetes 

other gases present under standard SCR conditions, including H2O, for binding at both CuI and 

CuII ions, which are respectively two- and four-fold coordinated. Consistent with these findings, 

the standard SCR reaction rate is zero-order with respect to water pressure (1%-10% atm; figure 

B19 in appendix B). Schematic illustrations of the most probable coordination states of CuI and 

CuII ions under these conditions are shown in the inset to Figure 3.2. 

 In the high Cu-density samples (Figure 3.2, c - g), the first-shell Cu coordination number 

(CN) derived from operando EXAFS is three, consistent with the expectation for a nearly 

equimolar mixture of CuI and CuII 10(appendix B, table B4). The CN decreases to two in the fully 

reduced (Figure 3.2, a - b), lowest Cu-density samples, consistent with site-isolated CuI(NH3)2 as 

the most abundant reactive intermediate present during steady-state standard SCR. In this limit, 

the SCR turnover rate is solely limited by the CuI → CuII half-reaction. The increase in apparent 

O2 reaction order from 0.3 to 0.8 with decreasing Cu density reinforces the increasing kinetic 

relevance of the CuI → CuII half-cycle as Cu becomes more dilute (Figure 3.1). This change also 

corresponds with the transition from a first-order to a second-order dependence of SCR rate on 

Cu ion density (Figure 3.1,18). From these observations, we conclude that the kinetically relevant 

O2-consuming step in the oxidation half-cycle is sensitive to Cu density. 

3.4.2 CuI Site Density Requirements Differ for Oxidation with O2 and NO2. 

To probe the coupled roles of O2 and Cu density in the oxidation half-cycle, Cu-CHA-15, 

Cu-CHA-20, and Cu-CHA-29 (Figure 3.2, h, c, a) were first reduced to the CuI state in flowing 

NO and NH3 (details in appendix B section B3, figures B6-8)10. Then, samples were held under 

flowing O2 and the transient evolution of the Cu oxidation state was monitored using XANES. 

The CuI fraction decayed in the presence of O2 at different rates on the three samples (Figure 3.3 

A), and significant and different fractions of CuI persisted at steady-state (appendix B, table B6).  

The dependence of the transient oxidation state response on Cu density suggests some 

underlying spatial requirements for CuI(NH3)2 ions to react with O2. After exploring various rate 
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laws, we found that an expression that is second-order in total CuI density [CuI](t) and offset by a 

recalcitrant fraction of CuI, [CuI]∞, fits the data most satisfactorily (R2 = 0.99 (a), 0.98 (c), and 

0.99 (h); details in appendix B section B4). Normalizing to the initial CuI density, [CuI]0, the 

integrated rate law becomes: 

                 (3.2)                   

 

where k is a pseudo-homogeneous second-order rate constant for disappearance of CuI.  Solid 

lines in Figure 3.3 A denote best fit regressions of the data to equation 3.2. Fitted k values of 

(1.0, 1.7, 8.2) × 10-4 m3 mol Cu-1 s-1 for Cu-CHA-29, Cu-CHA-20 and Cu-CHA-15, respectively 

increased systematically with Cu density. The variation in k demonstrates that all the reaction 

sites are not kinetically equivalent. Further analysis below suggests that the oxidation kinetics 

cannot be faithfully captured by a mean field model. 

 
Figure 3.3 Kinetics of CuI oxidation by O2 (A) Temporal evolution of the XANES-measured CuI 
fraction is plotted for the Cu-CHA-29 (a, red) Cu-CHA-20 (c, blue) and Cu-CHA-15 (h, black) 
samples during transient oxidation in 10% O2 at 473 K. Least-squares fit to equation 3.2 is 
shown by solid lines and predicted recalcitrant CuI fractions shown as horizontal bars.  [CuI]∞ 
was set by forcing the fit through the last (longest time) data point; [CuI]0 was set to 1 (full 
details in appendix B section B4). The CuI fractions reported contain an absolute 5% error from 
linear combination XANES fits (details in appendix B section B3) Left inset: EXAFS spectra of 
Cu-CHA-15 collected before O2 exposure and after the transient experiment. (B) Snapshots 
taken from simulated initial (Time = 0) and final (Time → ∞) CuI spatial distributions 
corresponding to the three samples (a, c, h) in panel (A). CuI volumetric footprints denoted by 9 
Å radius green spheres.  Simulation results include decomposition of unoxidized CuI fraction 
into physically isolated (Iso) and functionally isolated (MC) components.  

CuI Fraction =
[CuI](t)

[CuI]0
=

1� [CuI]1/[CuI]0

1 + 2k
�
[CuI]0 � [CuI]1

�
t
+

[CuI]1

[CuI]0
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This second-order Cu dependence suggests a pseudo-bimolecular reaction between two 

CuI(NH3)2 ions and O2 during the transient experiment: 

              (3.3) 

Oxygen-bridged Cu dimers are well known in Cu-zeolite chemistry22-24 and find analogies in the 

biological chemistry of Cu that prevails at lower temperatures25-30. These dimers can adopt 

various oxygen-bridging configurations26,31. To probe the plausibility of this reaction between 

two caged CuI(NH3)2 centers, we turned to DFT (computational details in appendix B section 

B5).     

We first considered the energy landscape for two CuI(NH3)2 ions to occupy the same 

CHA cage. Starting from two CuI(NH3)2 ions in adjacent cages that share an Al T-site vertex 

(Figure 3.4 (A)), the computed barrier for one CuI(NH3)2 to diffuse through an 8-MR window 

into the adjacent CuI(NH3)2-containing cage (B) is 35 kJ mol-1, consistent with prior estimates of 

CuI(NH3)2 diffusion barriers into an empty cage10,32.  The net pairing cost is 23 kJ mol-1. Thus, 

transport between adjacent Al-sharing cages is expected to be facile at temperatures of catalytic 

interest. Two CuI(NH3)2 ions bind O2 more effectively (-59 kJ mol-1) than does an isolated 

CuI(NH3)2 (-26 kJ mol-1) (table B10, figure B14 in appendix B), and the O2 binding energy more 

than offsets the energy cost for two CuI(NH3)2 to cohabit the same cage. Initial reaction likely 

generates the end-on spin triplet species shown in Figure 3.4 (C), and further rearrangement and 

dissociation of O2 across two CuI centers ultimately leads to the di-oxo structure E, containing 

two four-fold-coordinated CuII centers. Conversion of structure (C) into (D) is spin-forbidden; 

the effective barrier in similar ligand environments is estimated to be 20 kJ mol-1 25. Subsequent 

conversion of (D) to (E) occurs with a modest barrier. The rate-limiting process across this entire 

cascade (A to E, Table B9 in appendix B) is the migration of CuI through the 8-MR; beyond that 

point, reaction energies are computed to be independent of the zeolite cage. Thus, the primary 

role of the zeolite support in this oxidation process is to regulate CuI mobility. 

2 [CuI(NH3)2] + O2 ��! [(NH3)2 Cu
II�O2�CuII(NH3)2]
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Figure 3.4 Simulation of O2 adsorption and oxidation of 2 CuI(NH3)2 equivalents. DFT-
computed energy landscape is shown for the diffusion of CuI(NH3)2 through an 8-MR CHA 
window into an adjacent cage and subsequent bimolecular reaction with O2. All minima and 
transition states were computed here, except C to D, which is taken from25. Grey = Cu, green = 
Al, red = O, blue = N and white = H. 
 

Structure E is consistent both with XANES-observed CuII oxidation state and with the 

first and second-shell features extracted from EXAFS (Figure 3.3A, inset, appendix B figures 

B9-11) at the end of the transient O2 oxidation experiment. Thus, experiment and computation 

both reveal a second CuII state of the catalyst, distinct from framework-bound CuII observed after 

oxidative treatments and from NH3-solvated CuII detected during low temperature standard 

SCR10,21. Exposure of samples to NO and NH3 at 473 K following the transient O2 oxidation 

experiments reduces all sites to the original mononuclear CuI state, demonstrating that the SCR 

redox cycle can be closed through sequential stoichiometric reactions (section B6, figure B12 in 

appendix B). Further, subsequent O2 treatment recovers the same transient response and the same 

fraction of CuI sites that are unresponsive to O2 exposure (appendix B, table B7), indicating that 

CuI ions do not irreversibly aggregate during O2 exposure, but return to their original site-

isolated state after each reduction step.  

To verify that the residual CuI fraction did not represent a physically inaccessible or 

chemically distinct site, transient O2 experiments were compared with an analogous transient 

NO2 experiment (details in appendix B, section B3) on reduced forms of the same three samples 

E
ne

rg
y 

(k
J 

m
ol

-1
)

-30

-20

-10

0

10

20

30

40

C
u O

xidation S
tate

1.25

1.50

2.00

1.00

S3 to S1

(A)

(B)

-40

-50

-60

(C)
(D)

(E)Reaction Coordinate



110 
 

(appendix B, figures B6-8). After NO2 exposure at 473 K, the CuI fraction decayed with time as 

in the O2 experiment, but the CuI absorption edges disappeared completely after ~300 s. Further, 

the decrease in CuI fraction with time is best described (R2 = 0.98 (a), 0.98 (c), and 0.89 (h); 

details in appendix B, section B4) by a pseudo-first order rate expression with apparent rate 

constants (0.030 s-1) that are independent of Cu density (appendix B section B4, figure B13). 

Thus, all CuI sites are equivalently susceptible to oxidation by NO2. We compute the reaction 

energy for NO2 binding to CuI(NH3)2 to be –46 kJ mol–1 and to generate a CuII center (section 

B5, figure B14, table B10 in appendix B). 

We conclude that the spatial proximity of isolated CuI ions, and not the presence of 

minority dimeric Cu species at low Cu densities, is responsible for the transition in the standard 

SCR turnover rate from a quadratic to linear dependence on Cu ion loading with increasing Cu 

density (Figure 3.1B). The steady-state and transient experiments and DFT models are consistent 

with a CuI → CuII half-cycle that combines two CuI(NH3)2 complexes with one O2 molecule to 

create a previously unobserved binuclear CuII intermediate (equation 3.3, Figure 3.4).  

The available data exclude the possibility that O2 activation occurs on a persistent 

minority fraction of Cu ion pairs within single zeolite cages33. First, the fraction of isolated 

CuI(NH3)2 complexes that could be reversibly oxidized with O2 (Figure 3.3A) exceeds by 10-fold 

the fraction of Cu pairs within a single cage if Cu were randomly dispersed on the zeolite support 

(section B7, figure B15 in appendix B). Second, steady-state and transient rates of CuI oxidation 

with O2 would exhibit a first-order dependence on Cu density, as observed with NO2 as the 

oxidant. Rather, these results imply a pseudo-homogeneous reaction between equivalent site-

isolated CuI ions with mobilities constrained in a manner that limits the total fraction of sites 

reactive toward O2.  

3.4.3 Solvation by Ammonia Confers Mobility to Single Cu Ions 

To assess the mobility of CuI(NH3)2 complexes over timescales inaccessible to 

conventional ab initio molecular dynamics, we turned to ab initio metadynamics (appendix B 

section B8), taking Cu-Al coordination distance as the collective variable, employing a supercell 

with a minimum image distance of >10 Å (appendix B, section B8), and sampling at 473 K. Free 

energy was minimized at a Cu-Al distance of 4.7 Å and increased with Cu-Al separation until the 
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Cu ion entered an 8-MR window separating two cages, at 8 Å (Figure 3.5). Free energy 

decreased as the Cu ion moved into the adjacent cage, before increasing again as the Cu-Al 

distance exceeded 9 Å. Comparison with a point-charge model indicates that electrostatics 

dominate this distance-dependent free energy (section B9 in appendix B, Figure 3.5). From the 

computed free energy landscape, we estimate the hopping rate for a CuI(NH3)2 to leave its resting 

cage to be 6 × 106 s-1 at 473 K, much faster than steady-state SCR turnover rates (appendix B, 

table B3), and the equilibrium fraction of Cu ions outside their resting cage to be 1.4 ×10-5 at 473 

K.  

 
Figure 3.5 Simulated CuI(NH3)2 diffusion up to 11 Å from charge-compensating Al. The free 
energy profile is projected on the Cu-Al distance of CuI(NH3)2 in the 72-T-site CHA supercell 
for reactant state (CuI(NH3)2 in the same cage as Al) (1), transition state (CuI(NH3)2 diffusion 
through 8-MR) (2) and product state (CuI(NH3)2 in the neighboring cage without Al) (3). 
CuI(NH3)2 configurations at different states are superimposed in the inset. Grey = Cu, green = Al, 
blue = N and white = H. The red line is the energy profile predicted from a point-charge 
electrostatic model, described in appendix B section B9. 

 

CuI(NH3)2 migration is thus rapid at 473 K, but constrained by electrostatic tethering to 

charge-compensating framework Al sites. We next used this concept to predict the unoxidized 

fraction of CuI(NH3)2 in the transient O2 experiments (Figure 3.3A), assuming that Cu ions are 

randomly associated with Al in the CHA lattice, that each Cu can access a limited diffusion 

volume, and that only CuI ions with overlapping diffusion volumes can form an O2-bridged Cu 

pair (Figure 3.4). To exercise the model, we distributed Al onto a periodic super-cell of the CHA 

lattice following Löwenstein’s rule34, occupied sites with Cu following previously validated 

rules10 , counted the number of overlapping diffusion spheres at a given radius (Figure 3.3B, t = 
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0) permitting each Cu to be counted only once, and repeated until the average unoxidized CuI 

fraction converged (section B10 in appendix B and figure B16). At the end of a single 

simulation, the unoxidized CuI fraction consisted of Cu ions that were either initially physically 

isolated from all other Cu (Iso) or were functionally isolated because they shared overlapping 

diffusion volumes with Cu ions that had more than one potential partner, the losers in a 

molecular game of musical chairs (MC). Representative initial and final simulation snapshots are 

shown in Figure 3.3B, for Cu densities corresponding to Cu-CHA-15, Cu-CHA-20 and Cu-

CHA-29, and the predicted fraction of unoxidized CuI assuming a diffusion radius of 9 Å are 

plotted as solid horizontal bars in Figure 3A. Model results agree quantitatively with both 

experimental observation and the metadynamics observation of a ~9 Å maximum diffusion 

distance, implying that the Cu sites are neither conventionally heterogeneous (immobile) or 

homogenous (mobility governed by molecular diffusion), and demonstrating that the fraction of 

spectator [CuI]∞ sites is a consequence of regulated and localized mobility due to electrostatic 

tethering. 

These observations resolve the outstanding issues regarding SCR catalysis raised in the 

introduction. NH3 solvates and mobilizes discrete Cu active sites under low temperature SCR 

conditions. When the activation of O2 is not rate-controlling, NH3-solvated Cu ions appear 

catalytically equivalent, such that rates increase linearly with their number density. In this regime 

the zeolite framework itself has only a weak influence on the SCR turnover rate10, because it 

functions primarily as an ionic host for homogeneous-like NH3-ligated CuII complexes. 

Experiments performed on samples with low Cu density revealed, however, that a homogeneous 

picture of the SCR mechanism is incomplete.  
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Figure 3.6. Proposed low-temperature SCR catalytic cycle. Reduction steps proceed on site-
isolated CuII ions residing near one (left outer circle) or two (right outer cycle) framework Al 
centers with constrained diffusion of CuI ions into single cages and oxidation by O2 (inner step). 
NH4+ is formed and consumed in the right-hand cycle to maintain stoichiometry and charge 
balance. Grey = Cu, yellow = Si, red = O, blue = N and white = H. 
 

Simulations reveal that NH3-solvated CuI ions have sufficient mobility to travel through 

8-MR CHA windows, to visit adjacent cages, and to form Cu site pairs that activate O2 via 

equation 3.3. Because of this requirement for dynamic Cu pairing, SCR rates scale 

approximately second-order with Cu density under conditions in which the CuI → CuII oxidation 

by O2 is rate-determining, consistent with quantitative analysis of the transient oxidation of CuI 

with O2. In contrast with previous assertions35, binuclear CuII intermediates can be detected 

experimentally and are structurally distinct from the mononuclear NH3-solvated CuII observed in 

operando10,21, and the number of such binuclear sites that can form on a given Cu-CHA sample 

can be quantitatively predicted. These results motivate a revision of previous mechanisms to 

incorporate this dynamic coupling of isolated Cu ions, as illustrated in Figure 3.6. Isolated, NH3-

solvated CuII ions charge-compensating either one (left cycle) or two (right cycle) framework Al 

sites are reduced by NO and NH3 to produce N2, H2O, and CuI(NH3)2. These two paths are 

distinguished only by the fate of the proton that is also generated10. Mobile CuI(NH3)2 species 
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can diffuse and combine in a reaction that consumes O2 and generates the CuII dimer 

intermediate observed here. We confirmed that this binuclear CuII complex reacts with two 

equivalents of NO per Cu (section B6 and figure B12 in appendix B) to regenerate CuI(NH3)2 

and close the SCR cycle. 

A key aspect of our model is that Cu ions supported on the zeolite are neither mobile as 

prescribed by molecular diffusion processes, as in a homogeneous catalyst, nor segregated into 

separate ensembles of active and inactive sites, as in a heterogeneous catalyst. Rather, all Cu ions 

located within diffusion distances of other ions can potentially form Cu pairs dynamically and 

reversibly during the SCR cycle, at rates influenced by the mobility and effective diffusion 

distances of Cu ions. Thus, rates of O2-assisted oxidations are sensitive to Cu proximity and 

could also be sensitive to the zeolite support composition and topology. In contrast, all NH3-

solvated CuI sites are equivalently susceptible to first-order oxidation by NO2, independent of Cu 

spatial density, and are subsequently reducible by NO and NH3. These observations demonstrate 

that fast SCR, in which oxidation capacity is provided by NO2 rather than O2 (equation 3.4) 

NO + NO% +2NH. → 2N% + 3H%O            (3.4) 

is not linked through a common intermediate to standard SCR under conditions in which Cu sites 

are NH3-solvated16. NO2 oxidants accelerate SCR rates both by accelerating CuI oxidation 

kinetics and by engaging a larger fraction of Cu sites in the catalyst.   

At higher temperatures (>523 K), standard SCR rates are independent of Cu density12,18, 

the apparent activation energy increases to 140 kJ mol-1 18 , and Cu ions lose their NH3 solvation 

shell12, implicating the involvement of different O2 activation steps that do not occur at the Cu 

ion pairs formed dynamically at lower temperatures (<523 K). Of greater practical importance to 

NOx emissions control is to increase SCR rates at even lower temperatures (<473 K)12. The 

results here imply that standard SCR onset (“light-off”) temperatures, which are observed to 

depend on zeolite composition, topology, and Cu distribution36, are sensitive to changes in rate-

determining O2 activation steps  Thus, optimization of Cu spatial distribution or promotion of Cu 

mobility are promising strategies for accelerating CuI oxidation rates and improving low-

temperature SCR catalysts.  
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 Conclusions  

Some vital details related to low temperature NH3-SCR of NOx are seemingly elusive and 

controversial, including and a molecular-level detailed reaction mechanism, which could 

reconcile seemingly disparate observations. These observations include the role of the zeolite 

support topology and composition in the catalytic cycle, the different sensitivity of SCR rates to 

Cu concentration under different conditions, if standard and fast SCR cycles are connected via 

some common intermediates, reaction steps that limit low-temperature SCR reactivity, and the 

reasons behind apparent change in reaction mechanism at high temperatures. In chapter 2, we 

demonstrated that NH3 solvates and mobilizes Cu active sites at low temperature (473 K) SCR 

conditions. In the kinetic regime, when the CuII®CuI reduction half-cycle is rate-limiting, NH3-

solvation leads to all Cu ions appearing catalytically equivalent, and as a consequence, observed 

rates vary linearly with the concentration of Cu sites, as expected for a single-site reaction. In 

this CuII ® CuI reduction-limited kinetic regime, the primary role of zeolite support is to 

ionically tether NH3-solvated CuII complexes (homogenous-like), as the zeolite structure was 

found to only weakly influence the SCR turnover rate (per Cu)10. In this chapter, the experiments 

on samples with low Cu density showed that homogenous type behavior ([CuIIOH](NH3)3 near 1 

Al or CuII(NH3)4  near 2Al) is insufficient in explain the low Cu density observation. We showed 

that NH3-solvated CuI sites have sufficient mobility to travel through windows, visit adjacent 

cages, and form the CuII-dimer pairs, which is a prerequisite for activation with O2. When such 

CuII-dimer formation is difficult, CuI ® CuII oxidation becomes rate-limiting, as substantiated by 

observed second-order dependence of SCR turnover rate on Cu spatial density, second-order 

transient oxidation of CuI with O2 and spectroscopic identification of this dimeric Cu 

intermediate. Additionally, it can be concluded that NH3-solvated CuI sites are neither infinitely 

mobile, as in a homogeneous catalyst, nor segregated into separate ensembles of active and 

inactive sites, as might be expected in a heterogeneous catalyst. Cu sites are required to be within 

diffusion distances of another Cu to be able to pair dynamically and reversibly during the SCR 

cycle, at rates that are influenced by the mobility and effective diffusion distances of Cu ions. 

Therefore, the rates of such dynamic oxidation processes are sensitive to Cu spatial density and 

would be expected to be sensitive to the zeolite support composition and topology.  
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 Outlook 

The results here point to a previously unrecognized catalytic mechanism that embodies 

salient features of homogeneous and heterogeneous catalysts. This mechanism encompasses 

solvent mobilization of discrete active site precursors (e.g., single metal ions) and ionic bonds to 

the support that limit their mobility. The active site precursor has an effective diffusion distance 

and occupies a volumetric footprint that restricts its interactions only to other precursors within 

overlapping volumes; such catalytic behavior cannot be described by mean-field, Langmuir 

kinetics. The ionic tethering motif provides opportunities to confer catalytic benefits beyond 

immobilization strategies based on covalent anchors or tethers. This motif enables the in situ 

dynamic generation of multinuclear complexes implicated as active sites in O2 activation, and 

therefore could also apply to other reactions, such as the partial oxidation of methane to 

methanol on Cu-zeolites. We expect that design parameters to regulate the mobility of active 

sites and their precursors would include the structure, composition and electronic conductivity of 

the support, and the molecules that solvate such sites to promote their mobility. Manipulating 

these variables could open approaches to catalyst design for a wide variety of reactions by 

combining knowledge from homogeneous and heterogeneous catalysis. 
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4. CATALYTIC CONSEQUENCES OF REACTANT DIOXYGEN 
PRESSURE ON STANDARD SCR KINETICS OVER CU-SSZ-13  

 Preface 

Chapter 4 contains the most recent draft of a manuscript in preparation. This chapter 

explore varying reactant gas pressures to yield non-fractional orders and compare samples in the 

same kinetic regime. This approach allows for decoupling of various effects on measured overall 

SCR kinetics and isolate different active site requirements of various reaction steps during SCR 

reaction, enabling better interpretation of kinetic differences. 

 Abstract 

The low-temperature (<573 K) selective catalytic reduction (SCR) of NO with NH3 on Cu-

exchanged zeolites occurs via reactions catalyzed by NH3-solvated Cu ions, which are 

intermediates in a CuII/CuI redox cycle. SCR turnover rates are often measured under “standard” 

reaction conditions, in which O2 is used as the oxidant and present in concentrations (typically 3-

20% (v/v)) that cause both single CuII-site reduction and dual CuI-site oxidation steps to become 

kinetically relevant. As a result, “standard” SCR turnover rates on Cu-exchanged zeolites, 

normalized per isolated Cu ion, show a complex dependence on the spatial density of Cu ions, 

depending on the extent to which CuI oxidation and CuII reduction steps limit rates of the overall 

SCR cycle. Here, SCR kinetic parameters (apparent rate constants, activation energies, reaction 

orders) and in operando X-ray absorption spectra are measured on a suite of model Cu-CHA 

zeolites (Si/Al = 15) of varying extraframework Cu ion spatial density (Cu/Al = 0.08-0.44; rCu = 

0.07-0.42 per 1000 Å), under widely varying dioxygen pressures (0-70 kPa) in order to perturb 

the CuII/CuI redox cycle to operate in kinetic regimes limited predominantly by CuI oxidation 

and CuII reduction steps. SCR turnover rates show a Langmuirian dependence on dioxygen 

pressure, allowing estimation of apparent rate constants in first-order and zero-order kinetic 

regimes with respect to dioxygen. Apparent zero-order rate constants (per Cu) increase with Cu 

density up to a point, beyond which they become essentially invariant with Cu density, as 

increasing fractions of Cu ions are able to catalyze SCR redox cycles. Apparent first-order rate 

constants (per Cu) increase linearly with Cu density, consistent with the quadratic dependence of 
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O2-assisted CuI oxidation rates on Cu density. The combination of steady-state kinetic 

measurements with in operando spectroscopy provides a methodology to precisely quantify the 

dependences of SCR reduction and oxidation half-cycle rates on Cu-zeolite material properties, 

including the spatial density of extraframework Cu ions as shown here, and also the zeolite pore 

connectivity and its density and distribution of framework Al atoms. 

 Introduction 

Selective catalytic reduction (SCR) using ammonia is a strategy used for nitrogen oxides 

(NOX, x=1,2) abatement in diesel and lean-burn engine emissions control, in which Cu-CHA 

zeolite catalysts were implemented commercially a decade ago. Fundamental catalysis research 

has since focused on elucidating the kinetic and mechanistic details of NOX SCR with NH3 on 

Cu-zeolites to determine the underlying factors that become manifested as macroscopic 

observables in NOX conversion profiles with temperature [1], including the onset of the “light-

off” in NOX conversion at low temperatures (<473 K) and the “seagull” phenomenon describing 

the decrease in NOX conversion at intermediate temperatures (~623 K) [2–5]. SCR active sites 

are derived from isolated Cu cations that are exchanged at anionic framework sites introduced by 

Al substitution, including those present nominally as monovalent [CuIIOH]+ (ZCuOH) and 

divalent CuII (Z2Cu) sites that respectively charge-compensate one and two framework Al sites 

[1,6–8]. At low temperatures (<573 K) and SCR-relevant reaction conditions, ZCuOH and Z2Cu 

sites are fully solvated by NH3 ligands, as evidenced by phase diagrams constructed from first-

principles thermodynamic analyses of DFT-computed free energies of Cu-ligand complexes [6], 

by in situ X-ray emission spectra (XES) that show Cu-N coordination in both their oxidized 

(CuII) and reduced (CuI) states [7,9], and by in situ X-ray absorption near edge spectroscopy 

(XANES) and extended X-ray absorption fine structure (EXAFS) spectra of oxidized and 

reduced states of Cu-CHA samples that are indistinguishable from those for four-fold and two-

fold Cu-amine complexes [6,10], respectively.  

NH3-solvated Cu ions are reactive intermediates that propagate the CuI/CuII SCR redox 

cycle, and are present as cationic complexes that are bonded ionically to anionic framework 

centers, evident in the absence of coherent second-shell Cu-T (T = Si, Al) scattering in EXAFS 

spectra collected in operando [6] and of perturbations of zeolite framework T-O-T vibrations in 

diffuse reflectance IR (DRIFTS) spectra collected in situ [11]. NH3-solvated mononuclear CuII-
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amine complexes (CuII(NH3)4, CuII(OH)(NH3)3) are reduced by NO and NH3 via nitrosamine-

like transition states to form mononuclear CuI-amine complexes (CuI(NH3)2) according to DFT 

calculations of CuII reduction pathways, which are consistent with experimental observations 

such as the complete reduction of CuII ions upon exposure of Cu-CHA to flowing NO and NH3 

after O2 is removed from SCR reactant feeds [6,12]. Two mononuclear CuI-amine complexes 

(CuI(NH3)2) are subsequently oxidized with O2 to form NH3-solvated binuclear CuII-oxo 

complexes (e.g., (NH3)2CuII(O2)CuII(NH3)2) [2,13], consistent with DFT calculations of plausible 

dual-site CuI oxidation pathways with O2, and EXAFS spectra collected after the transient 

oxidation of CuI(NH3)2 sites with O2 that show second-shell Cu-Cu scattering at distances 

characteristic of binuclear Cu-oxo complexes [13]. Finally, NH3-solvated binuclear CuII-oxo 

complexes react with NO and NH3, via elementary steps whose details remain incompletely 

understood, to close the SCR catalytic cycle [13].  

Rates of NOx SCR reactions are often measured under “standard” conditions using 

dioxygen as the oxidant, the only practical option in automotive exhaust aftertreatment given its 

ubiquity in the ambient atmosphere, in which dioxygen is present in feed streams in amounts 

representative of those commonly present in diesel exhaust (3-20% (v/v)) [14]. SCR rates are 

also measured under “fast” conditions in which NO2 is present in equimolar amounts to NO, 

which allows bypassing O2-assisted oxidation steps involving two CuI(NH3)2 complexes with 

NO2-assisted oxidation steps of single CuI(NH3)2 complexes to form (NH3)2CuII(NO2-) [13], as 

often practiced to accelerate low-temperature “light-off” behavior [15–19]. Under “standard” 

SCR conditions, reaction rates (per volume catalyst) show a complex dependence on the spatial 

density of isolated Cu sites (per volume catalyst), increasing with a pseudo-quadratic dependence 

on Cu density at low Cu densities, and with a pseudo-linear dependence on Cu density at high Cu 

densities [20,21]. In operando X-ray absorption spectra (XAS) provide direct evidence that 

CuI(NH3)2 is the most abundant reactive intermediate (MARI), and in turn that CuI(NH3)2 

oxidation with dioxygen is the sole kinetically-relevant process in the kinetic regime wherein 

SCR rates increase quadratically with Cu density [13]. Quantitative modeling of stoichiometric 

O2-assisted oxidation of CuI(NH3)2 show that transient CuI oxidation are best described by a 

pseudo-second-order dependence on Cu density, and that the fraction of oxidizable CuI(NH3)2 

sites (in the asymptotic limit of long reaction times) increase systematically with Cu spatial 

density, implicating the involvement of two CuI(NH3)2 sites in O2-assisted oxidation steps [13]. 
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These findings suggest that two CuI(NH3)2 sites must be located within a given CHA cage in 

order for O2-assisted oxidation steps to occur, and are consistent with metadynamics simulations 

indicating that transport of CuI(NH3)2 species into an adjacent CHA cage through connecting 8-

MR windows is energetically feasible (<50 kJ/mol) with respect to apparent activation energies 

measured during steady-state SCR (50-70 kJ/mol) [13]. Yet, quantitative measurements that are 

able to distinguish between the number of Cu sites that participate in the CuII/CuI redox cycle, 

and the kinetics of elementary steps propagated by such Cu sites, is difficult when measured 

reaction rates are convoluted by the kinetic contributions of multiple elementary steps in the 

catalytic cycle, as is the case during “standard” SCR conditions [10,12,13,22]. 

 Here, the catalytic function of Cu-CHA zeolites is interrogated under SCR reaction 

conditions that enable isolating quantitative kinetic parameters that reflect rate constants in 

which CuII reduction or CuI oxidation become the dominant kinetically relevant processes. Since 

dioxygen is only involved in the CuI oxidation step of the SCR redox cycle, operating at dilute 

O2 pressures enable accessing conditions in which CuI oxidation becomes the dominant 

kinetically relevant step, and excess O2 pressures enable accessing conditions in which CuI 

oxidation steps appear to become kinetically irrelevant. As a result, steady-state SCR rates 

measured at conditions perturbed far from “standard” reaction conditions, in combination with in 

operando XAS to quantify the prevalence of CuII and CuI sites present during catalytic turnover 

under these conditions, enables measuring turnover rates in CuI oxidation-limited (i.e., dilute O2 

pressure) and CuII reduction-limited (i.e., excess O2 pressure) kinetic regimes. Apparent 

reduction and oxidation rate constants are determined from regression of rate data to an empirical 

model that describes the observed Langmuirian dependence on O2 pressure, and are compared to 

a kinetic rate equation derived from a simplified mechanistic model for the SCR reaction. This 

approach enables more accurately quantifying the influence of Cu ion spatial density in Cu-CHA 

on the kinetics of oxidation and reduction processes in the SCR redox cycle, and can be extended 

to quantitatively determine how changes to catalyst properties, including zeolite topology and 

framework Al density and arrangement, influence the fraction of active Cu ion sites and the rate 

constants of different elementary steps in the SCR cycle. 
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 Results and Discussion 

4.4.1 Evidence that both CuI oxidation and CuII reduction processes are kinetically 
relevant during steady-state SCR turnover 

In order to study the effects of Cu ion density on the CuI oxidation and CuII reduction 

processes that occur during steady-state SCR turnover, a series of Cu-CHA samples with fixed 

framework Al content (Si/Al = 15) and varied concentration of exchanged extraframework Cu 

ions (Cu/Al = 0.03 to 0.44) were synthesized, as done in our previous study [13]. The samples 

used in this study are summarized in Table 4.1 (synthesis methods and characterization data are 

reported in Appendix B: Supplementary Materials to Chapter 3). Cu-CHA samples are denoted 

as Cu-CHA-X-Y, where X indicates the Si/Al ratio, and Y indicates the mean Cu volumetric 

density (per 1000 Å3) assuming a homogeneous Cu distribution throughout the crystallite volume 

(Appendix B: Supplementary Materials to Chapter 3). Mean Cu volumetric densities vary from 

0.07-0.42× 10–3 Cu Å-3 from the least to most heavily Cu-exchanged samples, corresponding 

respectively to approximately one Cu ion per sixteen to three chabazite cages. 

 

Table 4.1 Characterization data of the Cu-CHA samples used in this study. 

Cu-CHA-X-Y Si/Al Cu/Al Cu wt% Cu volumetric 
density  

(per 1000 Å3) 

Cu per 
CHA 
cage 

Number of 
cages per 

Cu 
Cu-CHA-15-0.07 15 0.08 0.5 0.07 0.06 17.3 
Cu-CHA-15-0.09 15 0.10 0.7 0.09 0.07 13.8 
Cu-CHA-15-0.11 15 0.12 0.8 0.11 0.09 11.5 
Cu-CHA-15-0.16 15 0.17 1.1 0.16 0.12 8.1 
Cu-CHA-15-0.18 15 0.19 1.3 0.18 0.14 7.3 
Cu-CHA-15-0.23 15 0.25 1.7 0.23 0.18 5.5 
Cu-CHA-15-0.30 15 0.32 2.0 0.30 0.23 4.3 
Cu-CHA-15-0.34 15 0.37 2.4 0.34 0.27 3.7 
Cu-CHA-15-0.42 15 0.44 2.9 0.42 0.32 3.1 

 
SCR reaction rates (per 1000 Å3, 473 K) measured at 1, 10 and 70 kPa O2 on these model 

Cu-CHA zeolites are shown in Figure 4.1a, with the corresponding CuI fraction measured during 

in operando XAS experiments at these O2 pressures shown in Figure 4.1b. SCR rates measured 

at 10 kPa O2 (Fig. 4.1a, blue circles), which are representative of typical “standard” SCR 

conditions, increase quadratically with Cu density at low rCu values (<0.2 Cu per 1000 A3), and 

gradually transition to increasing linearly with Cu density at high rCu values (>0.3 Cu per 1000 
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A3), consistent with prior reports [13,20]. The fraction of CuI present during steady-state SCR 

turnover at 10 kPa O2 (Fig. 4.1b, blue circles) decreases systematically with increasing Cu 

density, as dual-site CuI oxidation processes become less kinetically relevant and single-site CuII 

reduction processes become more kinetically relevant, as also reported previously [13]. At dilute 

rCu (<0.1 Cu per 1000 A3), in operando XANES and EXAFS spectra indicate that CuI(NH3)2 is 

the sole most abundant reactive intermediate (MARI). At these operating conditions and catalyst 

compositions, CuI oxidation with O2 becomes the dominant kinetically relevant step and thus 

SCR turnover rates depend quadratically on Cu density, as expected from dual-site requirement 

of CuI oxidation with O2 [13]. Taken together, these data indicate that low-temperature SCR 

reaction rates measured under “standard” reaction conditions (e.g., 10 kPa O2) are influenced by 

kinetics of both single-site CuII reduction and dual-site CuI oxidation processes, and become 

more sensitive to the kinetics of CuI oxidation with O2 with decreasing Cu density, because of 

the Cu spatial density requirements of this dual-site step in the SCR redox cycle. 
 

 

Figure 4.1 Left (a): Standard NOx SCR rates (mol NO per g catalyst, 473 K) measured on Cu-
CHA-X-Y samples under 1 kPa (red triangles), 10 kPa (blue circles) and 70 kPa O2 (green 
squares). Right (b): Steady state CuI coverage under 1 kPa (red triangles), 10 kPa (blue circles) 
and 70 kPa O2 (green squares) obtained from operando XAS as a function of Cu spatial density 
on a series of model Cu-CHA-15-Y samples. (Conditions: 300 ppm NO, 300 ppm NH3, 1/10/70% 
O2, 7% CO2, 3% H2O and balance He at 473 K) 



127 
 

The rates of CuII reduction and CuI oxidation in the SCR redox cycle, which must be 

equal during steady-state turnover, also depend on the apparent rate constants for these processes 

and the pressures of gaseous reactants involved. Since current mechanistic proposals involve 

dioxygen as a reactant only in the CuI oxidation step, varying the dioxygen pressure should 

enable changing the relative rates of CuII reduction and CuI oxidation processes, and in turn the 

extent to which they limit rates of the SCR redox cycle. Low-temperature SCR reaction rates 

(per 1000 Å3, 473 K) measured at 70 kPa O2 (Fig. 4.1a, green squares) are systematically higher 

than those measured at 10 kPa O2, and the fraction of CuI present in operando is systematically 

lower at 70 kPa O2 (Fig. 4.1b, green sqaures) than at 10 kPa O2, in the entire range of rCu on the 

Cu-CHA zeolites studied here, consistent with the preferential acceleration of rates of CuI 

oxidation steps over those of CuII reduction steps at higher O2 pressures. Furthermore, low-

temperature SCR reaction rates (per 1000 Å3, 473 K) measured at 1 kPa O2 on Cu-CHA zeolites 

(Fig. 4.1a, red triangles) are systematically lower than those measured at 10 kPa O2, and the 

fraction of CuI present in operando is systematically higher at 1 kPa O2 (Fig. 4.1b, red triangles; 

>0.85 among all samples) than at 10 kPa O2, in the entire range of rCu on the Cu-CHA zeolites 

studied here, consistent with the preferential deceleration of rates of CuI oxidation steps 

compared to those of CuII reduction steps at lower O2 pressures. SCR rates on Cu-CHA show a 

quadratic dependence on Cu density in a much wider composition range (rCu = 0.07-0.42 Cu per 

1000 Å3) at dilute O2 pressures (1 kPa O2) than at those typical of “standard” SCR conditions (10 

kPa O2) or excess O2 pressures (70 kPa O2).  

These data provide yet another reminder that the rate-limiting nature of CuI oxidation 

steps depend both on sample composition and reaction conditions, given the different kinetic and 

site requirements of dual-site Cui oxidation and single-site CuII reduction processes in the SCR 

redox cycle. CuI oxidation steps become increasingly kinetically relevant both as Cu ion density 

becomes more dilute, and as O2 pressure decreases. Yet, even at dilute but fixed (1 kPa) O2 

pressure, SCR rates are not solely limited by the rates of CuI oxidation steps, evident by the finite 

but small CuII fraction quantified by in operando XANES that also increases systematically with 

Cu spatial density (Fig. 4.1b). Thus, we next investigate the steady-state catalytic function of Cu-

CHA zeolites under widely varying O2 pressures, in order to isolate limiting kinetic behavior that 

allows decoupling the influence of CuI oxidation and CuII reduction on SCR redox cycles. 
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4.4.2 Dependence on SCR turnover rates on dioxygen pressure 

The SCR turnover rate (per Cu) on a representative Cu-CHA sample (Cu-CHA-15-0.23) 

as a function of dioxygen pressure is shown in Figure 4.2a, along with the corresponding fraction 

of CuI present at steady state measured using in operando XAS spectroscopy. Apparent reaction 

orders in dioxygen approach unity at low dioxygen pressures (<5 kPa), decrease systematically 

with increasing dioxygen pressure, and approach zero at high dioxygen pressures (>50 kPa). 

SCR turnover rates (per Cu) show a Langmuirian dependence on dioxygen pressure, according to 

the following empirical rate expression: 

 
 Dghi

[jk]
= 	 lmno

[cp]

lo>lm[cp]
 (4.0)  

 
where k1 is the apparent rate constant in the limiting kinetic regime that is first-order in dioxygen 

pressure, and k0 is the apparent rate constant in the limiting kinetic regime that is zero-order in 

dioxygen pressure. The corresponding fraction of CuI present at steady-state, measured in 

operando by XAS, is shown on the secondary axis in Figure 4.2a. In the first-order dioxygen 

pressure limit, Cu is present solely as CuI, consistent with dual-site oxidation of CuI(NH3)2 with 

dioxygen becoming the sole kinetically relevant process in this regime. The steady-state fraction 

of CuI decreases systematically with increasing dioxygen pressure, and asymptotically 

approaches a non-zero value in the zero-order dioxygen pressure limit. In this limit, CuII 

reduction processes, which are insensitive to the presence of dioxygen, are expected to be the 

sole kinetically relevant step. The presence of a finite fraction of CuI in the zero-order dioxygen 

pressure limit can be rationalized from our prior work [13], in which exposure of Cu-CHA 

samples in their CuI(NH3)2 states to dioxygen resulted in oxidation of only a fraction of the CuI 

(NH3)2 species present. The remaining fraction of CuI(NH3)2 complexes remained unoxidized 

either because they were physically or functionally isolated from other CuI(NH3)2 complexes, 

and thus unable to oxidize because of the dual-site requirement of this elementary step; in turn, 

such stranded CuI(NH3)2 complexes would nominally be unable to contribute to steady-state 

SCR catalytic turnover. 
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Figure 4.2 Left (a): Steady-state SCR rate (per mol Cu) and CuI coverage as a function of O2 
pressure on Cu-CHA-15-0.23 sample. Right (b): Steady-state SCR rate (per mol Cu) as a 
function of O2 pressure on a series of model Cu-CHA-15-Y samples (light green: Cu-CHA-15-
0.07, blue: Cu-CHA-15-0.11, yellow: Cu-CHA-15-0.16, orange: Cu-CHA-15-0.42, purple: Cu-
CHA-15-0.34, dark green: Cu-CHA-15-0.30, red: Cu-CHA-15-0.23), along with best-fit 
regressions of Eq. (4.0) to the data.  
 
 
 SCR rates (per Cu) as a function of dioxygen pressure on a series of model Cu-CHA 

samples with increasing volumetric Cu density (Table 4.1) are shown in Figure 4.2b. For all Cu-

CHA samples, SCR rates show a Langmuirian dependence on dioxygen pressure, according to 

Eq. (4.0). Apparent reaction orders and activation energies measured at fixed dioxygen pressure 

in the low (1 kPa O2) and high (70 kPa O2) dioxygen pressure limits are shown in Table 4.2. 

Measured kinetic parameters are consistent with previously reported values [6,13,20] that dual-

site CuI oxidation being the step that predominantly limits rates at 1 kPa O2 and CuII reduction 

being step that predominantly limits rates at 70 kPa O2. At low rCu (<0.25 Cu per 1000 A3), SCR 

rates in both the first-order and zero-order kinetic regimes increase systematically with Cu 

volumetric density. Above this threshold rCu value (>0.25 Cu per 1000 A3), SCR rates in both 

the first-order and zero-order kinetic regimes become invariant with Cu density. The similar 

values for apparent reaction orders and activation energies measured across the series of Cu-

CHA samples of varying Cu ion density (Table 4.2) indicate that all samples operate in similar 

kinetic regimes in the low and high O2 pressure limit, which are directly linked to CuI oxidation 
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and CuII reduction processes being steps that limit rates from in operando XAS spectra measured 

on Cu-CHA-15-0.23 (Fig. 4.2b). 

Table 4.2 SCR kinetic parameters measured on Cu-CHA-X-Y samples at low (1 kPa O2) and 
high (70 kPa O2) dioxygen pressures. 

 1 kPa O2
a 70 kPa O2

a 
Cu-CHA-X-Y O2 

orderb 
NO 

orderb 
NH3 

orderb 
Eapp

c   
(kJ mol-1) 

O2 
orderb 

NO 
orderb 

NH3 
orderb 

Eapp
c   

(kJ 
mol-1) 

Cu-CHA-15-0.07 0.9 0.1 -0.6 43 0.2 0.7 -0.2 65 
Cu-CHA-15-0.09 0.9 0.2 -0.5 45 0.1 0.8 -0.1 63 
Cu-CHA-15-0.11 0.9 0.2 -0.5 44 0.0 0.8 -0.1 64 
Cu-CHA-15-0.16 0.8 0.2 -0.5 48 0.2 0.8 -0.1 63 
Cu-CHA-15-0.18 0.8 0.2 -0.5 42 0.1 0.8 -0.1 66 
Cu-CHA-15-0.23 0.8 0.2 -0.5 50 0.0 0.8 -0.1 67 
Cu-CHA-15-0.30 0.7 0.2 -0.4 50 0.0 0.9 -0.1 65 
Cu-CHA-15-0.34 0.8 0.3 -0.4 52 0.0 0.9 0.0 65 
Cu-CHA-15-0.42 0.7 0.3 -0.5 50 0.0 1.0 0.0 75 

aOther reaction conditions: 0.03 kPa NO, 0.03 kPa NH3, 7 kPa CO2, 3 kPa H2O and balance He at 473 K. 
bErrors are ± 0.1. 
cErrors are ± 7 kJ/mol. 

4.4.3 A simplified kinetic model to identify the factors that influence apparent rate 
constants  

A complete set of elementary steps that describe the low temperature SCR mechanism is 

currently unknown, specifically those steps involving reactions of binuclear NH3-solvated CuII-

oxo complexes with NO and NH3 to form mononuclear NH3-solvated CuII complexes [13]. Thus, 

here we derive a simplified kinetic model for the SCR reaction rate based on lumped reaction 

steps that describe CuI oxidation and CuII reduction processes (Scheme 1), in order to determine 

how macroscopic properties (e.g., Cu spatial density, reactant pressures, temperatures) influence 

apparent first-order and zero-order rate constants. In the lumped CuI oxidation process, two 

mononuclear CuI species react with O2 to form a binuclear CuII-oxo complex (Cu2O22+), at a rate 

given by ro. In the lumped CuII reduction process, a binuclear CuII-oxo complex reacts with four 

equivalents of NO and NH3 to produce four and six equivalents of N2 and H2O, respectively, and 

two mononuclear CuI species at a rate given by rr.  
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Scheme 4.1 Simplified scheme for low-temperature SCR mechanism in which CuI oxidation and 
CuII reduction are modeled as lumped processes. Solvating ammonia ligands on active Cu 
intermediates not shown for simplicity. 

 

On a given Cu-zeolite sample prepared to contain nominally isolated ion-exchanged Cu sites, a 

site balance describing the Cu inventory during steady state catalysis can be written as: 

 [Cuqrq] = [Cu>] + 2[Cu%O%%>] + [Custr]  (4.1) 

where [Cutot] describes the total Cu concentration (per unit volume catalyst), [Cu+] and [Cu2O22+] 

the concentrations of mononuclear CuI and binuclear CuII sites that participate in the SCR cycle, 

and [Cuiso] is the concentration of Cu atoms that are physically or functionally isolated so as not 

to participate in the SCR cycle. A given Cu site can be physically isolated if there are no other 

Cu sites located within diffusion distances, which would preclude the formation of binuclear 

intermediates (Cu2O22+) altogether, or functionally isolated if an even number of Cu sites are 

located within diffusion distances, in which case not all Cu sites contained within this volume 

will be able to form binuclear intermediates during steady-state turnover of the SCR cycle [13].  

 

From this Cu site balance, ρ can be defined as concentration of Cu sites that are able to 

form binuclear Cu2O22+ intermediates during steady-state turnover of the SCR cycle: 

 ρ = [Cu>] + 2[Cu%O%%>]  (4.2) 

Eq. (4.2) can be rearranged to obtain an expression for the concentrations of mononuclear Cu+ 

and binuclear Cu2O22+ intermediates and present within the pool of reactive Cu intermediates: 

 [Cu>] = ρ − 2[Cu%O%%>]  (4.3) 
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 [Cu%O%%>] 	=
E

%
ρ − E

%
[Cu>]  (4.4) 

Since ρ accounts for the total number of Cu sites that participate in the SCR cycle, and the 

fraction of Cu+ sites that are already located within diffusion distances of each other so as to be 

able to form binuclear Cu intermediates, we can define γ as the concentration of possible 

binuclear complexes that can form from Cu+ intermediates: 

 γ = E

%
[Cu>]  (4.5) 

Substitution of Eq. (4.3) into Eq. (4.5) yields: 

 γ = E

%
ρ − [Cu%O%%>]  (4.6) 

Assuming constant temperature and NO and NH3 partial pressures, the following 

equations describe the rates of the lumped reduction and oxidation steps, assuming the simplest 

case in which rates of these lumped steps are proportional to the concentrations of their 

respective reactive intermediates: 

 rgxy = kgxy[Cu%O%%>]  (4.7) 

 rrC = krC[O%]γ  (4.8) 

Substitution of Eq. (4.6) into Eq. (4.8) yields: 

 rr = krC[O%] L
E

%
ρ − [Cu%O%%>]N (4.9) 

At steady-state, rates of the lumped oxidation and reduction processes are equal, and Eqs. (4.7) 

and (4.9) can be combined to write: 

 kgxy[Cu%O%%>] = krC[O%] L
E

%
ρ − [Cu%O%%>]N (4.10) 

Eq. (4.10) can be rearranged to obtain an expression for the steady-state concentration of 

binuclear Cu2O22+ intermediates: 

 [Cu%O%%>] =
znR{[cp]

%(nS|H>nR{[cp])
 (4.11) 

In the lumped reduction step (Scheme 4.1), 4 molecules of NO are consumed per cycle, so the 

steady-state rate of NO consumption (per volume) can be written as: 

 −rbc	 = 4rg =
%znS|HnR{[cp]

nS|H>nR{[cp]
 (4.12) 

This rate equation (Eq. (4.12)) in a rate normalized by total Cu content by dividing both sides of 

the equation by [Cutot] to yield: 

 Dghi
[jk}R}]

	 = %z~nS|HnR{[cp]

nS|H>nR{[cp]
 (4.13) 
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where ρ’ represents the fraction of total Cu that is contained within the active pool of Cu sites 

(i.e., those able to form binuclear intermediates): 

 ρ′ = z

[jk}R}]
 (4.14) 

Comparing Eq. (4.14) to the Langmuirian rate equation (Eq. (4.1)) that empirically 

describes experimentally measured NO consumption rates (473 K, per mol Cu) with varying O2 

pressure (0-70 kPa) yields the following expressions for the apparent first-order and zero-order 

rate constants: 

 kE = 2ρ′krC (4.15) 

 kÄ = 2ρ′kgxy (4.16) 

From this simplified kinetic model, the apparent first-order (Eq. (4.15)) and zero-order (Eq. 

(4.16)) rate constants measured on a given Cu-CHA sample should depend on the fraction of 

total Cu sites that are contained within its active pool of Cu sites (ρ’), which are those able to 

participate in SCR turnovers under the reaction conditions studied, and on its respective 

(reactivity ensemble-averaged) rate constants for CuI oxidation and CuII reduction. 

4.4.4 Dependence of apparent first-order and zero-order rate constants on Cu spatial 
density 

 Values of the apparent first-order (k1) and zero-order (k0) rate constants, determined by 

regressing the data in Figure 4.2b to Eq. (4.1), are listed for each sample in Table 4.3. The 

dependence of k0 on Cu spatial density in Cu-CHA is shown in Figure 4.3a. At low rCu values 

(<0.2 Cu per 1000 A3), k0 increases linearly with Cu density, while at high rCu values (>0.3 Cu 

per 1000 A3), k0 becomes independent of Cu density. The intrinsic rate constant for reduction 

(kred) of NH3-solvated CuII complexes in flowing NO and NH3 (473 K) was estimated from a 

series of transient XAS experiments performed on Cu-CHA samples of varying Cu spatial 

density (details in chapter 6).  

 

 

 

 



134 
 

Table 4.3 Apparent first-order (k1) and zero-order (k0) rate constants (obtained from steady state 
kinetics), along with and intrinsic oxidation (kox) and reduction (kred) rate constants (obtained 
from transient kinetics under XAS) on a series of Cu-CHA-15-Y samples used in this study. 

 CuI→CuII oxidation-limited regime CuII→CuI reduction-limited regime 
Cu-CHA-X-Y Apparent 

first-order 
rate constant  

(k1) 
(10-3 mol NO 
mol Cu-1 s-1) 

Expected 
first-order 

rate  
(10-3 mol NO 
mol Cu-1 s-1) 

Intrinsic 
oxidation rate 

constant  
(kox)  

(10-3 s-1) 

Apparent 
zero-order 

rate constant  
(k0) 

(10-3 mol NO 
mol Cu-1 s-1) 

Intrinsic 
reduction rate 

constant  
(kred)  

(10-3 s-1) 

Cu-CHA-15-0.07 0.47 4.70 13.00 4.77 -- 
Cu-CHA-15-0.09 0.78 7.80 10.00 6.23 19.00 
Cu-CHA-15-0.11 -- -- -- -- -- 
Cu-CHA-15-0.16 0.95 9.50 25.00 10.58 -- 
Cu-CHA-15-0.18 -- -- -- -- -- 
Cu-CHA-15-0.23 1.88 18.80 30.00 13.29 21.00 
Cu-CHA-15-0.30 2.45 24.50 47.00 13.30 -- 
Cu-CHA-15-0.34 2.52 25.20 45.00 13.12 -- 
Cu-CHA-15-0.42 3.04 30.40 43.00 13.29 20.50 

--: not measured 

For all Cu-CHA samples, the transient CuII reduction rate showed a first-order 

dependence on Cu concentration (Figure 4.3b), and the first-order rate constant for this reduction 

(0.019, 0.021 and 0.020 mol NO mol Cu-1 s-1) were independent of Cu spatial density, consistent 

with the single-site mechanism of NO and NH3-assisted co-reduction of mononuclear NH3-

solvated CuII sites [13]. Values of kred are plotted on the secondary ordinate of Figure 4.3a and 

are independent of Cu spatial density, with a horizontal dashed line shown at the average value 

of kred measured for all of the samples. Given that kred is independent of Cu spatial density, the 

dependence of k0 on Cu spatial density reflects the number of Cu sites that are turning over 

during steady-state SCR catalysis, as the term k0 contains the fraction of total Cu that is 

contained within the active pool of Cu sites (ρ’) (i.e., equation 4.16). Thus, analysis of apparent 

and intrinsic reduction rate constants enables more accurately quantifying the influence of Cu ion 

spatial density in Cu-CHA on the kinetics of reduction processes in the SCR redox cycle, and 

can be extended to quantitatively determine how changes to catalyst properties, including zeolite 

topology and framework Al density and arrangement, influence the fraction of active Cu ion sites 

and the rate constants of reduction steps in the SCR cycle. 
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Figure 4.3 Left (a): Apparent zero-order rate constants (k0) and intrinsic reduction rate constants 
(kred) obtained from transient XAS experiments on varying Cu spatial density Cu-CHA samples. 
Right (b): Temporal evolution of the XANES-measured CuII fraction during transient reduction 
of NH3-solvated CuII complexes in flowing NO and NH3 (473 K) on Cu-CHA-15-0.09 (blue), 
Cu-CHA-15-0.23 (green) and Cu-CHA-15-0.42 (orange), along with the best least-squares first-
order fit (w.r.t. CuII). 
 

The dependence of first-order SCR rate estimated as the product of first-order rate 

constant (k1) and [O2], on Cu spatial density in Cu-CHA is shown in Figure 4.4a. In the full 

range of rCu values studied (0.08-0.44 Cu per 1000 A3), k1 increases linearly with Cu density, 

consistent with the second-order dependence on Cu concentration of O2-assisted oxidation of 

NH3-solvated CuI sites [13]. The intrinsic rate constant for oxidation (kox) of NH3-solvated CuI 

complexes in flowing O2 (473 K) was estimated from a series of transient XAS experiments 

performed on Cu-CHA samples of varying Cu spatial density (details in chapter 6). For all Cu-

CHA samples, the transient CuI oxidation rate showed a pseudo-second-order dependence on Cu 

concentration, as reported previously [13], and the pseudo-second-order rate constant (kox) for 

this oxidation process (estimated as initial rate from CuI(NH3)2 oxidation transient with O2) 

increased systematically with increasing Cu spatial density (Table 4.3). Values of kox are plotted 

on the secondary ordinate of Figure 4.4b and show a similar dependence as k1 values (estimated 

at 10 kPa O2), reinforcing that the SCR kinetics is exclusively limited by dual site CuI → CuII 

oxidation. Similar dependence of both the k1 and kox on Cu spatial density suggests that number 

of Cu sites that are oxidizable and turning over during the steady-state SCR catalysis is constant 
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and invariable of Cu spatial density. Thus, analysis of apparent and intrinsic oxidation rate 

constants enables more accurately quantifying the influence of Cu ion spatial density in Cu-CHA 

on the kinetics of oxidation processes in the SCR redox cycle, and can be extended to 

quantitatively determine how changes to catalyst properties, including zeolite topology and 

framework Al density and arrangement, influence the fraction of active Cu ion sites and the rate 

constants of oxidation steps in the SCR cycle. 

 

 
Figure 4.4 Left (a): Apparent first-order SCR rate (estimated from first-order rate constants: k1) 
and transient CuI oxidation rate (estimated from intrinsic oxidation rate constants: kox) obtained 
from transient XAS experiments on varying Cu density Cu-CHA samples. Right (b): Temporal 
evolution of the XANES-measured CuI fraction during transient oxidation of NH3-solvated CuI 
complexes with O2 (473 K) on Cu-CHA-15-0.09 (light blue), Cu-CHA-15-0.11 (purple), Cu-
CHA-15-0.16 (grey), Cu-CHA-15-0.23 (yellow), Cu-CHA-15-0.30 (dark blue), Cu-CHA-15-
0.34 (green) and Cu-CHA-15-0.42 (black), along with the best least-squares second-order fit 
(w.r.t. CuI).  
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 Conclusions 

SCR reaction kinetics measured on a series of varying Cu spatial density Cu-CHA 

samples under typical gas conditions is representative of mixed kinetic regime, viz. CuI → CuII 

oxidation- and CuII → CuI reduction-limited regime, with increase in Cu spatial density resulting 

in increased kinetic relevance of CuII → CuI reduction. In order to measure the reaction kinetics 

exclusively in either CuI → CuII oxidation or CuII → CuI reduction-limited regime, CuII - CuI 

SCR redox cycle was perturbed by varying reactant dioxygen pressure. SCR rate (per mol Cu) 

vs. reactant dioxygen pressure follows a Langmuiran type behavior, where the SCR rate shows 

asymptotic behavior at low O2 (O2 order ~ 0.0, along with NO order ~ 1.0, NH3 order ~ 0.0) and 

high O2 (O2 order ~ 1.0, along with NO order ~ 0.0, NH3 order ~ -0.5). Low O2 limit was found 

to be representative of CuI → CuII oxidation  being the rate-limiting step, while high O2 limit was 

found to be representative of CuII → CuI reduction being the rate-limiting step.  

Apparent first-order  and zero-order rate constants were from regression of rate data to an 

empirical model that describes the observed Langmuirian dependence on O2 pressure, and are 

compared to a kinetic rate equation derived from a simplified mechanistic model for the SCR 

reaction., which are representative of CuI oxidation and CuII reduction-limited regime 

respectively. Furthermore, the intrinsic oxidation and reduction rate constants were obtained by 

measuring transient oxidation and reduction kinetics using XAS experiments. Analysis of 

apparent and intrinsic oxidation rate constants enables more accurately quantifying the influence 

of Cu ion spatial density in Cu-CHA on the kinetics of oxidation and reduction processes in the 

SCR redox cycle, and can be extended to quantitatively determine how changes to catalyst 

properties, including zeolite topology and framework Al density and arrangement, influence the 

fraction of active Cu ion sites and the rate constants of different elementary steps in the SCR 

cycle. 

 Methods 

4.6.1 Synthesis and Characterization 

4.6.1.1 Synthesis of H-CHA zeolites 

Synthesis of H-SSZ-13 zeolites with Si/Al 15 was done as previously reported in the 

above chapters 2 and 3. 
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4.6.1.2 X-Ray diffraction of CHA zeolites 

The CHA crystal framework was determined from powder X-ray diffraction (XRD) 

patterns collected as previously reported in the above chapters 2 and 3. 

4.6.1.3 Adsorption isotherms to measure micropore volumes of CHA zeolites 

Micropore volumes of CHA zeolites were determined from Ar adsorption isotherms 

measured as previously reported in the above chapters 2 and 3. 

4.6.1.4 Aqueous-phase Copper Ion-Exchange of H-SSZ-13  

Cu-SSZ-13 zeolites were prepared by aqueous-phase Cu ion-exchange as previously 

reported in the above chapters 2 and 3. 

4.6.1.5 Elemental Analysis using Atomic Absorption Spectroscopy 

Bulk elemental composition (Si, Al and Cu in H-CHA and Cu-CHA) was determined 

using atomic absorption spectroscopy (AAS) as previously reported in the above chapter 3. 

4.6.1.6 Cu site characterization and quantification 

Cu sites were characterized using Cu K-edge X-ray absorption near edge spectroscopy 

(XANES) and o UV-Visible spectroscopy as previously reported in the above chapters 2 and 3. 

Further enumeration of isolated CuII and CuIIOH sites on each Cu-CHA zeolite was determined 

after oxidative treatment (20% O2, 773 K) by quantifying the number of residual protons that 

remained after Cu exchange, as previously reported in the above chapter 3. 

4.6.2 X-ray Absorption Spectroscopy (XAS) 

More generic details about operando and transient X-ray absorption spectroscopy have 

been illustrated in above chapter 3. 

4.6.3 Differential Standard SCR Kinetics 

Selective catalytic reduction (SCR) kinetics were measured using a bench-top tubular 

quartz reactor system described elsewhere [24]. All samples were sieved to a obtain particle sizes 

between 125-250 µm and a bed height of approximately 2.5 cm was obtained by dilution with 
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silica gel. NO conversions were kept below 20% for all steady-state kinetic measurements to 

ensure that the entire bed was exposed to approximately the same gas concentrations, using a 

reactant gas mixture of 300 ppm NO (3.5% NO/Ar, Praxair), 300 ppm NH3 (3.0% NH3/Ar, 

Praxair), 7% CO2 (liquid, Indiana Oxygen), 1-70% O2 (99.5%, Indiana Oxygen), 2.5% H2O 

(deionized, 18.2 MΩ, introduced through saturator), and balance N2 (99.999% UHP, Indiana 

Oxygen) at 473K and 1 atm. The total gas flow rate was maintained at 1.5 L min−1. Outlet NO, 

NO2, NH3, CO2, and H2O concentrations were measured every 0.95s using on-board gas 

calibrations on an MKS MultigasTM 2030 gas-phase Fourier Transform Infrared (FTIR) 

spectrometer.  

In the differential NO conversion limit, the gas concentrations and catalyst bed temperature 

can be assumed constant, allowing the differential rate of NO consumption to be calculated using 

Equation (1): 

−ÅÇÉ = 	
ÑÖÜá,âäDÖÜá,ãåçé	

EÄÄÄÄÄÄ

èê̇çãçíì
îï

         (4.17) 

where ñ is the volume fraction of NO in ppm before and after the catalyst bedin ppm before and 

after the catalyst bed, ó̇òôòöõ is the total flow rate, P is 1 atm, T is ambient temperature, and R is 

the gas constant. The experimental data are fitted to a power law rate expression (Equation (2)) 

where úöùù (Equation (3)) is the apparent rate constant and û, , , δ, and ϵ are the apparent 

reaction orders with respect to concentrations of NO, NH3, O2, H2O, and CO2, respectively.  

−ÅÇÉ = úöùùüÇÉ† üÇ°e
¢ üÉp

£ ü°pÉ
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¶          (4.18)  

úöùù = ßÄ exp L−
´í,í¨¨
îï

N	         (4.19) 

All reported rates are free of external diffusion limitations (invariant of space velocity) and 

internal diffusion limitations, as seen from turnover rates being independent of crystallite sizes 

ranging from 0.5 to 2.5 microns [6,24,25]. The low values for δ and ε shown our previous work 

[26], show that product inhibition is negligible, validating the use of equation (1). 
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5. EXPLORING THE EFFECTS OF NH3 INHIBITION ON STANDARD 
SCR KINETICS OVER CU-SSZ-13  

 Abstract 

Herein, we suggest that NH3 inhibition is related to the CuI → CuII oxidation step of the 

low temperature (473 K) standard SCR reaction mechanism and inhibits rates above a certain 

partial pressure or NH3/NO ratio. Understanding the effects of changing gas composition on SCR 

rate is crucial to maximize the NOx conversion, as the catalyst is transiently exposed to 

fluctuations in gas concentrations during vehicle application. We use kinetic and spectroscopic 

characterization to study the range of NH3 concentration and Cu spatial density in which NH3 

inhibition is observed. Furthermore, we employ transient spectroscopic measurements to gain 

insight into the origin of NH3 inhibition effect. 

 Introduction 

Overall SCR of NOx with ammonia post-diesel engine exhaust is usually assumed as 

stoichiometric consumption of NO and NH3 in presence of oxygen to product nitrogen and water 

(standard SCR as shown below), as diesel exhaust NOx usually comprises of 90% NO1,2. 

4NO + 4NH. + O% → 4N% + 6H%O         (5.1) 

In presence of NO2, equimolar consumption of NO and NO2 in presence of NH3 also becomes 

important, as this has been suggested to occur much faster than standard SCR (fast SCR as 

shown below)3–6. 

NO + NO% + 2NH. → 2N% + 3H%O        (5.2) 

Also, there could be other side reactions, like NH3 oxidation at high temperatures as follows2,3: 

4NH. + 3O% → 2N% + 6H%O         (5.3) 

4NH. + 5O% → 4NO + 6H%O        (5.4) 
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Relative relevance of aforementioned reactions would depend on gas composition as well as 

temperature. Additionally, transient conditions during vehicle applications further results in more 

fluctuations in gas compositions and temperatures7. This necessitates investigation of standard 

SCR rate at varying gas compositions of NO, NH3 and O2 in order achieve highest NOx 

conversions and avoid NH3 slip8. Effect of changing NO and O2 concertation on standard SCR 

rate has been reported in our previous study as apparent reaction orders with respect to NO (200-

600 ppm) and O2 (5-20%) respectively9–11. It was seen that apparent reaction order with respect 

to O2 changes from 0.3 (with NO order ~ 0.9) to 0.8 (with NO order ~ 0.2) with decrease in Cu 

spatial density, representative of increase in kinetic relevance of CuI → CuII oxidation (involves 

O2) relative to CuII → CuI reduction (involves NO)11. However, variations in NH3 reaction order 

and the origin of observed NH3 inhibition (negative reaction order) was not well understood. 

Moreover, NH3 is one of the reactants in the SCR gas mixture which binds most 

favorably on Cu sites in Cu-SSZ-13 resulting in Cu sites to be predominantly covered with NH3 

during steady state catalysis10,12,13. Therefore, optimum inlet NH3 concentration would be the key 

to potentially help minimize excess NH3 inhibiting SCR reaction rate and avoid NH3 slip. It has 

previously indicated that NH3 inhibits the rate-limiting CuI → CuII oxidation step, as the 

transient monitoring of Cu oxidation state (XAS) and NO consumption showed that upon NH3 

cut-off from steady state SCR gas mixture, there was complete CuI → CuII oxidation (with 

NO+O2) and short-lived increase of NO conversion14. However, as shown previously that low 

temperature CuI → CuII oxidation requires only O2 activation and not NO+O211, above results 

showing NO+O2 oxidation of CuI → CuII cannot be directly translated into actual O2 oxidation of 

CuI → CuII during SCR. Therefore, detailed understanding of the cause/origin and effect of 

observed NH3 inhibition could help in optimization of NH3 concentration to maximize NOx 

conversion 

In order to investigate various causes behind NH3 inhibition, range of reactant NH3 

pressure and Cu loadings in Cu-SSZ-13 samples have been studied. To further probe the origin 

of this NH3 inhibition in low temperature reaction mechanism, effects of presence of reactant 

NH3 on kinetics of CuI oxidation (with O2) step while monitoring the changes in Cu oxidation 

state (with XAS) have been monitored. 
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 Results and Discussion 

In order to study the causes and effects of NH3 inhibition over a wide range of Cu spatial 

density, we use model Cu-SSZ-13 samples with varying spatial density of isolated Cu sites 

(present either as CuII  at paired framework Al sites or as [CuIIOH]+ at isolated Al sites) reported 

in our previous study11. These samples are denoted Cu-CHA-X-Y, where X refers to Si/Al and Y 

refers to the mean Cu-Cu distance in Å, as estimated assuming a homogeneous distribution of Cu 

throughout the zeolite crystallite volume as done in Paolucci et al.11. Relevant structural and Cu 

site characterization of these model samples are provided in Table 5.1, including bulk elemental 

analysis, the number of isolated CuII and [CuIIOH]+ sites (per Al), the concentration of Cu ions 

per crystallite volume, and the mean Cu-Cu distance. Additional details, including bulk structural 

characterization (XRD patterns, micropore volume, SEM images) and Cu site characterization 

(ex situ X-ray absorption, UV-Visible spectroscopy) can be found in our previous study11.  

 

Table 5.1 Elemental analysis, number of isolated CuII and [CuIIOH]+ sites (per Al), concentration 
of Cu ions per crystallite volume, and the mean Cu-Cu distance in oxidized CuII forms of model 
Cu-CHA-X-Y samples (X=Si/Al, Y = mean Cu-Cu distance). 

Si/Al Cu/Al CuII/Al* CuIIOH/Al* Cu / 1000Å3 
Mean Cu-Cu 
distance (Å) 

Sample 
Cu-CHA-X-Y 

15 0.03 0.03 0.00 0.03 40.7 Cu-CHA-15-41 

15 0.08 0.08 0.00 0.07 29.4 Cu-CHA-15-29  

15 0.10 0.09 0.35 0.09 27.2 Cu-CHA-15-27 

15 0.12 0.09 0.03 0.11 25.6 Cu-CHA-15-26 

15 0.17 0.09 0.08 0.16 22.8 Cu-CHA-15-23 

15 0.19 0.09 0.10 0.18 22.0 Cu-CHA-15-22 

15 0.25 0.09 0.16 0.23 20.1 Cu-CHA-15-20 

15 0.37 0.09 0.28 0.35 17.6 Cu-CHA-15-18 

15 0.44 0.09 0.35 0.41 16.6 Cu-CHA-15-17 
*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and [CuIIOH]+ 
siting in the SI11.	
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5.3.1 Observed NH3 inhibition effect 

Observed negative reaction order w.r.t NH3 (150-400 ppm NH3) in the low temperature 

(473 K) regime is referred to as NH3 inhibition. Typical NH3 reaction order plots shown in 

Figure 5.1. This NH3 inhibition effect or negative reaction order is generally observed for low Cu 

loading samples (< 0.35 Cu /1000Å), as will be discussed in more details in the next section. 

 
Figure 5.1 SCR rate plotted as a function of NH3 pressure on model Cu-CHA-15-27 sample. Left: 
log-log plot, Right: normal plot. (300 ppm NO, 200-400 ppm NH3, 10% O2, 3% H2O, 7% CO2 in 
balance He at 473 K) 

5.3.2 Effects of Cu spatial density on NH3 inhibition 

NH3 inhibition was found to increase with decrease in Cu spatial density, as seen from 

more negative NH3 reaction order with decrease in Cu spatial density in Table 5.2. We have 

shown previously that decrease in Cu spatial density also increases the kinetic relevance of CuI 

→ CuII oxidation-half making it more rate-limiting. Therefore, it can be concluded that NH3 

inhibition likely originates from CuI → CuII oxidation-half of SCR CuII - CuI redox mechanism.  
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Table 5.2 Apparent reaction order w.r.t NH3 on a series of model Cu-CHA-X-Y samples with 
Cu/Al varying from 0.03-0.44; arranged by increasing Cu/Al. (X=Si/Al, Y = Mean Cu-Cu 
distance in Å, rounded down) 

Cu-CHA-X-Y Cu 
/1000Å 

SCR Rate 
(/10-3 mol 
NO/mol 
Cu/s)* 

SCR Rate 
(/10-3 

NO/1000Å3/s)
* 

NH3 
order† 

Cu-CHA-15-41 0.03 1.8 0.05 -0.5 
Cu-CHA-15-29 0.07 2.3 0.17 -0.5 
Cu-CHA-15-27 0.09 3.3 0.31 -0.5 
Cu-CHA-15-26 0.11 4.4 0.51 -0.4 
Cu-CHA-15-23 0.16 4.6 0.74 -0.3 
Cu-CHA-15-20 0.24 7.1 1.67 -0.2 
Cu-CHA-15-19 0.30 7.2 2.16 -0.1 
Cu-CHA-15-18 0.35 7.3 2.54 0.0 
Cu-CHA-15-17 0.40 7.8 3.08 0.0 

*Conditions: 300 ppm NO, 300 ppm NH3, 10% O2, 7% CO2, 3% H2O and balance He at 473 K 
     †Errors in the apparent rate order are ± 0.1 
     ‡Errors in the apparent activation energy (Eapp) are ± 7 kJ/mol. 
 

 

5.3.3 Origin of NH3 inhibition effect: CuI →	CuII oxidation  

Two model Cu-CHA samples (Cu-CHA-15-17 and Cu-CHA-15-27) have been chosen to 

further probe the effect of NH3 on CuI →	CuII oxidation on different Cu spatial density samples. 

Two model Cu-CHA samples were first reduced in NO and NH3 (300 ppm each, 473 K) to their 

monomeric CuI state (CuI(NH3)2) followed by sequential stoichiometric oxidation with O2. Time-

resolved XANES spectra were measured during CuI oxidation with O2 on two model Cu-CHA 

samples, and the transient decay in CuI fraction with increasing time after O2 exposure is shown 

in Figure 5.2. Each sample showed only partial oxidation of CuI from the NH3-solvated state 

(CuI(NH3)2) to give NH3-solvated CuII-dimer complexes ((NH3)2CuII(O2)CuII(NH3)2), as shown 

in our previous study11. 

Oxidizable CuI during CuI →	CuII oxidation in presence of NH3 (O2+NH3 transient) is 

relatively lower as compared to oxidizable CuI fraction during CuI →	CuII oxidation in absence of 

NH3 (O2 only transient). Such observed decrease in oxidizable CuI(NH3)2 during CuI →	CuII 

oxidation (difference between oxidizable CuI during CuI →	CuII oxidation in O2 and O2+NH3), 

can be referred to as NH3 inhibiting CuI(NH3)2 oxidation. Upon comparison of extent of NH3 
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inhibiting CuI →	CuII oxidation on Cu-CHA-15-17 and Cu-CHA-15-27 samples (Figure 5.2), it 

can be seen that NH3 inhibits CuI(NH3)2 oxidation to almost the same extent (~20%) irrespective 

of Cu spatial density. Therefore, NH3 inhibition mechanism likely involves excess physisorbed 

NH3 hindering the mobility and oxidation of CuI(NH3)2, which could either be direct binding on 

CuI(NH3)2 inhibiting CuI mobility or inhibiting O2 adsorption17, or binding to neighboring NH4+ 

site which are shown to facilitate CuI(NH3)2 mobility15,16. Comparison of binding energies of 

NH3 and O2 on CuI(NH3)2 sites could further corroborate one of the above hypotheses. This 

observed NH3 inhibition of CuI(NH3)2 oxidation can rationalize the observed NH3 inhibition 

during steady state SCR (negative NH3 orders), wherein more negative reaction order with 

respect to NH3 for low Cu spatial density samples represents NH3 inhibited CuI →	CuII oxidation 

being more rate-limiting. Therefore, the origin of observed negative reaction order (NH3 

inhibition) during steady state SCR lies in NH3 inhibiting CuI → CuII oxidation step.  

 
Figure 5.2  Transient oxidation of CuI(NH3)2 with O2 (green) (10% O2 in balance He at 473 K) 
and O2+NH3 (orange) (10% O2 and 300 ppm NH3 in balance He at 473 K) on model Cu-CHA-
15-17 (left) and Cu-CHA-15-27 (right) samples 

 

5.3.4 Effects of varying NH3 pressure on NH3 inhibition  

Increase in NH3 pressure initially increases the overall reaction rate (0-150 ppm NH3; Cu-

CHA-15-17), followed by decrease in overall reaction rate (150-800 ppm NH3; Cu-CHA-15-17) 

(Figure 5.3), consistent with commonly reported negative reaction order with respect to NH3 

(NH3 inhibition effect). Since the observed negative reaction order with respect to NH3 stems 
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from CuI → CuII oxidation step (when SCR is limited by CuI → CuII oxidation), positive reaction 

order with respect to NH3 likely arises from CuII → CuI reduction step (when SCR is limited by 

CuII → CuI reduction). Further details of such transition of NH3 reaction order from negative to 

positive as a function of Cu spatial density will need to be investigated separately. 

 
Figure 5.3 SCR rate plotted as a function of NH3 pressure (0-800 ppm NH3) and NH3/NO ratio 
(0-3) on model Cu-CHA-15-17 sample (300 ppm NO, 0-800 ppm NH3, 10% O2, 3% H2O, 7% 
CO2 in balance He at 473 K) 
 

5.3.5 Effects of varying O2 pressure on NH3 inhibition  

As discussed in chapter 5, increasing reactant O2 pressure increases the rate of CuI → CuII 

oxidation relative to CuII → CuI reduction, and thereby making CuI → CuII oxidation under high 

O2 limit (~70%). On the other hand, decreasing O2 pressure (~0.5%) increases the kinetic 

relevancy of CuI → CuII oxidation relative to CuII → CuI reduction. Herein we measure apparent 

reaction order with respect to NH3 under high (60% O2) and low O2 (2% O2) limits and compare 

that to the reaction order under conventional O2 range (10% O2). As can be seen from Figure 5.4, 

NH3 order becomes more negative with decrease in O2 pressure (-0.4 at 2% O2, -0.3 at 10% O2 

and -0.2 at 60% O2), as CuI → CuII oxidation becomes more rate-limiting. This corroborates NH3 

inhibition stemming from CuI → CuII oxidation step of reaction mechanism. 
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Figure 5.4 NH3 reaction order plots at 2,10 and 60 % O2 on model Cu-CHA-23 sample (300 ppm 
NO, 150-400 ppm NH3, 2/10/60% O2, 3% H2O, 7% CO2 in balance He at 473 K) 

 

 Methods 

Procedures for catalyst synthesis, structural and Cu site characterization, differential 

reaction kinetics and XAS can be found in previous chapters 3 and 4. 

 Conclusions 

This work elaborates on observed NH3 inhibition effect on standard SCR kinetics in the 

low temperature (473 K) regime, wherein negative reaction order with respect to NH3 is observed 

in the low NH3 pressure range (150-800 ppm). Effects of varying Cu spatial density and reactant 

O2 pressure on the extent of NH3 inhibition have been studied. Using a series of model Cu-SSZ-

13 samples containing isolated CuII sites of varying Cu spatial density, it has been found that 

NH3 inhibition increases with decrease in Cu spatial density, indicating that NH3 inhibition likely 

originates from CuI → CuII oxidation-half of SCR CuII - CuI redox mechanism. We further 

confirm that NH3 inhibition effect indeed originates from CuI → CuII oxidation-half of SCR CuII 

- CuI redox cycle by showing that oxidizable CuI fraction during O2 oxidation transient decreases 

in presence of NH3 (O2+NH3 vs. O2), hypothesized to be either because of direct binding of 
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excess NH3 on CuI(NH3)2 inhibiting CuI mobility or inhibiting O2 adsorption, or binding to 

neighboring NH4+ site which are shown to facilitate CuI(NH3)2 mobility. NH3 inhibition 

originating from CuI → CuII oxidation-half results in increase in NH3 inhibition with decrease in 

O2 pressure, as decreasing O2 pressure makes  CuI → CuII oxidation more rate-limiting. 
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6. MECHANISTIC PATHWAYS OF MONONUCLEAR AND 
BINUCLEAR COPPER COMPLEXES IN CU-SSZ-13 DURING LOW 

TEMPERATURE STANDARD SCR 

 Preface 

Chapter 6 contains the most recent draft of a manuscript in preparation. Building upon the 

mechanistic work from chapter 3, this chapter aims to fill in remaining unresolved pieces in the 

low temperature standard SCR reaction pathway to put forth a plausible and consistent low 

temperature standard SCR reaction mechanism. This chapter majorly contains experimental 

work viz. synthetic, titrimetric, spectroscopic and kinetic characterization during steady state 

catalysis as well as during transient non-steady state sequential reaction steps (kinetically 

relevant), with minimal computational work from our collaborators. 

 Abstract 

In this work, we investigate plausible reaction pathways of dimeric CuII intermediates 

(formed via reaction of CuI(NH3)2 with O2) to complete the SCR redox cycle on Cu-SSZ-13, 

which are mechanistic steps that currently are unknown. On a series of model Cu-SSZ-13 

samples of different Cu ion spatial density, we first confirm that, monomeric CuII reduction with 

NO+NH3 occurs via single-site kinetics that are independent of Cu ion spatial density, 

monomeric CuI oxidation with O2 occurs via dual-site kinetics that depend on Cu ion spatial 

density, and dimeric CuII-oxo reactions with NO/NO+NH3 are also dependent on Cu ion spatial 

density. From these observations, the most plausible mechanism for reactions of dimeric CuII 

intermediates in standard SCR is reductive disproportionation to form a NH3-solvated CuI 

complex and a NH3-solvated CuII-nitrate species, which can establish CuII-nitrite/nitrate 

equilibrium with gaseous NO and NO2, and close the SCR pathway via reaction of nitrite species 

and reaction of gaseous NO2 via “fast” SCR pathways. Building upon prior work, this study fills 

in unresolved aspects of the reaction mechanism for low T SCR, and the kinetic and mechanistic 

dependences of the cycle on Cu ion density. It identifies new reaction pathways that consume 

binuclear CuII-oxo species in zeolites. Detailed mechanism enables better interpretation of 

measured reaction kinetics, and guidance for improved catalyst design and modeling efforts for 
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SCR. A suite of model Cu-CHA catalysts containing isolated Cu ions at varying spatial density, 

coupled with kinetic measurements under various kinetic regimes (to cause different parts of the 

SCR cycle to become rate-limiting) and monitoring the distribution of CuII and CuI intermediates 

during steady-state and transients XAS. Thermodynamic feasibility and reaction stoichiometry of 

relevant catalytic reaction steps using DFT-computed energetics are used to probe candidate 

reaction steps. Further, steady state and transient reaction steps using in situ FTIR to identify 

plausible reaction intermediates. 

 Introduction 

It has been widely accepted that low temperature standard SCR proceeds via. CuII-CuI 

redox cycle, as seen from prevalence of a mixture of CuI and CuII with operando x-ray absorption 

spectroscopy (XAS) experiments under steady-state SCR catalysis and no observed correlation 

of standard SCR rate with either CuI or CuII fraction1-4. This CuII-CuI redox cycle begins with 

reduction of isolated CuII cations with NO+NH3 to give CuI(NH3)2, which was shown to occur 

via NO assisted dissociation of N-H bond of a Cu-bound NH3 ligand2,5. DFT-computed 

energetics ascertains the thermodynamic feasibility (reaction energy ~ (-) 68-267 kJ mol-1) and 

kinetic relevance (activation energy ~ 71-74 kJ mol-1) of such NO-assisted reduction of NH3 

solvated CuII sites 2,5. This reduction half is followed by pairing and oxidation of two mobile 

CuI(NH3)2 sites to yield Cu dimer intermediate, with the extent and rate of such dual-site 

oxidation being directly proportional to Cu spatial density6-7. Computations further corroborate 

the thermodynamically feasibility (reaction energy ~ (-) 59 kJ mol-1) and kinetic relevancy 

(activation energy~ 35 kJ mol-1) of such CuI diffusion and pairing in oxidation half 6. Such dual-

site and Cu spatial density (Cu/Al) dependent nature of CuI oxidation step (oxidation half) 

consequently results in steady state kinetics being dependent on Cu spatial density (Cu/Al) and 

vary with Cu2 in oxidation-limited regime (low Cu loadings)6-7. 

There still remain some unresolved pieces in SCR CuII-CuI redox cycle, including, (1) 

unknown reactivity of monomeric Cu and dimeric Cu intermediates to close the catalytic redox 

cycle, (2) reaction intermediates and elementary steps, and (3) unrecognized role of Bronsted 

acid sites (H+). Nature of various possible reactions of CuII-dimer intermediate (with 

NO/NO+NH3), specifically Cu site requirements and relevant reaction intermediates, has not 

been explored previously. Given that the dimeric Cu intermediate reacts with NO/NO+NH3, 
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there is also a need to calculate and compare relative energy barriers of this step with other 

subsequent reaction steps to probe the kinetic relevancy. 

In this work, we performed steady state operando measurement of Cu intermediates 

under reduction-limited regime along with monitoring the chemical nature of Cu during various 

non-steady state transient reaction steps using spectroscopic (XAS and FTIR) and titration 

techniques. Previously unrecognized nature of isolated CuII reduction with NO+NH3 has been 

revealed here to be single-site, and independent of Cu spatial density, while corroborating the 

dual-site and Cu spatial density dependence of CuI oxidation with O2. Nature of CuII-dimer 

reaction with NO+NH3, which was also previously undiscovered, has been probed by first 

considering and comparing the DFT-computed energetics of various thermodynamically feasible 

pathways. Selection of most plausible dimeric Cu intermediate reaction pathway is enabled by 

measurement of most abundant surface intermediate coverages, viz. steady state CuII and CuI 

intermediates coverages, under the regime exclusively limited by reduction half. To further 

reveal the reactivity and fate of dimeric Cu intermediate, we also monitor the non-steady state 

temporal changes to chemical nature of Cu (oxidation state and coordination number) during 

sequential reactions of dimeric Cu intermediate with NO+NH3 on varying Cu spatial density 

samples. Stoichiometric NO titration experiments were also used to: (1) show that NO 

consumption stoichiometry during such proposed sequential reaction is consistent with overall 

SCR reaction stoichiometry, and (2) speculate the direct participation of NH3 storage NH4+ sites. 

Further attempts are made to identify reaction intermediates during reaction of dimeric Cu 

intermediate using FTIR experiments. Even though the results are inconclusive likely due to 

short-lived nature of formed surface intermediates, a speculation could be made on Cu-nitrates 

and Cu-nitrites being the relevant reaction intermediates. 

 Results and Discussion  

Here, we study the effects of Cu ion spatial density in Cu-SSZ-13, under reaction 

conditions wherein different elementary steps of the SCR catalytic cycle become kinetically-

relevant. First, six model Cu-SSZ-13 samples with varying spatial density of isolated Cu sites 

(present either as CuII at paired framework Al sites or as [CuIIOH]+ at isolated Al sites), were 

chosen as representatives from a broader Cu-SSZ-13 sample set reported in our previous study6. 

These samples are denoted Cu-CHA-X-Y, where X=Si/Al and Y refers to the mean Cu-Cu 
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distance in Å, as estimated assuming a homogeneous distribution of Cu throughout the zeolite 

crystallite volume as done in Paolucci et al.6. Relevant structural and site characterization of 

these model samples are provided in Table 6.1, including bulk elemental analysis, the number of 

isolated CuII and [CuIIOH]+ sites (per Al), the concentration of Cu ions per crystallite volume, 

and the mean Cu-Cu distance. Additional details, including bulk structural characterization 

(XRD patterns, micropore volume, SEM images) and Cu site characterization (ex situ X-ray 

absorption, UV-Visible spectroscopy) can be found in the appendix D.  

 
Table 6.1 Bulk elemental analysis, number of isolated CuII and [CuIIOH]+ sites (per Al), 
concentration of Cu ions per crystallite volume, and the mean Cu-Cu distance in oxidized CuII 
forms of model Cu-CHA samples (X = Si/Al, Y = mean Cu-Cu distance). 

Sample Name 
Cu-CHA-X-Y 

  
Si/Al 

  
Cu/Al CuII/Al* CuIIOH/Al* Cu / 1000Å3 

Mean Cu-Cu 
distance (Å) 

Cu-CHA-5-15  4.5 0.21 0.21 0.00 0.57 15 

Cu-CHA-5-20 4.5 0.08 0.08 0.00 0.18 20 

Cu-CHA-15-17 15 0.44 0.09 0.35 0.41 17 

Cu-CHA-15-20 15 0.25 0.09 0.16 0.18 20 

Cu-CHA-15-29  15 0.08 0.08 0.00 0.07 29 

Cu-CHA-25-20 25 0.40 0.05 0.35 0.18 20 

*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and [CuIIOH]+ 
 

6.4.1 Kinetics and mechanisms of CuII → CuI reduction with NO+NH3 

Time-resolved XANES spectra were measured during CuII reduction with NO+NH3 on 

each of the three out of six model Cu-CHA samples (Table 6.1), and the transient decay in CuII 

fraction with increasing time after NO+NH3 exposure is shown in Figure 6.1. Each Cu-CHA 

sample showed complete reduction of CuII from the NH3-solvated monomeric CuII state 

(CuII(NH3)4, CuII(NH3)3(OH)) to the monomeric CuI state (CuI(NH3)2) (appendix D), consistent 

with previous studies2,4,5,8,9, and the fraction of reducible CuII is listed in Table 6.2.  
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Table 6.2 Fraction of CuII reducible in NO+NH3, CuI oxidizable in O2 and NO2, and CuII in CuII-
dimer state reducible in NO+NH3 on model Cu-CHA-X-Y samples (X=Si/Al, Y = mean Cu-Cu 
distance).	

 
Cu-CHA-X-Y 

Fraction of CuII 
reducible in 

NO+NH3 
(Cu_red/ 

Cu_total)a 

Fraction of 
CuI oxidizable 

in O2 
(Cu_ox_O2/ 
Cu_total)b 

Fraction of CuI 

oxidizable in 
NO2 

(Cu_ox_NO2/ 
Cu_total)c 

Fraction of  
CuII  in CuII-dimer state 
reducible in NO+NH3 

(Cu_dim_red/ 
Cu_total)d 

Cu-CHA-25-15  0.98 0.95 1.00 0.05 

Cu-CHA-15-29  0.98 0.70 1.00 0.10 

Cu-CHA-15-17 1.00 0.85 1.00 0.07 
aobtained from section 1, bobtained from section 2, cobtained from appendix D, dobtained from section 3.	
CuII and CuI fractions reported contain an absolute 5% error from fitting.	
 

Figure 6.1 also shows least-squares regression of the data to a rate expression for CuII 

reduction that is first-order in Cu concentration, which is the power law expression that best 

described these data (Equation 6.1) (detail kinetic model derivation in appendix D): 

Cu==	Fraction =
[Cu==(t)]
[Cu==(0)]

= e-nS
' q																																																		(6.1) 

Values of the apparent first-order reduction rate constants (Table 6.3) were identical on 

all three Cu-CHA samples and independent of Cu spatial density as expected from a single-site 

NO+NH3 reduction mechanism. Additionally, the identical apparent reduction rate constants on 

these samples, which contain either isolated CuII sites or mixture of isolated CuII and [CuIIOH]+ 

sites (Table 6.1), indicates that the kinetics of single-site CuII reduction with NO+NH3 are 

identical on both types of monomeric CuII sites. The indistinguishable reduction kinetics of 

monomeric CuII and [CuIIOH]+ site motifs is consistent with their full solvation by NH3 (from 

operando XAS and DFT-computed phase diagram) as reported previously, which resulted in 

experimentally measured SCR rates (per Cu) in reduction-limited regimes and computed 

activation barriers (71-74 kJ mol-1) that were similar on both site type5. The time constants 

estimated for NO+NH3  reduction of isolated CuII sites (0.021 s-1 at 473 K, Figure 6.1) were the 

same order of magnitude as the steady-state standard SCR turnover frequencies (per Cu) 

measured on Cu-CHA samples (0.023-0.078 s-1 at 473 K, Table 6.1), suggesting that the 

NO+NH3-mediated single-site CuII reduction pathways measured here are relevant to the 

reactions that occur during steady-state catalytic SCR turnovers. 
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Figure 6.1 Temporal evolution of the XANES-measured CuII fraction for the Cu-CHA-15-29 
(green), Cu-CHA-15-17 (red), and Cu-CHA-5-15 (black) during reduction in 300 ppm NO and 
NH3 each at 473 K. Least-squares fit to Eq. 6.1 is shown by solid lines. The CuII fractions 
reported contain an absolute 5% error from fitting. 
 
Table 6.3 CuII-reduction (with NO+NH3) rate constants, NO consumption stoichiometry per 
reducible CuII ion, and CuII-reduction rates during steady state turnover on Cu-CHA-15-29, Cu-
CHA-15-17 and Cu-CHA-5-15 samples 

Sample CuII reduction rate constant 
from 1st order transient 

(kr’) (s-1) 

NO consumed per reducible 
CuII (mol NO/mol Cu_red) 

CuII reduction rate during 
steady state (s-1)a 

Cu-CHA-5-15 0.019 0.98 0.0061 
Cu-CHA-15-17 0.022 0.97 0.0063 
Cu-CHA-15-29 0.019 0.97 0.0021 
aMeasured at reaction conditions: 300 ppm NO, 300 ppm NH3, 70% O2, 3% H2O and 7% CO2 in balance He at 
200°C. 
 

The reduction of CuII to CuI occurred concomitantly with the consumption of one mole of 

NO equivalent on each Cu-CHA sample (Figure 6.1), consistent with previously proposed CuII 

reduction pathways that occur via NO-assisted NH3 dissociation (Equation 6.1) 2,4,5. Specifically, 

these CuII → CuI reduction pathways involve NO attack of an NH3-solvated CuII ion to form an 

N-N bond, with a single-electron transfer to CuII and a transfer from the H+ on NH3 to an 

acceptor, which is either an anionic lattice oxygen at one Al in a paired Al configuration to form 

a surface H+, or an anionic OH- ligand on CuIIOH in an isolated Al configuration to form H2O5:  
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(NH.)6Cu(II) + NO → Cu(I)(NH.)%|NH6> + N% + H%O        (6.2) 

(NH.).Cu(II)(OH) + NO → Cu(I)(NH.)% + N% + 2H%O     (6.3) 

 

	
Figure 6.2 NO consumption (per g) during reduction of Cu-CHA samples in their monomeric 
CuII state with NO+NH3, plotted against reducible Cu (per g) (Table 6.2) on Cu-CHA-15-29 
(green), Cu-CHA-15-17 (red) and Cu-CHA-5-15 (black). Dotted line represents a parity line. 
 

6.4.2 Nature of CuI → CuII oxidation with O2 

The three model Cu-CHA samples were first reduced in NO and NH3 (300 ppm each, 473 

K) to their monomeric CuI state (CuI(NH3)2) followed by sequential stoichiometric oxidation 

with O2. Time-resolved XANES spectra were measured during CuI oxidation with O2 on all three 

model Cu-CHA samples, and the transient decay in CuI fraction with increasing time after O2 

exposure is shown in Figure 6.3. Each sample showed only partial oxidation of CuI from the 

NH3-solvated state (CuI(NH3)2) to give NH3-solvated CuII-dimer complexes 

((NH3)2CuII(O2)CuII(NH3)2) (XANES and EXAFS in appendix D), consistent with our previous 

study6. 

Figure 6.3 also shows least-squares regression of the data to a rate expression for CuI 

oxidation that is second-order in Cu concentration, which is the power law expression that best 

described these data (Equation 6.2) (detail kinetic model derivation in appendix D): 
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2Cu=(NH.)%	+	O% → (NH.)%Cu==(O%)Cu==(NH.)%																																																	(6.4) 

Cu=	Fraction =
[Cu=(t)]
[Cu=(0)]

=
1-[Cu=(∞)]/[Cu=(0)]

1 + 2kr' ([Cu=(0)]-[Cu=(∞)])t
+
[Cu=(∞)]
[Cu=(0)]

																								(6.5) 

 

	
Figure 6.3 Temporal evolution of the XANES-measured CuI fraction is plotted for the Cu-CHA-
15-29 (green) Cu-CHA-15-17 (red) and Cu-CHA-5-15 (black) samples during transient 
oxidation in 10% O2 at 473 K. Least-squares fit to Eq. 5.2 is shown by solid lines. The CuI 
fractions reported contain an absolute 5% error from fitting. 
 

Values of the apparent second-order reduction rate constants, the initial oxidation rate (at 

t=0) and fraction of CuI that is oxidizable in O2 are tabulated in Table 6.2. Initial oxidation rates 

increase with Cu spatial density, and the fraction of oxidizable CuI also increases with Cu spatial 

density. The pseudo-second-order kinetics of CuI oxidation with O2 (Figure 6.3), together with 

the effects of CuI(NH3)2 spatial density on initial oxidation rates and on the total fraction of CuI 

that can be oxidized with O2, indicate that two CuI(NH3)2 complexes are required in this dual-site 

oxidation pathway, in agreement with our previous study6. As seen from Table 6.4, O2 oxidation 

of CuI(NH3)2 state results in proximal CuI(NH3)2  sites (within the diffusion distance from each 

other6) forming an NH3-solvated CuII-dimer, while isolated CuI(NH3)2 sites (outside the diffusion 
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distance from each other6) remain unoxidized. This results in preparing the sample in a state 

containing a mixture of NH3-solvated CuII-dimer (dimerizable CuI from Table 6.4) and isolated 

CuI (isolated CuI from Table 6.4).   

Table 6.4 Initial and final states of Cu (average coordination number from EXAFS) during CuI 
oxidation with O2 on Cu-CHA-15-29,  Cu-CHA-15-17 and Cu-CHA-5-15 samples 

Sample 2nd order rate 
constant 

(m3 mol Cu-1s-1) 

Initial rate of CuI 
oxidationa  

Average CN before 
CuI oxidation 

(EXAFS) 

Average CN after 
CuI oxidation 

(EXAFS) 
(mol m-3s-1) (s-1) 

Cu-CHA-15-29 0.00011 1.1 0.009 2.1 3.5 

Cu-CHA-15-17 0.00005 21.1 0.032 2.0 3.8 

Cu-CHA-5-15 0.00082 134.9 0.141 2.0 3.9 

Initial rate is defined as rate of change of Cu oxidation state at t=0 from transient XAS 
acomputed from decrease in CuI from transient XANES during CuI(NH3)2 oxidation with O2 
CN=Coordination Number. Error from LC fitting XANES CuI fraction and EXAFS fitted CN are 0.05 and 0.1. 

6.4.3 Nature of CuII-dimer reduction 

6.4.3.1 CuII-dimer reduction mediated by NO+NH3  

The three model Cu-CHA samples were first treated in NO and NH3 (300 ppm each, 473 

K) to reduce to their monomeric CuI state, followed by stoichiometric oxidation with O2 (section 

3) to obtain the dimeric CuII state, which is comprised of a mixture of NH3-solvated dimeric CuII 

(Cu_ox_O2) and NH3-solvated monomeric CuI sites. Subsequent reactions of these samples in 

their dimeric CuII states with either NO or a mixture of NO+NH3 were studied while monitoring 

changes in Cu oxidation state by XANES and coordination number by EXAFS. Linear 

combination fitting of XANES spectra is non-trivial and subject to significant uncertainty given 

the large number of candidate CuII and CuI structures that may form upon reaction of this dimeric 

CuII complex and given the limited number of experimental CuII and CuI standards used for this 

fitting; as a result, the distribution of CuII and CuI states was determined from average first-shell 

Cu-O/N coordination numbers in EXAFS, assuming that CuII prefers four-fold coordination 5,10,11 

and CuI prefers two-fold coordination5,10,11. 
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Figure 6.4 Temporal evolution of EXAFS-measured average Cu coordination number plotted for 
Cu-CHA-15-29 (green) Cu-CHA-15-17 (red) and Cu-CHA-5-15 (black) samples during transient 
reduction in 300 ppm NO+NH3 (left) and 300 ppm NO (right) at 473 K.  
 

Prior to introducing either NO or a mixture of NO+NH3, the average first shell Cu-O/N 

coordination number is ~4.0 on the Cu-CHA sample with the highest Cu spatial density (Cu-

CHA-5-15) and decreases to a value of 3.5 with decreasing Cu spatial density (Table 6.4, Figure 

6.4). Time-resolved EXAFS spectra on the three model Cu-CHA samples showed a decrease in 

the average first shell Cu-O/N coordination number (appendix D) when reacting with NO+NH3 

or with NO alone (Figure 6.4). On all samples, irrespective of Cu spatial density, reaction from 

the dimeric CuII state with NO+NH3 results in a decrease of the average first shell Cu-O/N 

coordination number to 2.0, consistent with full reduction to the monomeric CuI state 

(CuI(NH3)2). In contrast, reaction of the dimeric CuII state with NO alone caused a decrease in 

the first-shell coordination number to different values (2.0, 2.2, and 2.5 in order of samples with 

decreasing Cu spatial density), suggesting that the extent of reduction increased with increasing 

Cu spatial density, and only reached a state consistent with full reduction to CuI on Cu-CHA-15. 

These observations indicate that reactions of NO with dimeric CuII complexes are sensitive to the 

Cu spatial density, and that complete reduction of dimeric CuII complex requires NO+NH3. 

The reduction of the model Cu-CHA samples in their dimeric CuII states to their 

monomeric CuI state occurred concomitantly with the consumption of NO (Figure 5.5). In the 

case of reaction with NO alone, fewer than 2 molecules of NO (~1.5) were consumed per Cu 

contained within dimeric CuII complexes (~1.5 mol NO per Cu_dimer). In the case of reaction 
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with both NO+NH3, 2 molecules of NO were consumed per Cu within dimeric CuII complexes (4 

NO molecules consumed per dimeric CuII complex), consistent with standard SCR reaction 

stoichiometry, as shown below: 

4NO + 4NH. + O% → 4N% + 6H%O                  (6.6) 

 

Figure 6.5 NO consumption (per g) during reduction of dimeric CuII states to CuI states in 
NO+NH3 (diamonds) and NO (triangles) plotted against the amount of dimeric CuII (per g) as 
solid symbols on Cu-CHA-15-29 (green), Cu-CHA-15-17 (red) and Cu-CHA-5-15 (black). 
Dashed line with slope of 2 represents the consumption of 2 NO molecules per dimeric CuII 
complex.  
 
The NO consumption stoichiometries of 2.0 (NO/Cu_dimer = 4/2) during reduction with 

NO+NH and of about 1.5 (NO/Cu_dimer ~ 3/2) during reduction with NO may also reflect NO 

consumption with other non-Cu-coordinated NH3 on the sample. For example, NO can form NO2 

via nitrate-nitrite equilibrium, and this NO2 can react with NH3/NH4+ in a “fast” SCR reaction 

(equation 6.7) as previously proposed on H+ sites14,26. NO2 is not observed in the reactor effluent, 

suggesting that any NO2 formed in situ would react via NH3 species in an SCR reaction such as 

in 27,28: 

NO% + NO + 2NH.	(sufficient	reactive	NH.	on	NH6>) ↔ 4N% + 3H%O    (6.7) 
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In order to study the effect of NH4+  sites, model Cu-CHA samples were prepared with fixed Cu 

ion spatial density but with varying amounts of residual NH4+ sites by varying the framework 

Si/Al ratio: Cu-CHA-5-20, Cu-CHA-15-20, and Cu-CHA-25-20 (Table 6.5).  On these Cu-CHA-

X-20 samples, the residual NH4+/Al was calculated by titration of residual H+/Al sites by NH3 

(procedure in chapter 2), and listed in Table 6.5.  To probe the role of NH4+ sites exclusively 

during CuII → CuI reduction half of CuII-CuI redox cycle, apparent CuII → CuI reduction rate 

constants were measured on these Cu-CHA-X-20 samples during steady-state under the “high 

O2-pressure kinetic limit” of SCR (apparent reaction orders of zero in dioxygen: 300 ppm NO, 

300 ppm NH3, 70% O2, 3% H2O and 7% CO2 in balance He at 200°C) (Table 6.5) (additional 

discussion in chapter 4). These apparent CuII → CuI reduction rate constants were further 

normalized by total pairable Cu (Table 6.5) (obtained from CuI oxidation transients in chapter 4) 

(kr: mol NO mol pairable Cu-1s-1), and plotted as a function of NH4+/Al sites in Figure 6.6. 

Positive correlation between the amount of NH4+ ion and apparent CuII → CuI reduction rate 

constant (Figure 6.6) is suggestive of direct involvement of NH4+ ions during some CuII → CuI 

reduction step, likely with in-situ NO2 (formed via. nitrate-nitrite equilibrium) in a “fast SCR” 

reaction on NH4+ sites (equation 6.7), as discussed in the previous paragraph. 

  
Figure 6.6 Apparent CuII → CuI reduction rate constants (NO consumption rate constants) 
plotted as a function of amount of NH4+ ions on a series of Cu-CHA samples with similar Cu 
spatial density and varying NH4+/Al (Si/Al) (Cu-CHA-5-20, Cu-CHA-15-20 and Cu-CHA-25-20)  

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

0.0 0.2 0.4 0.6 0.8 1.0

A
pp

ar
en

t C
uII 

→
 C

uI
re

du
ct

io
n 

ra
te

 
co

ns
ta

nt
(1

0-2
m

ol
 N

O
 m

ol
 C

u-1
s-1

) 

Residual NH4
+/Al 



163 
 

Table 6.5 Comparison of apparent CuII → CuI reduction rate constants a series of model Cu-
CHA-X-20 samples with similar Cu spatial density and varying NH4+/Al (Si/Al) 

Sample Residual 
NH4+/Al 

Apparent reduction 
rate constant  

(10-2 mol NO mol 
Cu-1s-1) 

Fraction of CuI 
oxidizable/pairable in O2  
(Cu_ox_O2/ Cu_total) 

Apparent reduction rate 
constant  

 (10-2 mol NO mol 
pairable Cu-1s-1) 

Cu-CHA-5-20 0.35 1.24 0.95 1.31 

Cu-CHA-15-20 0.58 1.33 0.78 1.71 

Cu-CHA-25-20 0.61 1.52 0.73 2.08 

 
 

6.4.3.2 Evaluation of reaction pathways of CuII-dimer reduction with NO+NH3 

Four possible reaction pathways of the dimeric CuII complex with NO were considered, 

to compare with the experimental observations in Section 6.4.3.1 and to perform DFT 

calculations to assess their thermodynamic feasibility (Figure 6.6). Pathway 1 involves reaction 

of two NH3 ligands in the dimeric CuII complex with two equivalents of NO, via the CuII-

nitrosamine (H2NNO) intermediates identified previously in single-site CuII reduction pathways5, 

followed by dissociation to give NH3-solvated CuIIOH, N2 and H2O. Pathway 1 involves direct 

formation of an N-N bond (denoted N-route), and is conceptually different from the other 

pathways (2a, 2b, 2c) involving NO reaction at bridging O atoms in the dimeric CuII complex 

(denoted O-routes) to form nitrate or nitrite intermediates. Pathway 2a involves two equivalents 

of NO reacting with two bridging O atoms in the dimeric CuII complex to yield two NH3-

solvated CuII-nitrite species12, wherein NH3 bound to the CuII-nitrite could react with the nitrite 

ligand to give NH3-solvated CuIIOH, N2 and H2O4. Pathway 2b involves two equivalents of NO 

reacting with two bridging O atoms in the dimeric CuII complex to yield two NH3-solvated CuII-

nitrite species (as in Pathway 2a), followed by subsequent decomposition to form a NH3-solvated 

CuI complex and gaseous NO213, which can subsequently close the SCR cycle via “fast” SCR 

pathways 4,7,14. Pathway 2c involves disproportionation of the dimeric CuII complex to form a 

NH3-solvated CuI complex and a  NH3-solvated CuII-nitrate species12, which can establish CuII-

nitrite/nitrate equilibrium with gaseous NO and NO2, and close the SCR pathway via reaction of 

nitrite species as in Pathway 2a or via reaction of gaseous NO2 via “fast” SCR pathways 4,7,14. 
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Figure 6.7 Different possible pathways for CuII-dimer reaction with NO (Pathways 1, 2a, 2b and 
2c) (Note: Complete elementary steps and formed products are not shown for the sake of 
simplicity) 
 

The energetics of the considered non-elementary lumped pathways 1, 2a, 2b and 2c have 

been depicted in Figure 6.8 (details of energetics calculations in appendix D). All pathways have 

favorable reaction energies that are very exothermic, and so are thermodynamically feasible. 

Therefore, further experimental evidence is needed to discriminate and identify the most 

plausible pathway. 

 

 
Figure 6.8 DFT-computed energetics for considered pathways 1, 2a, 2b and 2c 
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6.4.3.3 CuII/CuI distribution under standard SCR and high O2-pressure limits 

In order to differentiate between the pathways depicted in Figure 6.7, the steady state 

distribution of Cu oxidation states by XANES and average coordination number by EXAFS 

under standard SCR reaction conditions (300 ppm NO, 300 ppm NH3, 10% O2, 3% H2O and 7% 

CO2 in balance He at 200°C) and under the “high O2-pressure kinetic limit” of SCR (apparent 

reaction orders of zero in dioxygen: 300 ppm NO, 300 ppm NH3, 70% O2, 3% H2O and 7% CO2 

in balance He at 200°C) were measured on model Cu-CHA samples. Herein we focus only on the 

distribution of CuII/CuI oxidation states obtained reliably from linear combination fitting of 

XANES spectra, as CuII and CuI states are NH3-solvated during steady state concurrent with the 

used CuII and CuI standards during linear combination fitting (Table 6.6). Under standard SCR 

conditions (blue, Figure 6.9), the fraction of Cu present at CuI decreases with increasing Cu 

spatial density and the acceleration of oxidation SCR half-cycles, as reported in our prior work6. 

In the high O2-pressure limiting regime, wherein CuII →CuI reduction was shown to be the sole 

kinetically relevant step in chapter 4, both CuII and CuI oxidation states are still observed (green, 

Figure 6.9, Table 6.6), although the steady-state distribution of CuI on each sample is smaller 

than present during steady-state standard SCR, consistent with the acceleration of oxidation SCR 

half-cycles at higher O2 pressure (Table 6.6).  

 

Table 6.6 Comparison of operando steady-state CuI fraction, apparent O2 reaction order and 
unoxidizable CuI fraction under standard SCR conditions and high O2-pressure limit on a series 
of model Cu-CHA-5-15, Cu-CHA-15-17 and Cu-CHA-15-29 samples  

Sample O2 order 
(standard 

SCR 
conditions) 

O2 order  
(high O2- 
pressure 

kinetic limit) 

Fraction of 
unoxidizable 

CuI in O2  

Steady state CuI 
fraction 

(standard SCR 
conditions) 

Steady state CuI 
fraction 

(high O2- 
pressure kinetic 

limit) 

Cu-CHA-5-15 0.2 0.0 0.06 0.10 0.05 

Cu-CHA-15-17 0.3 0.0 0.17 0.42 0.21 

Cu-CHA-15-29 0.7 0.1 0.30 0.95 0.81 

standard SCR conditions: 300 ppm NO, 300 ppm NH3, 10% O2, 3% H2O and 7% CO2 in balance He at 200°C 
high O2-pressure limit:300 ppm NO, 300 ppm NH3, 70% O2, 3% H2O and 7% CO2 in balance He at 200°C 
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Figure 6.9 Steady state CuII fraction plotted as a function of Cu density on Cu-CHA-29, Cu-
CHA-17 and Cu-CHA-15 under conventional SCR conditions (blue) as well as “reduction-
limited” conditions (green) (Left). Pathways 1, 2a, 2b and 2c incorporated into CuII-CuI redox 
cycle (Right). Note: Complete elementary steps and formed products are not shown for 
simplicity 
 

Amongst the proposed pathways 1, 2a, 2b and 2c, only pathway 2c would reconcile the 

coexistence of CuII and CuI as the most abundant reaction intermediates, when limited by CuII 

reduction with NO in the “high O2-pressure kinetic limit” (Figure 6.9, right). Therefore, this is 

suggestive of CuII-dimer disproportionately reducing to yield a mixture of CuII and CuI 

intermediates during standard SCR cycle, making the proposed pathway 2c more plausible. It is 

worthwhile to note that some of the CuI intermediates (upon CuII-dimer disproportionation) 

would temporarily remain as spectator species till they find remaining CuI species (upon CuII 

reduction to CuI) within the diffusion distance for pairing and oxidation. This would result in 

appearance of some remnant CuI intermediates, despite the cycle limited by CuII reduction. 

 

 
Figure 6.10 Most plausible CuII-dimer disproportionation and reduction pathway incorporated 
into CuII-CuI redox cycle. Note: Complete elementary steps and formed products are not shown 
for simplicity 
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6.4.3.4 Kinetics of reduction of CuII-dimer with NO+NH3 to CuI(NH3)2  

The transient reaction of the dimeric CuII state with NO + NH3 resulted in the complete 

reduction to the CuI(NH3)2 state, consistent with standard SCR stoichiometry and the proposed 

most plausible pathway in Figure 6.10 and equation 6.8.  

 

(NH.)%Cu(II)(O%)Cu(II)(NH.)% + 4NO + 4NH. → 2Cu(I)(NH.)% + 4N% + 6H%O  (6.8) 

 

The transient evolution from the CuII to the CuI state is shown for each sample in Figure 6.11, 

after converting the average EXAFS first-shell coordination number converted to CuII fraction, 

assuming that CuII prefers four-fold coordination and CuI prefers two-fold coordination.  

 
Figure 6.11 Temporal evolution of CuII fraction (obtained from EXAFS-measured Cu 
coordination number in Figure 6.4) is plotted for the Cu-CHA-29 (green) Cu-CHA-17 (red) and 
Cu-CHA-15 (black) samples (left), and  converted to CuII fraction (right) during transient 
reduction of NH3-solvated CuII-dimer in 300 ppm NO and NH3 each at 473 K.  

 
The transient decay in CuII fraction with increasing time after NO+NH3 exposure to CuII-

dimer state is rapid (<15 sec) on all three Cu-CHA samples (Figure 6.11), consistent with 

proposed pathway (2c) of CuII-dimer reductively disproportionating to form CuII-nitrate and CuI 

in Figure 6.10. In order to further compare the kinetic relevances of CuII-dimer reduction step 

(with NO+NH3) with other reaction steps like CuII reduction (with NO+NH3 ) and CuI oxidation 
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(with O2), initial rates of change of Cu oxidation state (or coordination number) are extracted 

from time-resolved transient reactions. It is worthwhile to note here that CuII-dimer reduction 

probed here is a non-elementary lumped reaction step, and therefore, only the initial rate of CuII-

dimer reduction is compared as opposed to a rate constant. As can be seen from Table 6.7, initial 

rates of CuII-dimer reduction are directly proportional to Cu spatial density, and are equal to or 

less than initial rates of isolated CuII reduction and CuI oxidation steps. While CuII-dimer 

reduction is more rate-limiting than isolated CuII reduction step in the low Cu density regime 

(Cu-CHA-15-29), both CuII-dimer and isolated CuII reduction steps are rate-limiting in high Cu 

spatial density regime (Cu-CHA-15-17 and Cu-CHA-5-15) (Table 6.7). 

 

Table 6.7 Comparison of initial rates of CuII-dimer reduction (with NO+NH3), CuII reduction 
(with NO+NH3) and CuI oxidation (with O2) transient sequential steps with steady state turnover 
rates on Cu-CHA-29, Cu-CHA-17 and Cu-CHA-15 samples  

 
 

Sample 

Initial rate of CuII-dimer 
reductiona 

Initial rate of CuI 
oxidationb  

Initial rate of CuII 
reductionc 

(mol m-3 s-1) (s-1) (mol m-3 s-1) (s-1) (mol m-3 s-1) (s-1) 

Cu-CHA-15-29 1.2 0.009 1.1 0.009 2.4 0.019 

Cu-CHA-15-17 12.8 0.019 21.1 0.032 13.8 0.022 

Cu-CHA-5-15 19.2 0.020 134.9 0.141 17.2 0.019 

Initial rate is defined as rate of change of Cu oxidation state at t=0 from transient XAS 
acomputed from decrease in CuII (from conversion of Cu coordination number in EXAFS) during CuII-dimer 
reduction with NO+NH3; initial rates have been corrected for different initial state prior to CuII-dimer reduction 
bcomputed from decrease in CuI from transient XANES during CuI(NH3)2 oxidation with O2 
ccomputed from decrease in CuII from transient XANES during CuII reduction with NO+NH3 

 

6.4.3.5 Attempts to directly identify nitrates and other reaction intermediates 

This section describes transient reactions monitored using in situ IR spectroscopy to 

characterize various possible surface intermediates under different gas conditions. This approach 

forces the catalyst to operate under conditions away from steady-state NOx SCR in order to 

isolate potential reactive intermediates that may otherwise be short-lived and undetectable during 

steady-state SCR catalysis. In the NH3-solvated CuII-dimer state,  IR spectra (1300 - 1800 cm-1) 

shows signatures for NH3 adsorbed on Cu sites (NH3 on CuII: 1620 cm-1; NH3 on CuI: 1613 cm-1; 
10,15-17) and NH3 adsorbed on H+ sites (NH4+: 1400 and 1450 cm-1 and (NH4+)(NH3)n: 1460 cm-
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1;10) (Figure 6.12). Another possible assignment of 1620 cm-1 may reflect presence of H2O 
16,18,19; thus, this peak may reflect a combination of species due to NH3 and H2O. 

The first set of experiments monitored the reaction intermediates during transient reaction 

of the dimeric CuII state with NO+NH3 to form N2 and H2O. This resulted in changes to NH3 on 

Cu (CuII/CuI) and NH3 adsorbed on H+ sites, which are difficult to deconvolute and interpret 

(Figure 6.12). However, no NOx intermediates (bridging nitrates: 1627, 1607 cm-1 and bidentate 

nitrates: 1570 cm-1 15,20,21) were observed during this reduction. In order to eliminate the possible 

overlapping contributions from co-adsorbed H2O and NH3, labelled NH3 (i.e. ND3) was also 

used, but NOx intermediates could still not be detected (appendix D). 

 
Figure 6.12 FTIR spectra collected on Cu-CHA-15-17 sample before and after NO+NH3 
exposure (300 ppm NO and NH3 in He; 473 K) of CuII-dimer (NH3-solvated) 
 

The second set of experiments monitored the reaction intermediates during transient 

reaction of the dimeric CuII state with NO to form N2 and H2O. This resulted in nearly complete 

consumption of NH3 on Cu (CuII/CuI), along with some changes to NH3 adsorbed on H+ sites, 

which are difficult to deconvolute and interpret (Figure 6.13). However, no NOx intermediates 

(bridging nitrates: 1627, 1607 cm-1 and bidentate nitrates: 1570 cm-1 15,20,21) were observed for 

both the cases of unlabelled NH3 and labelled ND3 (appendix D). This could be indicative of the 

short-lived nature of nitrate intermediates generated in presence of NH3 due to fast reactions with 

NH3, consistent with reports in the literature22. 
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Figure 6.13 FTIR spectra collected on Cu-CHA-15-17 sample during NO exposure (300 ppm 
NO in He; 473 K) of CuII-dimer (NH3-solvated) 

 

In the NH3-solvated CuI state, IR spectra (1300 - 1800 cm-1) shows signatures for NH3 

adsorbed on Cu sites (NH3 on CuII: 1620 cm-1; NH3 on CuI: 1613 cm-1; 10,15-17) and NH3 adsorbed 

on H+ sites (NH4+: 1400 and 1450 cm-1 and (NH4+)(NH3)n: 1460 cm-1;10) (Figure 6.14). For the 

next set of experiments, reaction intermediates are monitored during transient reaction of the 

NH3-solvated CuI with NO+O2 to form N2 and H2O. This resulted in consumption of surface NH3 

on Cu (CuII/CuI), along with relatively slower consumption of NH3 adsorbed on H+ sites (Figure 

6.14). It is only upon complete consumption of NH3 on Cu (CuII/CuI) that the surface nitrates 

(bridging nitrates: 1627, 1607 cm-1 and bidentate nitrates: 1570 cm-1;15,20,21) start accumulating 

on Cu sites. This likely indicates the short-lived nature of possibly generated CuII-nitrate 

intermediates (in NO+O2) in presence of NH322,23.  because CuII-nitrate intermediates (in 

NO+O2) have been shown to react readily with NO/NH3 to form mixed-ligand NH3-solvated 

CuII-nitrate complexes at much lower temperature of 323 K as identified spectroscopically using 

IR, XAS and DRUV-Vis24. So, these mixed-ligand NH3-solvated CuII-nitrate complexes could be 

the plausible reaction intermediates as also suggested to form during the most plausible CuII-

dimer reductive disproportionation pathway (Figure 6.9), but they are just too reactive to detect 

in such analogous IR experiments at reaction temperature (473 K). 
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Figure 6.14 FTIR spectra collected on Cu-CHA-17 sample during NO+O2 exposure (300 ppm 
NO and 10% O2 in He; 473 K) of CuI (NH3-solvated) 
 

6.4.3.6 Confirming the short-lived nature of Cu-nitrates in presence of NH3 

In order to probe the reactivity of nitrates, the catalyst was exposed to certain conditions 

(300 ppm NO, 10% O2 in balance He at 473 K) to isolate the formation of NOx intermediates 

(nitrate/nitrite). Observed NOx intermediates on Cu sites (bridging nitrates: 1627, 1607 cm-1 and 

bidentate nitrates: 1570 cm-1; 15,20,21) under these conditions suggests existence of commonly 

observed nitrate-nitrite equilibrium (equation 6.9) 4,25, wherein NO can reversibly reduce nitrate 

to nitrite and NO2 (Figure 6.15) 

 

Cu(II)NO.%- + NO ↔ Cu(II)NO%- + NO%                                     (6.9) 

 

Upon introduction of NH3, these Cu-nitrates (CuII-NO32-) are reacted off rapidly (< 60 sec) at 473 

K (Figure 6.15), as opposed to the formation of relatively less reactive NH3-solvated CuII-nitrate 

complexes upon reaction of NH3 with Cu-nitrates at lower temperature of 323 K24. Such rapid 

disappearance of Cu-nitrates upon introduction of NH3 likely indicates shifting of nitrate-nitrite 

equilibrium (equation 6.9) to the right4,23. Timescale for this Cu-nitrate- disappearance in 

presence of NH3 is way shorter (20 sec) than SCR turnover (100 sec) corroborating the 
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hypothesized short-lived nature of plausible Cu-nitrate intermediates during the relevant transient 

reduction of CuII-dimer (NH3-solvated) with NO+NH3 (Figure 6.12).  Such short-lived nature of 

Cu-nitrates in presence of NH3 could be attributed to fast reaction of nitrite (from equation 6.9) 

with NH3 to form CuII(OH), N2 and H2O (equation 6.10), and accelerating the reduction of 

nitrates to nitrites i.e. shifting the equilibrium (equation 6.9) to the nitrite side during relevant 

steady state SCR catalysis. 

 

Cu(II)NO%- + 2NH. ↔ (NH.)%Cu(II)NO%- → (NH.)Cu(II)(OH) + N% + 2H%O         (6.10) 
 

 
Figure 6.15 FTIR spectra collected on Cu-CHA-15-17 sample during ND3 exposure (300 ppm 
ND3 in He; 473 K) of catalyst surface covered with nitrates (300 ppm NO, 10% O2 in balance He; 
473 K) 
 

6.4.3.7 Thermodynamic feasibility of proposed CuII-dimer reduction steps 

 Aforementioned reaction steps including the plausible reaction intermediates of Cu-

nitrate (NH3-solvated) and Cu-nitrite (NH3-solvated) during complete CuII-dimer reduction with 

NO+NH3 could be reconciled as follows:  

1. CuII-dimer reductive disproportionation to yield a mixture of CuII(NO3)- (NH3-solvated) 

and CuI (NH3-solvated)  

2. Reduction of CuII-nitrate with NO to yield CuII(NO2)- (NH3-solvated) and NO2 

3. Reduction of CuII-nitrite (NH3-solvated) to CuII(OH) (NH3-solvated) 
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4. Reduction of CuII(OH) (NH3-solvated) to Cu(I) (NH3-solvated) 

Energetics have been calculated using DFT computations (details of energetics calculations in 

appendix D) to probe the thermodynamic feasibility of the above sequential reaction steps, as 

shown below: 

 
Figure 6.16 DFT-computed energetics for the most plausible pathway 2c 
 

6.4.4 Proposed SCR mechanism 

It was previously proposed that CuII → CuI reduction occurs via. NO-assisted NH3 

dissociation2,5. This step starts from NH3-saturated CuII identified experimentally (XAS) and 

computationally (DFT), followed by attack of NO on a Cu-bound NH3 to form an N−N bond5. 

This process proceeds via. proton transfer to an acceptor and an electron to Cu, leaving an 

H2NNO intermediate that can decompose to form N2 and H2O as follows5: 

Cu(II) + 4NH. ↔ (NH.)6Cu(II)                                                           (6.11) 

(NH.)6Cu(II) + NO → Cu(I)(NH.).(H%NNO) + H>                     (6.12) 

Cu(I)(NH.).(H%NNO) → Cu(I)(NH.)%|NH6> + N% + H%O                (6.13) 
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In the case of isolated [CuIIOH]+ site, the Cu−OH ligand acts as the proton acceptor, to form an 

extra H2O molecule as follows5: 

Cu(II)(OH) + 3NH. ↔ (NH.).Cu(II)(OH)                 (6.14) 

(NH.).Cu(II)(OH) + NO → Cu(I)(NH.)%(H%NNO) + H%O               (6.15) 

Cu(I)(NH.)%(H%NNO) → Cu(I)(NH.)% + N% + H%O               (6.16) 

 

It has been shown that re-oxidation of CuI occurs via. diffusion and pairing of two mobile 

CuI(NH3)2 species with O2 to form dimeric Cu intermediate as follows6: 

2Cu(I)(NH.)% + O% → (NH.)%Cu(II)(O%)Cu(II)(NH.)%              (6.17) 

 

Herein, we propose that dimeric Cu intermediate reductively disproportionates with 

NO+NH3 to yield a mixture of CuII(NO3)- (NH3-solvated) and CuI (NH3-solvated) as follows: 

 

(NH.)%Cu(II)(O%)Cu(II)(NH.)% + NO → (NH.)%Cu(II)NO.
- + Cu(I)(NH.)%             (6.18) 

 

We speculate that CuII(NO3) (NH3-solvated) can be reduced by NO to yield CuII(NO2)- 

(NH3-solvated) and NO2. Such reduction of CuII(NO3)- (NH3-solvated) by NO has been well 

documented previously in the literature25. 

 

(NH.)%Cu(II)NO.
- + NO ↔ (NH.)%Cu(II)NO%

- + 	NO%              (6.19) 

 

We recall the observed potential involvement of NH4+ ions in the mechanism and NO 

overconsumption in presence of excess NH3 (Figure 6.5), we propose that formed NO2 (+NO) 

can react on NH4+ ions via. fast SCR, which has been previously proposed on H-SSZ-1314. Also, 

the reported fast SCR rates (on H-SSZ-13; 473 K) are comparable (same order of magnitude) to 

standard SCR rates (on Cu-SSZ-13; 473 K) 14 

 

NO% + NO + 2NH.(NH6>) ↔ 4N% + 3H%O                (6.20) 
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Further reduction of CuII(NO2)- (NH3-solvated) to CuII(OH) can occur via. numerous 

pathways including gas phase NH3 reacting with CuII(NO2)- (bimolecular reaction), or adsorbed 

NH3 reacting with (NO2)-  on CuII(NO2)- (unimolecular reaction). 

 

(NH.)%Cu(II)NO%
- ↔ (NH.)ECu(II)(OH) + N% + H%O            (6.21) 

 

Coupling all the proposed elementary/lumped reaction steps together  

 
Figure 6.17 Proposed low temperature standard SCR reaction mechanism  

 Conclusions 

Previously unrecognized kinetic behavior and Cu site requirements for CuII and CuII-

dimer reaction with NO+NH3 have been revealed with the aid of monitoring Cu chemical nature 

during steady state and transient sequential reaction. While it was shown that isolated CuII 

undergoes single-site reduction to give CuI(NH3)2, dimeric Cu intermediate was found to 

undergo reductive disproportionation with NO+NH3 to yield a mixture of CuII and CuI 

intermediates, which eventually reduces completely to give CuI(NH3)2. The rate of this CuII-

dimer reductive disproportionation is comparable (same order of magnitude) to rates of 

subsequent CuII reduction and CuI oxidation steps, establishing the relevance of this step during 

steady state SCR. NO consumption stoichiometry during proposed CuII-dimer reductive 
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disproportionation was shown to be consistent with overall reaction stoichiometry. Further with 

the aid of FTIR spectroscopy, speculations have been made on involvement of Cu-nitrate/nitrite 

intermediates and NH3 storage NH4+(H+) sites during CuII-dimer disproportionation. Coupling 

these new findings of CuII-dimer reductive disproportionation (via. formation and reaction of 

nitrate/nitrite) and speculated role of NH3 storage NH4+ sites (via. parallel fast SCR pathway) 

along with previously established reaction steps, complete reaction mechanism scheme is laid 

out. Few important implications of this newly proposed complete mechanism scheme as follows: 

○ Bifunctional nature, i.e. direct involvement of Cu as well as NH4+/H+ sites, opens the 

avenue to optimize the Cu loading to maximize the SCR reactivity  

○ Detailed molecular level reaction network (mechanism) leads the way to potential 

microkinetic and global kinetic modeling  

○ Helps with better understanding/interpretation of experimentally measured reaction 

kinetics  

 Methods 

6.6.1 Synthesis and Characterization 

6.6.1.1 Synthesis of H-CHA zeolites 

Synthesis of H-SSZ-13 zeolites with Si/Al 4.5 and 15 was done as previously reported in 

the above chapters 2 and 3. 

6.6.1.2 X-Ray diffraction of CHA zeolites 

The CHA crystal framework was determined from powder X-ray diffraction (XRD) 

patterns collected as previously reported in the above chapters 2 and 3. 

6.6.1.3 Adsorption isotherms to measure micropore volumes of CHA zeolites 

Micropore volumes of CHA zeolites were determined from Ar adsorption isotherms 

measured as previously reported in the above chapters 2 and 3. 

6.6.1.4 Aqueous-phase Copper Ion-Exchange of H-SSZ-13  

Cu-SSZ-13 zeolites were prepared by aqueous-phase Cu ion-exchange as previously 

reported in the above chapters 2 and 3. 
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6.6.1.5 Elemental Analysis using Atomic Absorption Spectroscopy 

Bulk elemental composition (Si, Al and Cu in H-CHA and Cu-CHA) was determined 

using atomic absorption spectroscopy (AAS) as previously reported in the above chapter 3. 

6.6.1.6 Cu site characterization and quantification 

Cu sites were characterized using Cu K-edge X-ray absorption near edge spectroscopy 

(XANES) and o UV-Visible spectroscopy as previously reported in the above chapters 2 and 3. 

Further enumeration of isolated CuII and CuIIOH sites on each Cu-CHA zeolite was determined 

after oxidative treatment (20% O2, 773 K) by quantifying the number of residual protons that 

remained after Cu exchange, as previously reported in the above chapter 3. 

6.6.2 X-ray Absorption Spectroscopy (XAS) 

More generic details about X-ray absorption spectroscopy have been illustrated in above 

chapters 2 and 3. 

6.6.2.1 Operando XAS experiments 

Operando experiments were performed in a special glassy carbon tube reactor, and the 

details of the custom operando XAS reactor setup were described in above chapters 2 and 3. 

6.6.2.2 Transient XAS experiments 

Reduction of mononuclear NH3-solvated CuII sites with NO+NH3 

First, Cu-CHA samples in their mononuclear CuII states were obtained by high 

temperature oxidation treatment (10% O2, balance He, 500 ml min-1, 773 K, 30 mins). Samples 

were then cooled to 473 K, followed by removal of O2 from the gas stream, while the reductant 

mixture (300 ppm NO, 300 ppm NH3, balance He, 500 ml min-1) was flowed in a bypass line. 

The reductant mixture was then switched from the bypass to the reactor in order to reduce CuII 

sites to CuI(NH3)2 at 473 K. The fraction of CuI and CuII sites during transient reduction 

experiments were monitored by collecting XAS spectra in quick scan mode from 8700 to 9700 

eV. Each spectrum took 1 min 48 s to collect, with a step size of 0.5 eV and a dwell time of 0.05 

s. 
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Oxidation of mononuclear NH3-solvated CuI sites with O2 

After the reduction treatments at 473 K, Cu-CHA samples contained predominantly 

CuI(NH3)2. Next, NO was removed from the gas stream, followed by removal of NH3 from the 

gas stream, while the oxidant stream (10% O2, balance He) was flowed in a bypass line. Once the 

concentration of NO and NH3 reductants were each less than 5 ppm, the oxidant gas stream was 

switched from the bypass line to the reactor, in order to oxidize the CuI(NH3)2 species present, a 

larger fraction of which are reported to oxidize with increasing Cu ion spatial density. The 

fractions of CuI and CuII sites during transient oxidation experiments were monitored by 

collecting XAS spectra in quick scan mode from 8700 to 9700 eV. Each spectrum took 1 min 48 

s to complete, with a step size of 0.5 eV and a dwell time of 0.05 s. 

	
Reactions of binuclear NH3-solvated CuI intermediates with NO+NH3 

After the oxidation treatments at 473 K, Cu-CHA samples contained a mixture of NH3-

solvated mononuclear Cu(I) species and NH3-solvated binuclear O2-bridged CuII species. Next, 

O2 was removed from the gas stream, while the reductant mixture (300 ppm NO, 300 ppm NH3, 

balance He, 500 ml min-1) was flowed in a bypass line. The reductant mixture was then switched 

from the bypass line to the reactor, in order to allow NH3-solvated binuclear O2-bridged CuII 

species to react in the presence of NO and NH3. The fractions of CuI and CuII fractions during 

these transient experiments were monitored by collecting XAS spectra in quick scan mode from 

8700 to 9700 eV. Each spectrum took 1 min 48 s to complete, with a step size of 0.5 eV and a 

dwell time of 0.05 s. 

6.6.3 NO titration experiments to probe reaction stoichiometry 

The consumption of NO (per Cu) in sequential SCR reaction steps on Cu-CHA samples 

was measured and used to corroborate the reaction stoichiometry depicted in Figure 6.10. 

Typically, 10 to 20 mg of sample was loaded into the reactor system used to measure steady-

state SCR kinetics. The total gas flow rate used in the following procedure was 600 mL min-1. 

The Cu-CHA samples in Figure 6.10 were first oxidized and dehydrated to their CuII form by 

treatment to 823 K (0.167 K s-1) in flowing 20% O2 (99.5%, Indiana Oxygen) in balance He 

(99.999%, Indiana Oxygen), and then cooling to 473 K. The sample was then held flowing He 

for 30 minutes, and then fully reduced in a mixture of 300 ppm NO (3.5% NO in Ar, Praxair) 
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and 300 ppm NH3 (3.0% NH3in Ar, Praxair) in balance He. Following reduction of Cu sites to 

their CuI(NH3)2 states (corresponding to 6 o’clock positions in Figure 6.10), the samples were 

exposed to flowing 10% O2 in balance He until steady-state was achieved (corresponding to the 

central position in Figure X). The O2 oxidized sample was then held in a flowing stream of 300 

ppm of NO in balance He, until steady-state was achieved. The O2 oxidized sample was also held 

in a flowing stream of mixture of 300 ppm NO and 300 ppm NH3 in balance He in a separate 

experiment, to completely reduce the sample back to CuI(NH3)2 (corresponding to 6 o’clock 

positions in Figure 6.10).	
Each of these sequential treatments was also performed in a blank reactor to measure a 

baseline signal in the FTIR spectrometer (MKS Multigas TM 2030) used to account for gas 

holdup and residence time in the reactor setup (NO conversion was not detected in the blank 

reactor), in order to calculate the NO consumption from the Cu-CHA catalyst during each 

treatment step. 

6.6.4 Transient FTIR experiments to probe reaction intermediates 

FTIR data were collected on zeolite samples using a Nicolet 6700 FTIR spectrometer 

equipped with a liquid nitrogen-cooled HgCdTe (MCT) detector. Catalyst samples (ca. 40-50 

mg) were pressed into a self-supporting wafer (ca. 2 cm in diameter) and placed in a custom-

built FTIR cell that has been described elsewhere [REF]. Wafers were treated in flowing oxygen 

(10% O2, balance He) to 673 K for 30 min and then cooled to 473 K, prior to the exposure to 

SCR gases. Spectra were collected with a resolution of 4 cm−1 and averaged over 36 scans and 

baseline corrected. 	
Sample was then reduced with 300 ppm of NO+NH3 at 473 K till the point when there is 

no further change in the spectra collected. This was followed by NO and NH3 cut-off. Different 

reactants (including 300 ppm NO or 300 ppm NO + 10% O2 or 300 ppm NO after 10% O2 in 

balance He, total flow of 50 mL min−1) were flowed at 473 K and a series of time resolved IR 

spectra was collected during each gas flows.	
	
Reaction of CuI(NH3)2 sites with NO+O2	
Following the complete reduction of CuII sites with NO+NH3 to CuI(NH3)2 at 473 K, NO was 

first cut-off followed by NH3 from the gas stream, while oxidizing reaction mixture (300 ppm 
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NO, 10% O2, balance He) was being prepared through the bypass. After approximately 2 mins to 

flush out gas phase NO and NH3, oxidizing gas stream (300 ppm NO, 10% O2, balance He, 50 

ml min-1) was switched from bypass to reactor in order to react CuI(NH3)2 with NO+O2, while 

monitoring temporal changes to FTIR spectra.	
	
Reaction of CuII-dimer intermediate with NO+NH3	
Following the O2 oxidation of CuI(NH3)2 to CuII-dimer (NH3-solvated) at 473 K, O2 was cut-off 

from the gas stream, while reaction mixture (300 ppm NO, 300 ppm NH3, balance He,500 ml 

min-1) was being prepared through the bypass. Reaction mixture was then switched from bypass 

to reactor in order to react CuII-dimer (NH3-solvated) with NO+NH3, while monitoring temporal 

changes to FTIR spectra.	
	
Reaction of CuII-dimer intermediate with NO	
Following the O2 oxidation of CuI(NH3)2 to CuII-dimer (NH3-solvated) at 473 K, O2was cut-off 

from the gas stream, while reaction mixture (300 ppm NO, balance He, 500 ml min-1) was being 

prepared through the bypass. Reaction mixture was then switched from bypass to reactor in order 

to react CuII-dimer (NH3-solvated) with NO, while monitoring temporal changes to FTIR 

spectra.	
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7. CATALYTIC CONSEQUENCES OF FRAMEWORK AL SPATIAL 
DENSITY IN CU-SSZ-13 ZEOLITE ON STANDARD SCR KINETICS 

 Preface 

Chapter 7 contains the most recent draft of a manuscript in preparation. This chapter 

studies different types of effects of zeolite framework Al spatial density (Si/Al) on observed 

standard SCR kinetics. It also decouples the contribution from different Al spatial density effects 

on measured overall SCR kinetics, thereby enhancing our understanding of role of zeolite 

support parameters in affecting standard SCR. 

 Abstract 

In this work, we report that increasing zeolite framework Al spatial density has an overall 

promotional effect on steady state SCR kinetics. Residual NH4+ ions (anchored to framework Al 

sites) may facilitate the CuI ® CuII oxidation step in CuII - CuI redox SCR mechanism, and may 

serve as storage sites for reactive NH3 used in CuII ® CuI reduction steps. We further studied 

these effects by perturbing the catalyst to operate in either CuII ® CuI reduction-limited or CuI 

® CuII oxidation-limited regime. Understanding the origin of effects of zeolite framework Al 

spatial density would enable improved interpretation of observed SCR kinetic differences, and 

open avenues to further optimize catalyst structural parameters to improve SCR performance. 

Framework Al spatial density in Cu-SSZ-13 was altered by varying Si/Al ratio. Synthetic, 

spectroscopic and kinetic techniques have been employed to study the promotional effect of 

zeolite framework Al spatial density in Cu-SSZ-13 on kinetics of selective catalytic reduction 

(SCR) of NOx with ammonia.  

 Introduction 

Isolated Cu cationic sites, viz. CuII charge compensated by two framework Al sites and 

[CuII(OH)]+ charge compensated by one framework Al site, have been shown to be precursors to 

the active sites for low temperature SCR.1 These isolated Cu sites were found to be mobile due to 

NH3 solvation during low temperature SCR, with CuII existing as CuII(NH3)4 and [CuII(OH)]+ 

existing as CuII(OH)(NH3)3. Additionally, CuII and CuI intermediates were found to exist under 
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steady state reaction conditions in NH3-solvated state, provided CuII - CuI redox nature of 

reaction mechanism. Mobility of CuI(NH3)2 was discovered to be a key parameter, as CuI re-

oxidation occurs via. CuI(NH3)2 diffusion and pairing.2,3  

Due to dynamic nature of Cu sites, catalyst composition parameters affecting the Cu site 

mobility need to be considered to enhance the SCR reactivity. As indicated in our previous 

work2, catalyst design parameters to regulate Cu site mobility, other than Cu spatial density, 

would be the support structure (type of zeolite support – pore size and channel interconnectivity), 

electronic conductivity, composition (framework Al spatial density and distribution), and the 

molecules that solvate such sites. Among all these design parameters, varying framework Al 

spatial density of the zeolite support seems to be the most simple and convenient one.  

There are only a few reports discussing the effect of framework Al density on Cu 

mobility, and in turn affecting SCR kinetics. In line with how framework Al can play a role in 

facilitating Cu mobility and pairing, a specific framework Al distribution in Cu-SSZ-13 (with an 

intermediate Al-Al distance about 7.5 Å) was shown to be most favorable for Cu-pair formation 

due to balance of electrostatic Coulomb interactions4, solely with the aid of DFT and ab-initio 

molecular dynamics simulations. Furthermore, with the help of in situ electrical impedance 

spectroscopy (IS) to measure conductivity of zeolite catalysts, framework Al anchored NH4+ and 

NH4+(NH3)n complexes were found to provide additional paths or carriers for proton transport, 

which consequently increase the proton conductivity, further facilitating the diffusion/mobility of 

NH3-solvated Cu sites5–7. However, experimental evidence is needed for the effects of 

framework Al spatial density on Cu mobility, and in turn affecting SCR kinetics. Additionally, it 

was suggested that framework Al density (acid site density) can directly affect SCR kinetics by 

NH4+ sites acting as a reservoir for weakly bound NH3 (needed for NO consumption) based on 

observed linear correlation between framework Al density (acid site density) and SCR rate8. 

However, such proposed effects of framework Al density (acid site density) on SCR kinetics 

could be convoluted with effects of framework Al anchored NH4+ ions promoting CuI 

mobility/diffusion. This could also be masked by kinetics measured under different kinetic 

regimes (CuI oxidation- and CuII reduction-limited regimes). Therefore, there is a need to isolate 

and elucidate different types of effects of framework Al density on SCR kinetics. 
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Herein, different types of effects of framework Al spatial density in Cu-SSZ-13 zeolite on 

SCR kinetics have been investigated experimentally. Promotional effects of framework Al 

spatial density on steady state SCR kinetics were decoupled into contributions from residual 

NH4+/H+ ions anchored to framework Al sites facilitating Cu mobility by comparison of CuI ® 

CuII oxidation kinetics, and residual NH4+/H+ ions anchored to framework Al sites participating 

in NO consumption step of SCR mechanism as isolated by by operating the catalyst in CuII ® 

CuI reduction-limited regime. 

 Results and Discussion 

Here, we study the effects of zeolite framework Al spatial density in Cu-SSZ-13 on SCR 

kinetics. First, three model Cu-SSZ-13 samples with same spatial density of isolated Cu sites 

(present either as CuII  at paired framework Al sites or as [CuIIOH]+ at isolated Al sites), but 

varying spatial density of framework Al sites (Si/Al 5, 15 and 25), were chosen (Table 7.1), as 

representatives from a broader Cu-SSZ-13 sample set reported in our previous study2. These 

samples are denoted Cu-CHA-X-Y, where X refers to the Si/Al ratio and Y refers to the mean 

Cu-Cu distance in Å, as estimated assuming a homogeneous distribution of Cu throughout the 

zeolite crystallite volume as done in Paolucci et al.2. Relevant structural and site characterization 

of these model samples are provided in Table 7.2, including bulk elemental analysis, the number 

of isolated CuII and [CuIIOH]+ sites (per Al), the concentration of Cu ions per crystallite volume, 

concentration of Al per crystallite volume and residual NH4+/Al. 
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Table 7.1 Standard SCR kinetics parameters on Cu-exchanged SSZ-13 samples with Si/Al = 5, 
15 and 25 and Cu/Al varying from 0.03-0.44. (Y = Mean Cu-Cu distance in Å, X = Si/Al) 

†Errors in the apparent reaction rate orders are ± 0.1. 
 

Table 7.2 Bulk elemental analysis, number of isolated CuII and [CuIIOH]+ sites (per Al), 
concentration of Cu ions and Al per crystallite volume, and residual NH4+/Al in oxidized CuII 
forms of model Cu-CHA-X-Y samples (Y = mean Cu-Cu distance, X = Si/Al).	

Cu-CHA-X -Y Si/Al Cu/Al CuII/Al* CuIIOH/Al* Cu / 
1000Å3 

 

Al / 
1000Å3 

 

Residual 
NH4+/Al* 

Cu-CHA-5-20 4.5 0.08 0.08 0.00 0.23 0.96 0.31 
Cu-CHA-15-20  15 0.25 0.09 0.16 0.23 0.61 0.58 
Cu-CHA-25-20  25 0.40 0.05 0.35 0.23 0.37 0.61 

*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and [CuIIOH]+ 
siting1 

7.4.1 Overall promotional effect of framework Al density on SCR kinetics 

As discussed in our previous study, standard SCR rates vary quadratically with Cu 

density below 0.25 Cu/1000Å on a series of model Cu-CHA samples with Si/Al 15 (Cu-CHA-

15-Y) due to dual-site oxidation being the rate-limiting step2. Measurement of reaction kinetics 

Cu-CHA-X-Y 
Cu 

/1000Å3 

SCR Rate 
(/10-3 mol 

NO/mol Cu/s) 

SCR Rate 
(/10-3 

NO/1000Å3/s) 

O2 
order† 

NO 
order† 

NH3 
order† 

Cu-CHA-5-20  0.23 8.1 4.85 0.2 0.8 0.0 
Cu-CHA-5-15 0.58 8.4 1.78 0.2 0.9 0.0 
Cu-CHA-15-40 0.03 1.8 0.05 0.8 0.4 -0.5 
Cu-CHA-15-29  0.07 2.3 0.16 0.7 0.4 -0.5 
Cu-CHA-15-27 0.09 3.3 0.30 0.7 0.4 -0.5 
Cu-CHA-15-25 0.11 4.5 0.50 0.7 0.4 -0.4 
Cu-CHA-15-22  0.18 6.5 1.17 0.5 0.7 -0.3 
Cu-CHA-15-20 0.23 7.8 1.79 0.4 0.6 -0.2 
Cu-CHA-15-17 0.35 7.4 2.59 0.4 0.7 0.0 
Cu-CHA-15-16  0.41 7.8 3.20 0.3 0.8 0.0 
Cu-CHA-25-38  0.03 0.5 0.02 0.9 0.4 -0.5 
Cu-CHA-25-25  0.12 1.6 0.18 0.8 0.5 -0.6 
Cu-CHA-25-22  0.17 2.6 0.46 0.7 0.5 -0.4 
Cu-CHA-25-20  0.23 3.8 0.88 0.5 0.6 -0.3 
Cu-CHA-25-18  0.34 7.7 2.63 0.3 0.7 -0.2 
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on a series of Cu-CHA samples with varying Cu and Al density (Si/Al 5, 15 and 25) samples 

exhibit different quadratic dependences of standard SCR rates (Figure 7.1). The quadratic 

dependence of SCR rates (per Cu) on Cu spatial density extends up to higher critical Cu density 

(~0.35 Cu/1000Å) for lower framework Al density samples (Si/Al 25), as opposed to lower 

critical Cu density (~0.25 Cu/1000Å) for higher framework Al density samples (Si/Al 15). This 

wider regime of quadratic dependence coupled with reaction O2 orders representative of O2 

oxidation of CuI reaction step (O2 order ~ 1.0), is indicative of increased kinetic relevance of CuI 

oxidation with O2 step for lower framework Al density samples (Si/Al 25) relative to higher 

framework Al density samples (Si/Al 15). 

 

Figure 7.1 Standard NOx SCR rates (per volume catalyst, 473 K) measured on Cu-CHA-X-Y 
samples (Y = Mean Cu-Cu distance in Å, X=Si/Al), with green: Cu-CHA-5-Y, blue: Cu-CHA-
15-Y and red: Cu-CHA-25-Y (Conditions: 300 ppm NO, 300 ppm NH3, 10% O2, 7% CO2, 3% 
H2O and balance He at 473 K) 
 

This is indicative of a promotional effect of framework Al spatial density on steady state 

SCR kinetics, wherein increase in Al density (decrease in Si/Al) seems to increase the rate of CuI 

® CuII oxidation (decreasing the kinetic relevance of CuI oxidation). This agrees with the 

theoretical proposal that framework Al anchored extraframework NH4+ ions can assist the 
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migration of CuI(NH3)2 5, which is a prerequisite to CuI ® CuII oxidation with O2. Here it is 

important to note that changing framework Al density (Si/Al) results in both the change of 

Bronsted acid site density as well as active Cu cationic site speciation. As it was shown that 

structurally different Cu sites behave similarly under SCR reaction conditions due to NH3 

solvation1, effect of framework Al density can be treated primarily as an effect of acid site 

density. In addition, the amount of framework Al anchored residual NH4+ ions could also directly 

affect SCR kinetics by weakly binding reactive NH3 species as indicated previously8. In 

summary, framework Al density can affect overall SCR kinetics through involvement of its 

electrostatically anchored extraframework co-cation like H+, NH4+, Cu, etc., in the following two 

ways: 1) Residual NH4+/H+/Cu ions facilitate CuI diffusion/mobility/pairing during CuI ® CuII 

oxidation, and 2) Residual NH4+ ions bind NH3 that participate in SCR mechanism in NO 

reduction/consumption during CuII ® CuI reduction. 

7.4.2 Promotional effect on Cu mobility 

Increasing Cu density increases the amount of oxidizable CuI as well as rate of CuI ® 

CuII oxidation, consistent with previously proposed dual-site nature of CuI oxidation, however, 

the effect of framework Al density on Cu diffusion is not considered here2. It has been found that 

increasing framework Al anchored NH4+ site density also increases the amount of oxidizable CuI 

(from CuI oxidation transients reported in chapter 4) as well as initial rate of CuI ® CuII 

oxidation (obtained from rate of CuI oxidation at t=0 in CuI oxidation transients from chapter 4), 

as seen in Figure 7.2. This is indicative of a promotional effect of framework Al density on Cu 

mobility, and in turn on SCR kinetics. Such effect can be reconciled based on previously 

reported additional Cu diffusion pathway assisted by NH4+/H+ ions transport/hopping/exchange 

mechanism4. 
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Figure 7.2 Oxidizable CuI fraction and initial CuI oxidation rate (normalized by total Cu spatial 
density) (from O2 transients at t = 0 s) on model Cu-CHA-5-20, Cu-CHA-15-20 and Cu-CHA-
25-20 samples with varying Al density at a fixed Cu density 
 

7.4.3 Isolating this promotional effect of Al density on Cu mobility 

The effects on Cu ion mobility are first isolated by operating in CuI ® CuII oxidation 

kinetic regime, where Cu ion mobility is kinetically relevant, and then extracting apparent first-

order (k1) or oxidation rate constants (kox), as discussed in chapter 4. Observed increase in 

oxidation rate constant with increase in framework Al density (Table 7.3 and Figure 7.3) can be 

rationalized by framework Al (residual NH4+) promoting SCR reactivity via. facilitating CuI ® 

CuII oxidation during SCR. 
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Table 7.3 Apparent CuI ® CuII oxidation rate constants on model Cu-CHA-5-20, Cu-CHA-15-
20 and Cu-CHA-25-20 samples with varying Al density and fixed Cu spatial density 

Cu-CHA-X-Y Cu / 1000Å3  Al / 1000Å3  k1  
(apparent oxidation rate constant) 
(10-3 mol NO kPa O2 mol Cu-1s-1 ) 

Cu-CHA-5-20 0.23 0.96 3.10 

Cu-CHA-15-20  0.23 0.61 1.90 

Cu-CHA-25-20 0.23 0.37 0.37 
 

 
Figure 7.3 Apparent CuI ® CuII oxidation rate constants on model Cu-CHA-5-20, Cu-CHA-15-
20 and Cu-CHA-25-20 samples with varying Al density and fixed Cu spatial density 
 

7.4.4 Promotional effect involving NH4
+ ions in reaction mechanism 

It has been recently proposed that residual NH4+ ions act as NH3-storage sites providing 

reactive NH3 for NO consumption during CuII ® CuI reduction step SCR mechanism (in chapter 

4). This involvement of NH3-storage residual NH4+ sites differs from aforementioned 

participation of NH4+ ions via. facilitation of CuI diffusion and pairing during CuI ® CuII 

oxidation. 
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7.4.5 Isolating the promotional effect of Al density on reactive NH3 

In order to isolate this promotional effect, we first attenuate the effects of Cu ion mobility 

by operating in the kinetic regime where Cu ion mobility is not kinetically relevant. Operating in 

such CuII ® CuI reduction-limited kinetic regime enables extraction of apparent zero-order/ 

reduction rate constants (k0), as discussed in chapter 4 on model Cu-CHA-X-20 sample with 

fixed Cu spatial density, varying amounts of residual NH4+ ions (per Al). These apparent CuII ® 

CuI reduction rate constants (k0) are reported in Table 7.4. 

 

Table 7.4 Apparent CuII ® CuI reduction rate constants (kr: per pairable Cu) on model Cu-CHA-
5-20, Cu-CHA-15-20 and Cu-CHA-25-20 samples with fixed Cu spatial density, varying 
amounts of residual NH4+ ions (per Al). 

Cu-CHA-X-Y Cu / 
1000Å3  

Al / 
1000Å3  

Residual 
NH4+/Al 

k0  
(apparent reduction rate constant) 
(10-2 mol NO mol pairable Cu-1s-1) 

Cu-CHA-5-20 0.23 0.96 0.35 1.31 

Cu-CHA-15-20 0.23 0.61 0.58 1.71 

Cu-CHA-25-20 0.23 0.37 0.61 2.08 
 

 
Figure 7.4 Apparent CuII ® CuI reduction rate constants on model Cu-CHA-4.5-20, Cu-CHA-
15-20 and Cu-CHA-25-20 samples with fixed Cu spatial density and varying Al amounts of 
residual NH4+ ions (per Al) 
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Apparent reduction rate constant positively correlates with amount of residual NH4+ ions 

(Figure 7.4) suggesting the direct involvement of NH4+ ions during CuII ® CuI reduction with 

NO step. The amount of residual NH4+ ions appears to matter more than Al density for direct 

involvement in CuII ® CuI reduction with NO step. 

 Conclusions 

Framework Al spatial density in Cu-SSZ-13 was shown to promote steady state SCR 

kinetics. This overall promotional effect of framework Al spatial density comprises of 

framework Al sites anchored NH4+/H+ ions aiding Cu mobility during CuI ® CuII oxidation, and 

framework Al sites anchored NH4+/H+ ions acting as reactive NH3 storage sites during CuII ® 

CuI reduction. These effects influence the CuI ® CuII oxidation half of SCR redox cycle, and the 

CuII ® CuI reduction half of SCR redox cycle, respectively. Understanding the origins of 

promotional effects of framework Al density would enable better interpretation of observed 

kinetic differences with changes in catalyst composition, and also opens avenues to further refine 

catalyst structural parameters to improve SCR reactivity. 

 Methods 

7.6.1 Synthesis and Characterization 

7.6.1.1 Synthesis of H-CHA zeolites 

Synthesis of H-SSZ-13 zeolites with Si/Al 4.5, 15 and 25 was done as previously 

reported in the above chapters 2 and 3. 

7.6.1.2 X-Ray diffraction of CHA zeolites 

The CHA crystal framework was determined from powder X-ray diffraction (XRD) 

patterns collected as previously reported in the above chapters 2 and 3. 

7.6.1.3 Adsorption isotherms to measure micropore volumes of CHA zeolites 

Micropore volumes of CHA zeolites were determined from Ar adsorption isotherms 

measured as previously reported in the above chapters 2 and 3. 
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7.6.1.4 Aqueous-phase Copper Ion-Exchange of H-SSZ-13  

Cu-SSZ-13 zeolites were prepared by aqueous-phase Cu ion-exchange as previously 

reported in the above chapters 2 and 3. 

7.6.1.5 Elemental Analysis using Atomic Absorption Spectroscopy 

Bulk elemental composition (Si, Al and Cu in H-CHA and Cu-CHA) was determined 

using atomic absorption spectroscopy (AAS) as previously reported in the above chapter 3. 

7.6.1.6 Cu site characterization and quantification 

Cu sites were characterized using Cu K-edge X-ray absorption near edge spectroscopy 

(XANES) and o UV-Visible spectroscopy as previously reported in the above chapters 2 and 3. 

Further enumeration of isolated CuII and CuIIOH sites on each Cu-CHA zeolite was determined 

after oxidative treatment (20% O2, 773 K) by quantifying the number of residual protons that 

remained after Cu exchange, as previously reported in the above chapter 3. 

7.6.2 X-ray Absorption Spectroscopy (XAS) 

More generic details about X-ray absorption spectroscopy have been illustrated in above 

chapters 2 and 3. 

7.6.2.1 Operando XAS experiments 

Operando experiments were performed in a special glassy carbon tube reactor, and the 

details of the custom operando XAS reactor setup were described in above chapters 2 and 3. 

7.6.2.2 Transient XAS experiments 

Oxidation of CuI(NH3)2 sites with O2	
Following the reduction of CuII to CuI(NH3)2 with NO+NH3 at 473 K, NO was first cut-off 

followed by NH3 from the gas stream, while oxidizing mixture (10% O2, balance He) was being 

prepared through the bypass. As soon as the outlet concentration of reductants NO and NH3 were 

less than 5 ppm, oxidizing gas stream (10% O2, balance He, 500 ml min-1) was switched from 

bypass to reactor in order to oxidize CuI(NH3)2 to CuII-dimer (NH3-solvated). The CuI-CuII 

fractions during these transient oxidation experiments were followed by collecting XAS spectra 
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in quick scan mode from 8700 to 9700 eV. Each spectrum took 1 min 48 s to complete with a 

step size of 0.5 eV and a dwell time of 0.05 s.	

7.6.3 Kinetics 

Differential SCR kinetics under CuII ® CuI reduction-limited high O2 limit (70 kPa) and CuI ® 

CuII oxidation-limited low O2 limit (0.5 kPa) were measured on a bench-top tubular glass reactor 

described in the appendix B of chapter 3 and above chapter 5.  
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8. CATALYTIC CONSEQUENCES OF STABILITY OF SMALL PORE 
CU-ZEOLITES AGAINST HYDROTHERMAL DEACTIVATION ON 

STANDARD SCR KINETICS 

“Reprinted with permission from Structural and kinetic changes to small-pore Cu-zeolites after 
hydrothermal aging treatments and selective catalytic reduction of NOx with ammonia, Jonatan 
D. Albarracin-Caballero, Ishant Khurana, John R. Di Iorio, Arthur J. Shih, Joel E. Schmidt, 
Michiel Dusselier, Mark E. Davis, Aleksey Yezerets, Jeffrey T. Miller, Fabio H. Ribeiro, 
Rajamani Gounder, Reaction Chemistry & Engineering, doi: 10.1039/C6RE00198J. Copyright 
(2017), Royal Society of Chemistry.” 

 Preface 

Chapter 8 reflects the reproduction of my equal contribution coauthored article published 

in Reaction Chemistry and Engineering, 2 (2), 168-179, 2017, titled “Structural and kinetic 

changes to small-pore Cu-zeolites after hydrothermal aging treatments and selective catalytic 

reduction of NOx with ammonia”. This chapter use a detailed step-wise approach on model Cu-

zeolite catalysts (three small-pore zeolite frameworks- CHA, AEI and RTH) to study atomic 

level hydrothermal deactivation mechanism, which would further aid in development of more 

hydrothermal stable catalysts. This work employs bulk characterization techniques, direct Cu site 

and kinetic characterization. 

 Abstract 

Three small-pore, eight-membered ring (8-MR) zeolites of different cage-based topology 

(CHA, AEI, RTH), in their proton- and copper-exchanged forms, were first exposed to high 

temperature hydrothermal aging treatments (1073 K, 16 h, 10% (v/v) H2O) and then to reaction 

conditions for low temperature (473 K) standard selective catalytic reduction (SCR) of NOx with 

ammonia, in order to study the effect of zeolite topology on the structural and kinetic changes 

that occur to Cu-zeolites used in NOx abatement. UV-Visible spectra were collected to monitor 

changes to Cu structure and showed that band intensities for isolated, hydrated Cu2+ cations 

(~12,500 cm-1) remain constant after hydrothermal aging but decrease in intensity upon 

subsequent exposure to low temperature SCR reaction conditions. Standard SCR rates (per Cu, 

473 K), activation energies, and reaction orders are similar between Cu-AEI and Cu-CHA 
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zeolites before and after hydrothermal aging, although rates are lower after hydrothermal aging 

as expected from the decreases in intensity of UV-Visible bands for Cu2+ active sites. For Cu-

RTH, rates are lower (by 2-3x) and apparent activation energies are lower (by ~2x) than for Cu-

AEI or Cu-CHA. These findings suggest that the RTH framework imposes internal transport 

restrictions, effectively functioning as a one-dimensional framework during SCR catalysis. 

Hydrothermal aging of Cu-RTH results in complete deactivation and undetectable SCR rates, 

despite X-ray diffraction patterns and Ar micropore volumes (87 K) that remain unchanged after 

hydrothermal aging treatments and subsequent SCR exposure. These findings highlight some of 

the differences in low temperature SCR behavior among small-pore Cu-zeolites of different 

topology, and the beneficial properties conferred by double six-membered ring (D6R) composite 

building units. They demonstrate that deleterious structural changes to Cu sites occur after 

exposure to hydrothermal aging conditions and SCR reactants at low temperatures, likely 

reflecting the formation of inactive copper-aluminate domains. Therefore, the viability of Cu-

zeolites for practical low temperature NOx SCR catalysis cannot be inferred solely from 

assessments of framework structural integrity after hydrothermal aging treatments, but also 

require Cu active site and kinetic characterization after hydrothermally aged zeolites are exposed 

to low temperature SCR reaction conditions.  

 

 
 

Cu-H-CHA (3D)
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Cu-H-RTH (2D)
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Bulk structure

Cu(II) cations

H+ sites
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 Introduction 

Leading emissions control strategies for the abatement of hazardous nitrogen oxide 

pollutants (NOx, x = 1, 2) in lean-burn and diesel engine exhaust involve their selective catalytic 

reduction (SCR) with ammonia, which is generated from the decomposition of urea stored in an 

on-board tank. Cu- and Fe-exchanged molecular sieves used to practice automotive SCR 

aftertreatment1–6 are required to retain sufficient SCR performance after excursions to high 

temperatures (>923 K) in the presence of steam (~7% H2O (v/v)),7–10 conditions experienced 

during regeneration of particulate filters. The structural integrity of molecular sieve frameworks 

with medium pores (e.g., MFI,11–16 FER;11 ~0.5 nm diam.) and large pores (e.g., BEA,13,14,17,18 

FAU;14 >0.6 nm diam.) becomes compromised during hydrothermal aging;11–18 moreover, active 

sites within such frameworks can be poisoned chemically by residual hydrocarbons in exhaust 

streams. These deactivation issues are mitigated within small-pore, eight-membered ring (8-MR; 

<0.4 nm diam.) frameworks, which led to the advent of the aluminosilicate (SSZ-13) and 

silicoaluminophosphate (SAPO-34) compositions of the chabazite (CHA) topology8,19,20 as 

commercially used NOx SCR catalysts. Other small-pore molecular sieves with three-

dimensional (e.g., AFX,13 AEI,21 KFI,13 SAV,22 SFW23,24) and two-dimensional (e.g., LEV,13 

DDR,13  RTH25) pore connectivity have been considered as alternatives to CHA molecular 

sieves, based on observations that small-pore frameworks retain their structural integrity after 

exposure to hydrothermal aging conditions.  

 Hydrothermal aging of zeolites leads to the removal of aluminum atoms from framework 

locations,13,26–28 which stabilize redox-active, extraframework Cu cations and ammonium species 

during SCR catalysis. Framework dealumination generally leads to sintering of extraframework 

alumina and mixed oxide domains with concomitant losses in microporous structure29–31 that 

may restrict molecular traffic to active sites. The effects of hydrothermal aging treatments on 

dealumination have been assessed by changes in Al coordination using solid-state 27Al magic 

angle spinning nuclear magnetic resonance (MAS NMR), and in long-range crystalline structure 

using X-ray diffraction (XRD) and micropore volume measurements.14,32–35 Structural changes 

upon dealumination are more severe in Cu-exchanged medium-pore and large-pore zeolites (e.g., 

Cu-MFI, Cu-BEA) than in small-pore zeolites (e.g., Cu-CHA, Cu-AEI),14,17,36 which are more 

recalcitrant to hydrothermal deactivation. Aluminum hydroxide species (Al(OH)3; ~0.5 nm in 

diam.) formed upon dealumination at high temperatures are thought to be unable to diffuse 
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through 8-MR windows in CHA13 and AEI36 (~0.38 nm in diam.), which prevents the formation 

of larger extraframework alumina aggregates and allows for reincorporation of monomeric Al 

species within framework vacancy positions at low temperatures. Dealumination upon 

hydrothermal aging is also suppressed by the presence of extraframework cations (e.g., Cu, Na, 

Li, Mg),36–38 which remove Brønsted acid sites that are vulnerable locations for hydrolysis of 

framework bonds.39–41 Consequently, the ability of a zeolite framework to resist dealumination 

and retain its structural integrity upon hydrothermal aging has been used to identify promising 

candidates for practical NOx SCR catalysis.  

Deactivation caused by hydrothermal aging of molecular sieves may also reflect changes 

to the structure and location of extraframework Cu cations, such as their aggregation into larger 

Cu oxide species (CuxOy), because the former isolated cations have been implicated as active 

sites for low temperature (473 K) SCR catalysis42–44 while the latter oxide clusters are 

unreactive.45 The disappearance of isolated Cu2+ cations upon hydrothermal aging of Cu-SSZ-13 

has been inferred from the attenuation of absorption features characteristic of framework (T-O-

T) vibrations (900 and 940 cm-1) perturbed by ion-exchanged Cu species in diffuse-reflectance 

infrared (DRIFTS) spectra, from decreases in the amount of NH3 desorbed from Lewis acidic Cu 

cations (~553 K) in TPD experiments,32 and from decreases in electron paramagnetic resonance 

(EPR) signals for isolated Cu2+ cations.33 The aggregation of isolated Cu2+ cations into larger 

CuxOy domains upon hydrothermal aging has been detected by electron microscopy (TEM, 

SEM) and energy dispersive X-ray spectroscopy (EDX).32–34 Isolated Cu2+ cations have also 

been proposed to interact with extraframework Al species, formed via dealumination, to generate 

inactive copper-aluminate domains in hydrothermally aged Cu-SSZ-13, evident in extended X-

ray absorption fine structure (EXAFS) spectra that show decreased Cu-Cu scattering distances 

and increased Cu-Al scattering distances, and in H2 temperature programmed reduction (TPR) 

profiles that show decreased intensities of lower temperature (500-670 K) reduction features for 

isolated Cu cations with the concomitant appearance of higher temperature (790-880 K) 

reduction features attributed to copper-aluminates.35 Additionally, 27Al MAS NMR spectra show 

decreased intensities for tetrahedral Al lines (δ ~ 60 ppm) without concomitant increases in 

intensities for octahedral Al lines (δ ~ 0 ppm), suggesting that interactions of Al with 

paramagnetic Cu render them invisible to NMR detection.14 These results provide evidence for 

one possible deactivation mechanism of Cu-SSZ-13 through loss of isolated Cu2+ active sites 
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during hydrothermal aging, but do not account for structural changes to active sites that may 

result from subsequent exposure to standard SCR reactants. Thus, identifying new zeolite 

topologies that retain SCR reactivity after hydrothermal aging treatments requires knowledge of 

how such treatments, and subsequent exposure to SCR reaction conditions, affect the structures 

of both Cu active sites and the zeolite framework. 

Here, we investigate the effects of hydrothermal aging and subsequent exposure to 

standard SCR reactants at low temperatures (473 K) on the structural and active site changes 

experienced by three different small-pore Cu-exchanged zeolites (Cu-CHA, Cu-AEI, Cu-RTH). 

Bulk characterization techniques, including XRD patterns and micropore volumes, reveal only 

subtle differences between Cu-zeolites before and after hydrothermal aging, and after subsequent 

exposure to low temperature SCR reaction conditions, and are unable to provide direct insight 

into the decreases in SCR reactivity measured on hydrothermally aged, small-pore Cu-zeolites. 

We provide evidence that exposure of hydrothermally aged catalysts to SCR reaction conditions 

at low temperatures causes further structural changes to active Cu sites that are detectable by 

UV-Visible spectroscopy, consistent with the formation of mixed copper-aluminate domains via 

reaction with extraframework Al species formed upon dealumination during hydrothermal aging. 

These findings demonstrate that active site and structural characterization of hydrothermally 

aged Cu-zeolites after exposure to SCR reactants at low temperatures provide more accurate 

inferences about their catalytic behavior.  

 Results and Discussions  

8.4.1 Structural features of CHA, AEI and RTH topologies 

The salient structural features of the three molecular sieve framework topologies studied 

here are summarized in Table 8.1. The CHA framework46 has three-dimensional micropore 

interconnectivity and is formed by the repetitive stacking of a hexagonal array of planar 6-

membered rings (6-MR) connected in an AABBCC-type stacking scheme that form hexagonal 

prisms (double 6-MR). These double 6-MR (D6R) units are ordered to form large chabazite 

cages that are ~0.73 nm in diameter, which are limited by symmetric 8-MR windows that are 

~0.38 nm in diameter. The CHA framework contains only one crystallographically unique T-site 
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and its unit cell contains 36 tetrahedrally-coordinated atoms (T-atoms) connected by 4-MR, 6-

MR, and 8-MR units that are shared between adjacent cages.  

The AEI framework54 also has three-dimensional micropore interconnectivity and is constructed 

from a hexagonal array of 6-MR units similar to CHA, but neighboring D6R units are rotated 

180o with respect to each other (Table 8.1). The D6R units are ordered to form AEI cavities that 

are ~0.73 nm in diameter and are contained within 4-MR, 6-MR, and 8-MR units, with access 

into AEI cavities limited by symmetric 8-MR windows that are ~0.38 nm in diameter, as in the 

case of CHA. In contrast to the CHA unit cell, the AEI unit cell contains 48 T-atoms and three 

crystallographically-distinct T-sites.  

 

Table 8.1 Structural properties of the 8-MR molecular sieve frameworks in this study (CHA, 
AEI, RTH) 

Framework CHA AEI RTH 

Crystal Topology 

  
 

 
 

 
 

 

   
Zeolite Trade Name SSZ-13 46 SSZ-39 54 SSZ-50 55 

Space Group R-3m Cmcm C2/m 
Ring sizes (X-MR)a 8, 6, 4 8, 6, 4 8, 6, 5, 4 
Number of unique 

T-sitesa 1 3 4 

Connectivitya 3-D 3-D 2-D 

Window diameter 
(nm)b 0.38 x 0.38 0.38 x 0.38 

0.54 x 0.25 

0.41 x 0.38 
Cage diameter (nm)c 0.73 0.73 0.81 

aStructural information from the International Zeolite Association structural database 51. 
bWindow diameter taken as the maximum diameter of a sphere that can diffuse through the framework 68. 
cCage size taken as the maximum diameter of a sphere that be occluded within the framework 68. 
 
 

0.38 

0.38 

0.38 

0.38 
0.41 

0.38 
0.56 

0.25 
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The RTH framework55 is unique among the three small-pore zeolites studied here 

because it does not contain D6R building units, but instead is formed by two sets of three 4-MR 

that are connected via 5-MR linkages. These chained 4-MR and 5-MR periodic building units are 

repeated with simple translations to form RTH cavities that are 0.81 nm in diameter, and are 

contained within 4-MR, 5-MR, 6-MR, and 8-MR units. Consequently, the RTH unit cell (32 T-

atoms) contains both symmetric (0.38 nm x 0.41 nm) and asymmetric (0.25 nm x 0.56 nm) 8-MR 

windows that result in only two-dimensional pore interconnectivity. RTH contains four 

crystallographically-distinct T-sites, three of which occupy positions accessible through either of 

the two 8-MR windows, and one that resides within the interconnected 4-MR chain and is 

inaccessible from the RTH cavity.  

8.4.2 Characterization of H- and Cu-form zeolites before hydrothermal aging 

Powder XRD patterns of H-form AEI, CHA, and RTH zeolites (Figure E1, Appendix E.) 

were consistent with reported diffraction patterns for these topologies 51 and did not show 

diffraction peaks for phase impurities. Ar adsorption isotherms (87 K) on H-form zeolites 

(Figure E2, Appendix E) gave micropore volumes (Table 8.2) consistent with the AEI,54 CHA,46 

and RTH55 topologies. 27Al MAS NMR spectra of H-form zeolites (Figures E3-S5, Appendix E.) 

show predominantly Al incorporated into tetrahedral framework positions (Alf, δ ~ 60 ppm), 

with Alf/Altot values quantified to be 0.85 for H-CHA, 0.85 for H-AEI and 0.98 for H-RTH 

(Table 8.2). The number of protons per framework Al atom (H+/Alf, Table 8.2) measured by NH3 

TPD (Figure 8.2) on H-form zeolites was 0.95 and 0.85 for H-CHA and H-AEI, respectively, 

indicating that nearly every framework Al generated a proton. In contrast, the H+/Alf value was 

much lower on H-RTH (0.60, Table 8.2), suggesting either that some framework Al atoms 

generate H+ sites that are inaccessible to NH3, or that not all Al atoms are associated with a 

corresponding proton site. In the RTH framework, it is plausible that some H+ sites are 

inaccessible to NH3, which has a kinetic diameter (~0.26 nm)56 that is larger than one of the 

dimensions of the distorted RTH window (0.56 nm x 0.25 nm), and because one of the four T-

sites in RTH is in a location that is inaccessible from the RTH cage. Infrared spectra collected 

after H-RTH was exposed to NH3 (433 K), however, showed complete disappearance of 

Brønsted acidic OH stretches (Figure E6, Appendix E) indicating that all H+ sites are accessible 

to NH3. Therefore, the H+/Alf value of 0.60 on H-RTH reflects the presence of distorted Al 
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structures that do not generate H+ sites, but are otherwise detected as Alf species in NMR spectra, 

as noted previously.45,57,58 

 

Table 8.2 Site and structural properties of H-form and Cu-form zeolites prior to hydrothermal 
aging 

Sample Si/Al 
Ratioa 

Cu 
wt%a 

Cu/Al 
Ratioa 

Vads, micro 
(cm3 g-1)b 

Vads, meso 
(cm3 g-1)b 

H+/Al 
Ratioc 

Alf/Altotd H+/Alf 

H-CHA 15 - - 0.18 0.04 0.95 0.85 1.10 
Cu-CHA 15 0.7 0.12 0.17 0.05 0.72 0.90 - 
H-AEI 9.5 - - 0.20 0.01 0.85 0.85 1.00 
Cu-AEI 9.5 1.7 0.17 0.19 0.01 0.54 0.91 - 
H-RTH 15 - - 0.20 0.05 0.60 0.98e 0.61 
Cu-RTH 15 0.7 0.11 0.17 0.04 0.38 0.98 - 

aElemental composition determined by atomic absorption spectroscopy (AAS). 
bMicropore and mesopore volumes determined from Ar adsorption isotherms (87 K). (Figure S.2, Supp. Info.). 
cNumber of H+ sites quantified by selective NH3 titration and temperature-programmed desorption. 
dFraction of tetrahedrally coordinated Al determined from 27Al MAS NMR (Figure S.3.1-3.3, Supp. Info). 
eValue on Cu-RTH. 
 

Powder XRD patterns of AEI, CHA, and RTH zeolites after Cu exchange do not show 

significant changes in structure compared to their respective H-form zeolites or the presence of 

bulk CuxOy (Figure E1, Appendix E). The micropore volume of each Cu-exchanged zeolite 

decreased slightly (Table 8.2; Figure E2, Appendix E) due to the presence of extraframework Cu 

cations, which occupy a small, but detectable, fraction of the void volume. Gaseous NH3 

titration53,59 of residual H+ sites on Cu-CHA (Cu/Al = 0.12) shows that H+ sites are replaced with 

an exchange stoichiometry of two protons per Cu, reflecting the presence of only divalent Cu2+ 

cations (Table 8.2, Figure 8.2). This result is consistent (within experimental error) with the 

sequential exchange of isolated Cu2+ at paired Al sites until saturation followed by subsequent 

exchange of monovalent [CuOH]+ at isolated Al sites.42,60,61 Cu-RTH (Cu/Al = 0.11) shows an 

H+/Cu exchange stoichiometry of two that suggests only Cu2+ sites are present, while Cu-AEI 

(Cu/Al = 0.17) shows an H+/Cu exchange stoichiometry between 1 and 2 that suggests a mixture 

of Cu2+ and [CuOH]+ sites are present. UV-Visible spectra of hydrated Cu-AEI, Cu-CHA, and 

Cu-RTH zeolites (Figure 8.3) show absorption bands characteristic of d-d transitions for 

hydrated Cu2+ complexes (~12,500 cm-1) and broad bands for metal-ligand charge transfer 

(35,000-47,000 cm-1), which are convoluted by zeolitic framework metal-oxygen charge transfer 

(36,750 and 43,500 cm-1) and Cu-O charge transfer (~42,000 cm-1).62–64 An additional feature is 

present at ~25,000 cm-1 in the UV-Vis spectrum of Cu-RTH, but not in spectra of either Cu-AEI 
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or Cu-CHA, and appears in a region attributed to Cu-O charge transfer in small Cu oxide 

clusters.63  

8.4.3 Standard SCR kinetics of Cu-zeolites before hydrothermal aging 

Rates of NO consumption (473 K, per Cu) during standard SCR (equimolar NO and NH3, 

with O2 as the oxidant) are shown in Table 8.3 and plotted in Figure 8.4. The measured NO 

consumption rate (per Cu) was similar on Cu-AEI and Cu-CHA (within 1.3x), although direct 

quantitative comparison of these turnover rates is not rigorously justified since they appear to be 

measured in different kinetic regimes, reflected in the different apparent NH3 reaction orders of -

0.5 and -0.1 on Cu-CHA and Cu-AEI (Table 8.3), respectively. The measured NO consumption 

rate was lower (by 2.2-2.9x) on Cu-RTH than on either Cu-AEI or Cu-CHA (Table 8.3). At first 

glance, the similar turnover rates (per Cu) on Cu-CHA, Cu-AEI and Cu-RTH (within 3x, 473 K) 

seem reminiscent of standard SCR turnover rates (473 K) that have been reported to be 

insensitive to the zeolite topology (CHA, BEA, MFI), as a consequence of the solvation of Cu 

cations by NH3 during low temperature SCR conditions.42 

Apparent activation energies (Table 3) estimated from rate data collected between 444-

476 K (Figure 8.4) were similar on Cu-AEI (46 ± 5 kJ mol-1) and Cu-CHA (56 ± 5 kJ mol-1), and 

in a range previously reported for standard SCR activation energies on Cu-CHA (Si/Al = 35, 

Cu/Al = 0-0.31).44,45 Apparent activation energies were much lower on Cu-RTH (28 ± 5 kJ mol-

1), however, and approximately half of the value measured on Cu-CHA, characteristic of severe 

intrazeolite mass transfer limitations. Both the CHA and AEI frameworks contain three-

dimensional pore systems interconnected by symmetric 8-MR windows (0.38 nm diameter), but 

the RTH framework is a two-dimensional pore system with a limiting asymmetric 8-MR ring of 

size (0.25 nm) similar to the kinetic diameter of the SCR reactants (~0.3 nm). In effect, the RTH 

framework appears to behave as a one-dimensional pore system for this reaction, in which 

reactants preferentially diffuse through the symmetric 8-MR window. Internal diffusion 

limitations have been proposed to account for the lower NOx conversions (423-573 K) in two-

dimensional, small-pore LEV and DDR zeolites, when compared to three-dimensional small-

pore CHA zeolites.13 Thus, while small-pore zeolites show improved hydrothermal stability over 

medium and large-pore zeolites,14,17 considerations of pore connectivity and limiting aperture 

sizes are also critical in determining the reactivity of Cu sites located within them.   
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Figure 8.1 27Al MAS NMR spectra of hydrated fresh (solid) and aged (dashed) Cu-form of RTH, 
CHA and AEI zeolites. 
 

The number of residual H+ sites (per Altot) on Cu-CHA before and after exposure to SCR 

gases was 0.72 and 0.70 ± 0.05, respectively. Similarly, the residual H+/Alf value on Cu-AEI and 

Cu-RTH changed only from 0.54 to 0.50 ± 0.05 and from 0.38 to 0.39 ± 0.05, respectively 

(Table 8.3). Therefore, exposure to SCR gases did not significantly change the number of 

residual H+ sites on Cu-AEI, Cu-CHA and Cu-RTH, indicating that framework Al remained 

largely intact on Cu-zeolites after NOx SCR catalysis. Ar micropore and mesopore volume 

measurements (87 K) on Cu-AEI, Cu-CHA and Cu-RTH before and after exposure to SCR gases 
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were unchanged (Table 8.3 and Figure 8.6), with micropore volumes for both Cu-CHA and Cu-

RTH of 0.17 cm3 g-1 and for Cu-AEI of 0.18-0.19 cm3 g-1 before and after exposure to SCR 

gases, respectively. Similarly, the mesopore volume for Cu-AEI, Cu-CHA and Cu-RTH zeolites 

before and after exposure to SCR gases were the same, within experimental error, between 0.03-

0.05 cm3 g-1 (Table 8.3). Taken together, these characterization data of Cu-zeolites that have not 

been exposed to hydrothermal aging treatments indicate that minimal changes to H+ or Cu sites, 

or the zeolite framework, occur after exposure to low temperature standard SCR reaction 

conditions (473 K). 

8.4.4 Characterization of Cu-form zeolites before and after hydrothermal aging 

Hydrothermal aging treatments of each Cu-exchanged zeolite, performed to reproduce 

the effects experienced during a 135,000 mile lifetime (1073 K, 10% (v/v) H2O, 16 h),34 did not 

result in detectable loss of long-range structure as inferred from powder XRD patterns (Figure 

8.5). After hydrothermal aging treatments, the Ar micropore volumes decreased by only ~10% 

on Cu-AEI and Cu-CHA but remained constant on Cu-RTH (Table 8.3, Figure 8.6). 27Al MAS 

NMR spectra of Cu-zeolites after hydrothermal aging (Figure 8.1) show decreased intensities for 

tetrahedrally-coordinated Al lines (Alf, δ ~ 60 ppm; Table 8.3) and increased intensities in 

octahedrally-coordinated Al lines (Alex, δ ~ 0 ppm; Figure 8.1), indicating the formation of some 

extraframework Al species from framework dealumination. Framework dealumination occurred 

to greater extents on Cu-RTH (~25% loss in Alf) than on either Cu-AEI or Cu-CHA (~7% loss in 

Alf), although we note that Al quantification from NMR spectra of Cu-zeolites will be affected 

by species that are not detected because of interactions with paramagnetic Cu. Moreover, 

hydrothermal aging of Cu-RTH results in the appearance of a broad shoulder at ~40-50 ppm 

reflecting penta-coordinated or distorted tetrahedral Al,65 which did not occur in either Cu-AEI 

or Cu-CHA. After hydrothermal aging, each Cu-zeolite sample showed a ~70-80% decrease in 

the number of H+ sites measured by NH3 TPD (Table 8.3; Figure E7, Appendix E), in spite of the 

only minor decreases in Alf intensity observed in the 27Al MAS NMR spectra, which may reflect 

structural changes to extraframework Al species caused by the hydration treatments used prior to 

recording NMR spectra. These findings demonstrate that characterization of the bulk structure 

(e.g. XRD patterns, micropore volumes) or Al atoms (27Al MAS NMR) are insufficient to 

describe the local site and structural changes caused by hydrothermal aging treatments,36 and 
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serve as a reminder for the need to use techniques that probe and quantify active sites directly 

(e.g. base titration of proton sites) to accurately detect such structural changes.59,66,67 

In contrast to the dramatic changes observed for H+ sites on each Cu-zeolite after hydrothermal 

aging, the identity and coordination of Cu species appear to remain unchanged as inferred from 

UV-Vis spectra (Figure 8.3). UV-Vis absorption bands for Cu2+ d-d transitions (~12,500 cm-1) 

appear identical for hydrated Cu-zeolites before and after hydrothermal aging, without any new 

features observed in the region for Cu oxide clusters (~25,000 cm-1). Slight changes in the 

intensities of absorbance bands characteristic of metal-ligand charge transfer (35,000-47,000 cm-

1) are observed for each Cu-zeolite after hydrothermal aging, which may reflect changes in the 

zeolite structure caused by removal of framework aluminum atoms. Taken together, these results 

indicate that hydrothermal aging treatments of Cu-exchanged CHA, AEI and RTH zeolites cause 

framework dealumination and a decrease in the numbers of corresponding H+ sites, but do not 

result in detectable changes to the exchanged Cu cations or to the long-range structural order in 

the zeolite framework. 
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Table 8.3 Site and structural properties of H-form zeolites, and of Cu-exchanged zeolites before and after hydrothermal aging, and 
before and after exposure to standard SCR gases. Standard SCR rates (473 K), apparent activation energies, and apparent reaction 
orders for Cu-form zeolites before and after hydrothermal aging treatments. 

Sample 
Exposure 

to 
SCR gases 

Vads, micro 

(cm3 g-1)a 
Vads, meso 

(cm3 g-1)a 
H+/Altot 

Ratiob 
Alf/Altot 

Standard SCR 
Rate (per total 
Cu, 473 K)c 

Eapp
d 

(kJ/mol) 
NO 

Ordere
 

O2 
Ordere 

NH3 
Ordere 

CHA           
H-form  3 0.04 0.95 0.85      
Cu-form before 0.17 0.05 0.72 0.90      

 after 0.17 0.03 0.70  3.1 56 ± 5 0.4 0.6 -0.5 
Cu-form 

aged 
before 0.15 0.01 0.16 0.84      

 after 0.15 0.07 0.14  2.2 51 ± 5 0.5 0.4 -0.1 
           

AEI           
H-form  0.20 0.01 0.85 0.85      
Cu-form before 0.19 0.01 0.54 0.91      

 after 0.18 0.00 0.50  4.1 46 ± 5 0.5 0.4 -0.1 
Cu-form 

aged 
before 0.17 0.06 0.16 0.78      

 after 0.16 0.02 0.15  1.9 49 ± 5 0.5 0.4 0.0 
           

RTH           
H-form  0.20 0.05 0.60 0.98f      
Cu-form before 0.17 0.04 0.38 0.98      

 after 0.17 0.03 0.39  1.4 28 ± 5 0.4 0.4 -0.1 
Cu-form 

aged 
before 0.17 0.10 0.07 0.72      

 after 0.17 0.08 0.00  n.d.* - - - - 
aMicropore and mesopore volumes determined from Ar adsorption isotherms (87 K) (Figure 6). 
bNumber of H+ sites quantified by selective NH3 titration and temperature-programmed desorption. 
cUnits of 10-3 mol NO (mol Cu)-1 s-1. 
dErrors ± 7 kJ/mol, eErrors are ± 0.1, fValue on Cu-RTH,. *n.d., not detectable (<0.3 x 10-3 mol NO (mol Cu)-1 s-1
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8.4.5 Standard SCR kinetics of Cu-form zeolites before and after hydrothermal aging 

The standard SCR rate (per Cu, 473 K) measured on hydrothermally aged Cu-AEI 

decreased by ~50% compared to the rate measured on Cu-AEI prior to aging (Table 8.3, Figure 

8.4). The standard SCR rate measured on hydrothermally aged Cu-CHA decreased by ~25% 

compared to the rate measured on Cu-CHA prior to aging (Table 8.3, Figure 8.4). The standard 

SCR rate on Cu-RTH, however, was not measureable (<0.3 x 10-3 mol NO (mol Cu)-1 s-1) after 

hydrothermal aging despite the presence of isolated, hydrated Cu2+ species detected in its UV-

Vis spectrum (Figure 8.3). As a result, apparent activation energies and reaction orders could not 

be measured on Cu-RTH subjected to hydrothermal aging treatments. Although hydrothermally 

aged Cu-RTH shows undetectable SCR rates, XRD patterns and Ar micropore volumes indicate 

virtually no changes to Cu-RTH before and after aging. As a result, assessments of long-range 

structural features by XRD and micropore volume after Cu-zeolites have been hydrothermally 

aged cannot be used as accurate predictors of SCR catalytic behavior.  

Hydrothermal aging treatments did not affect the apparent activation energies on either 

Cu-AEI (46-49 kJ mol-1) or Cu-CHA (51-56 kJ mol-1), nor the apparent NO (0.5), O2 (0.4) and 

NH3 (~0) orders on Cu-AEI and the apparent NO (0.4-0.5) and O2 (0.4-0.6) orders on Cu-CHA 

(Table 8.3). The apparent NH3 order measured on Cu-CHA (-0.5) became less negative after 

hydrothermal aging (-0.1, Table 8.3); we surmise that structural changes caused by hydrothermal 

aging and exposure to SCR gases led to a change in operation to a new kinetic regime 

characterized by weaker NH3 inhibition. Turnover rates were similar between the 

hydrothermally-aged Cu-CHA and Cu-AEI samples (1.9-2.2 x 10-3 mol NO (mol Cu)-1 s-1) and 

the apparent reaction orders and activation energies were identical for both samples (Table 8.3), 

providing evidence that these rate data were measured in equivalent kinetic regimes. These data 

indicate that the Cu species that remain active on both CHA and AEI after hydrothermal aging 

behave catalytically similar, which may be linked to the nature of the Cu2+ exchange sites at the 

6-MR windows of D6R composite building units that are found in both CHA and AEI. 
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Figure 8.2 NH3 desorption rates as a function of temperature on H-form (solid) and fresh Cu-
form (dashed) on AEI, CHA, and RTH zeolites.  
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8.4.6 Characterization of Cu-zeolites before and after hydrothermal aging, and after 
exposure to NOx SCR 

 

 
 

Figure 8.3 UV-Vis spectra on hydrated fresh Cu-form before SCR (solid), aged Cu-form before 
SCR (dashed), and aged after SCR (dotted) on RTH, CHA and AEI zeolites. Spectra are offset 
for clarity (CHA: by 0.42 a.u., RTH: by 0.82 a.u.). 
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 Ar adsorption isotherms (87 K) and micropore volumes (Figure 8.6, Table 8.3) of Cu-

zeolites after hydrothermal aging were indistinguishable before and after exposure to low 

temperature standard SCR reaction conditions (473 K). XRD patterns were also similar for 

hydrothermally-aged Cu-zeolites before and after exposure to standard SCR gases (Figure 8.5). 

These characterization data indicate that further structural changes to the zeolite framework did 

not occur when aged Cu-zeolites were exposed to standard SCR gas mixtures. The number of H+ 

sites on hydrothermally-aged Cu-AEI and Cu-CHA zeolites were also similar before and after 

exposure to standard SCR gas mixtures (Table 8.3), but H+ sites were no longer detectable 

(<0.03 H+/Al, Table 8.3) on hydrothermally-aged Cu-RTH exposed to SCR gases. UV-Vis 

spectra of hydrothermally-aged Cu-CHA and Cu-RTH zeolites after exposure to standard SCR 

reactants (Figure 8.3) showed a reduction in Cu2+ d-d transition intensity (~12,500 cm-1) and 

concomitant increases in intensity for broad absorption bands between 20,000-40,000 cm-1. The 

spectra of Cu-AEI, however, retained similar d-d transition intensity after aging and exposure to 

SCR reactants, with an increase in intensity in the metal-ligand charge transfer region (35,000-

47,000 cm-1) that is also observed for Cu-CHA, but not for Cu-RTH.  

The Cu structure in Cu-CHA, Cu-AEI and Cu-RTH, characterized by UV-Vis spectra, 

showed hardly any changes after hydrothermal aging treatments, but showed noticeable 

decreases in Cu2+ intensity upon subsequent exposure to low temperature SCR reaction 

conditions. These findings provide evidence that hydrothermal aging causes removal of Al from 

framework to extraframework positions, and that further structural changes continue to occur in 

the presence of SCR reactants at low temperatures (473 K) because NH3 facilitates the solvation 

and mobility of Cu cations.42 We speculate that an inactive copper aluminate phase (CuAlxOy) 

forms as a result of interactions of active Cu sites with extraframework Al(OH)3 species, as 

proposed previously.14,17,35 UV-Vis spectra of hydrothermally-aged Cu-RTH reveal decreased 

intensities for hydrated Cu2+ d-d transitions along with increases in new charge transfer bands 

between 20,000-40,000 cm-1 that may reflect CuAlxOy species and account for decreases in SCR 

rate. Interestingly, any remaining H+ sites in Cu-RTH upon hydrothermal aging and subsequent 

exposure to standard SCR reactants become inaccessible to NH3, suggesting that Cu active sites 

in RTH, which appear to catalyze SCR in a diffusion-limited regime before hydrothermal aging, 

also become inaccessible to SCR reactants after hydrothermal aging.  
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Figure 8.4 Dependence of standard SCR turnover rates (per Cu) on temperature for fresh (circles) 
and aged (squares) Cu-form AEI (hollow), CHA (cross hatched), and RTH (filled) zeolites.  
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Figure 8.5 Powder XRD patterns of fresh Cu-form before SCR (dark), aged Cu-form before SCR 
(medium), and aged Cu-form after SCR (light) on AEI, CHA, and RTH zeolites. Diffraction 
patterns are normalized so that the maximum peak intensity in each pattern is unity, and offset 
for clarity. 
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Figure 8.6 Ar adsorption isotherms (87 K) on fresh Cu-form before SCR (circles), aged Cu-form 
before SCR (triangles), aged Cu-form after SCR (squares) on AEI (red), CHA (blue), and RTH 
(green) zeolites. Isotherms are vertically offset for clarity (CHA: 160 cm3 g-1, RTH: by 320 cm3 
g-1) 
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Cu, 473 K) and apparent activation energies are similar between Cu-CHA and Cu-AEI, but 

turnover rates are lower (by ~2-3x) and apparent activation energies are lower (by ~2x) on Cu-

RTH. Hydrothermal aging causes dealumination of Cu-CHA, Cu-AEI and Cu-RTH, evident in a 

decrease in the fraction of Alf determined from 27Al MAS NMR spectra and corresponding 

decreases in the number of H+ sites quantified by NH3 TPD, but does not cause noticeable 

changes in the bulk framework structure assessed by XRD and micropore volume or in the Cu 

structure by UV-Vis spectroscopy. The number of active Cu sites, however, decreased after 

hydrothermally aged samples were subsequently exposed to low temperature standard SCR 

reactants, evident in changes to UV-Vis spectra and concomitant decreases in standard SCR 

turnover rates. Hydrothermal aging causes removal of Al from framework to extraframework 

positions, and further structural changes continue to occur in the presence of ammonia at low 

temperatures (473 K), which solvate and mobilize extraframework cations to facilitate the 

formation of inactive copper-aluminate phases (CuAlxOy). These structural changes appear to 

occur more readily in Cu-RTH than either Cu-AEI or Cu-CHA, providing further evidence 

linking the presence of double six-membered rings (D6R) in small-pore molecular sieve 

frameworks to increased resistance to active site and framework structural changes upon 

hydrothermal aging. 

 Bulk structural characterization of small-pore zeolites after hydrothermal aging 

treatments cannot be used to accurately infer catalytic behavior for low temperature NOx SCR 

with NH3. This is evident in the case of hydrothermally-aged Cu-RTH, which deactivates 

completely upon exposure to standard SCR reactants but is characterized by similar bulk 

properties (XRD, micropore volume) before and after hydrothermal aging. Probes of Al structure 

(e.g., 27Al MAS NMR) reveal that octahedrally-coordinated Al species are formed after 

hydrothermal aging of Cu-zeolites, but in amounts that are unable to account for the much larger 

disappearance in Brønsted acid sites titrated by NH3, providing another reminder that methods to 

directly probe active sites are needed to assess their structural changes. We conclude that more 

accurate assessments of molecular sieve framework topologies that are viable for practical NOx 

SCR catalysis require quantification and characterization of Al and Cu site structures after 

hydrothermally aged samples are exposed to low temperature SCR reaction conditions. We 

expect that holistic approaches to active site characterization, especially of Al and Cu sites, in 

Cu-zeolites after hydrothermal aging and subsequent exposure to low temperature SCR reaction 
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conditions will be able to provide more accurate guidance about molecular sieve topologies that 

are viable candidates for practical SCR technologies. 

 Methods 

8.6.1 Catalyst synthesis and treatment 

A sample of CHA (SSZ-13) zeolite with a Si/Al ratio of 15 was made as reported 

elsewhere.46 Briefly, 28.4 g of N,N,N-trimethyl-1-adamantylammonium hydroxide (TMAdaOH, 

Sachem, 25 wt%) were mixed with 71.4 g of deionized water (18.2 MΩ), 0.87 g of aluminum 

hydroxide (SPI Pharma, 99.9 wt%, 0325 grade), and 34.6 g of 0.1 M sodium hydroxide (NaOH; 

Alfa Aesar), then stirred for 15 minutes at ambient conditions. 10 g of fumed silica (Cab-o-Sil 

M-5) were added to the mixture and stirred for 2 hours at ambient conditions. The final molar 

composition of the synthesis solution was 1 SiO2/ 0.033 Al2O3/ 0.20 TMAdaOH/ 0.02 NaOH/ 

23.8 H2O. All reagents were used without further purification. The resulting solution was 

transferred to eight Teflon-lined Parr autoclaves (45 mL each) and held at 433 K for 10 days 

under rotation.  

A sample of AEI (SSZ-39) zeolite with a Si/Al ratio of 9.5 was synthesized in a rotating 

oven at 413 K for 4 days as reported elsewhere,47 using cis-2,6-dimethylpiperidinium hydroxide 

as the organic structure directing agent (OSDA). The molar composition of the synthesis mixture 

was 1 SiO2/ 0.017 Al2O3/ 0.07 OSDA/ 0.65 OH-/ 0.58 Na+/ 12.3 H2O, obtained by mixing 

(aqueous) OSDA, NaOH (1M, RT Baker), double distilled water, sodium silicate (N° type, PQ 

Corporation) and CBV500 (NH4-USY, Si/Al = 2.6, Zeolyst). A sample of RTH (SSZ-50) zeolite 

with a Si/Al ratio of 15 was made using the CBV720 synthesis protocol reported elsewhere.48–50 

As-synthesized zeolites were washed alternately with deionized water and acetone, 

recovered via centrifugation, and dried at 323 K for 24 hours. The dried samples were then 

treated to 873 K (0.0083 K s-1) in air (Commercial grade, Indiana Oxygen) for 6 hours before 

ion-exchanging in an aqueous 0.1M NH4NO3 solution (Sigma Aldrich; 1000 mL per g zeolite) at 

353 K for 10 hours. NH4-exchanged zeolites were washed with deionized H2O, recovered via 

centrifugation, dried at 323 K for 24 hours, then treated at 823 K (0.0083 K s-1) in air for 6 hours 

to obtain H-form zeolites. Cu-exchanged CHA, AEI, and RTH zeolites were prepared via liquid 

phase ion-exchange of H-form zeolites using an aqueous 0.2M Cu(NO3)2 solution (99.999 % 
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trace metals basis, Sigma-Aldrich; 150 mL per g zeolite) at ambient temperature for 4 hours. The 

pH during the exchange was not controlled and the final pH of the solution was ~3.6. 

Hydrothermal aging experiments were performed on Cu-zeolites in a three-zone 

horizontal tube furnace (Applied Test Systems Series 3210), in which each zone was equipped 

with independent temperature control (Watlow EZ-Zone PM Express). Once the furnace 

temperature reached 373 K, water was introduced via syringe pump (KD Scientific Legato 100) 

into a stream of flowing air (100 mL min-1, 99.999%, Indiana Oxygen), which was transferred to 

the furnace through stainless steel lines held at >373 K. Approximately 1 gram of catalyst was 

loaded into quartz boats held within the tube furnace and treated to 1073 K (0.033 K s-1) for 16 

hours in flowing air (100 mL min-1, 99.999%, Indiana Oxygen) containing 10% (v/v) water. 

After treatment for 16 hours at 1073 K, water was removed from the flowing air stream while the 

sample was cooled to ambient.  

8.6.2 Catalyst structural characterization 

Powder diffraction patterns were collected using a Rigaku SmartLab diffractometer with 

a Cu Kα radiation source (1.76kW), from 4 to 40° with a scan rate of 0.05° s-1 and a step size of 

0.01°. Diffraction patterns are normalized so that the maximum peak intensity in each pattern is 

unity. The diffraction patterns were compared to reference patterns to confirm the RTH, CHA 

and AEI topologies.51 

Ar adsorption isotherms were used to determine micropore volumes on zeolite samples 

(87 K) using a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. Micropore 

volumes were obtained by converting adsorbed gas volumes (cm3 gcat
-1 at STP) to liquid volumes 

assuming the liquid density of Ar at 87 K. Samples were pelleted and sieved to retain particles 

between 125-250 µm in diameter. Samples (0.03-0.05 g) were degassed by heating to 393 K 

(0.167 K s-1) under high vacuum (~5 μmHg) for 2 h, and then heating to 623 K (0.167 K s-1) 

under high vacuum (~5 μmHg) and holding for 9 h. Micropore volumes (cm3 gcat
-1 at STP) were 

estimated from extrapolation of the linear volumetric uptake during the beginning of mesopore 

filling (~0.08–0.30 P/P0) to zero relative pressure, which agreed with micropore volumes 

estimated from analyzing the semi-log derivative plot of the adsorption isotherm 

(∂(Vads)/∂(ln(P/P0)) vs. ln(P/P0)).  
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In order to quantify the fractions of framework and extraframework Al, 27Al magic angle 

spinning nuclear magnetic resonance (MAS NMR) spectra were recorded on H-form and Cu-

form CHA, AEI and RTH zeolite samples. NMR spectra were collected using a Chemagnetics 

CMX-Infinity 400 spectrometer in a wide-bore 9.4 Tesla magnet (Purdue Interdepartmental 

NMR Facility) and were acquired at ambient conditions using a 2.3 μs pulse (equivalent to ca. 30 

degrees), an acquisition time of 12.8ms and a relaxation delay of 1s, and were measured at 

104.24 MHz and a MAS rate of 5 kHz. 1H decoupling was used during acquisition, employing 

two-pulse phase modulation (TPPM) scheme. Prior to packing in a 4mm ZrO2 rotor, zeolite 

samples were hydrated by holding for >48 h in a desiccator containing a saturated potassium 

chloride (KCl) solution. All 27Al MAS NMR spectra are referenced to a static sample of AlCl3 

dissolved in D2O (0 ppm 27Al line). 

Diffuse reflectance UV-Visible spectra were recorded under ambient conditions using a 

Varian UV-VIS-NIR spectrophotometer (Cary 5000) with a diffuse reflectance accessory 

consisting of two ellipsoidal mirrors (Harrick Scientific Praying Mantis). Barium sulfate (BaSO4, 

99.9%, Sigma-Aldrich) was used as the 100% reflectance standard. An ex-situ sample holder was 

loaded with 0.1 g of sample, which was pelleted and sieved to retain particles between 125-250 

µm in diameter. Spectra were collected from 7000 to 50000 cm-1 with a scan speed of 2000 cm-1 

min-1, and spectra of the H-form zeolite was subtracted from those for corresponding Cu-zeolites 

to correct for contributions of absorption from the framework.   

8.6.3 Brønsted acid site quantification using NH3 titration methods 

The total number of Brønsted acid sites (H+) on H-form and Cu-exchanged zeolites was 

quantified by temperature programmed desorption (TPD) of NH3 on a gas-phase plug flow 

reactor, as described by Bates et al.,52 using a procedure described elsewhere.53 For H-form 

zeolites, NH3 saturation was performed via aqueous-phase exchange with NH4
+ cations, as 

reported elsewhere.52 For Cu-exchanged zeolites, samples were saturated with 500 ppm NH3 

diluted with He (99.999%, UHP, Indiana Oxygen) at 433 K for 2 h with a total flow rate of 350 

mL min-1. Following this NH3 saturation step, the sample was flushed with 2.5-3.0% water in 

UHP He (wet purge) at 433 K for 8 h while maintaining the same total flow rate to desorb NH3 

bound to non-protonic sites. Following the wet purge step, samples were heated to 820 K (0.167 

K s-1) under flowing He (UHP, 350 mL min-1). The total moles of NH3 desorbed during the TPD 
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experiment was measured using on-board calibrations in an MKS Multigas 2030 gas-phase FT-

IR spectrometer.52 

8.6.4 Kinetic measurements of standard SCR turnover rates 

Standard selective catalytic reduction (SCR) kinetics were measured on a bench-top 

tubular glass reactor described elsewhere.52 All samples were sieved to a nominal size of 125-

250 µm and diluted with silica gel to obtain a bed height of ~2.5 cm. Steady-state kinetic data 

were collected at NO conversions below 20% (differential); thus, the entire catalyst bed was 

exposed to approximately the same gas concentrations. The reactant gas mixture comprised 300 

ppm NO (3.6% NO/Ar, Praxair), 300 ppm NH3 (3.0% NH3/Ar, Praxair), 7% CO2 (liquid, Indiana 

Oxygen), 10% O2 (99.5%, Indiana Oxygen), 2.5% H2O (deionized, 18.2 MΩ, introduced through 

saturator), and balance N2 (99.999% UHP, Indiana Oxygen) at 473 K and 1 atm. The total gas 

flow rate was maintained at 1.5 L min−1. Outlet gas concentrations were analyzed using on-board 

gas calibrations on an MKS MultigasTM 2030 gas-phase Fourier Transform Infrared (FTIR) 

spectrometer and NO, NO2, NH3, CO2, and H2O concentration data was recorded every 0.95 s.  
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9. CATALYTIC CONSEQUENCES OF STABILITY OF CU-SSZ-13 
AGAINST SULFUR POISONING ON STANDARD SCR KINETICS 

“Reprinted with permission from Spectroscopic and kinetic responses of Cu-SSZ-13 to SO2 
exposure and implications for NOx selective catalytic reduction, Arthur J. Shih, Ishant Khurana, 
Hui Li, Juan González, Ashok Kumar, Christopher Paolucci, Trevor M. Lardinois, Casey B. 
Jones, Jonatan D. Albarracin Caballero, Krishna Kamasamudram, Aleksey Yezerets, W Nicholas 
Delgass, Jeffrey T. Miller, Aída Luz Villa, William F. Schneider, Rajamani Gounder, Fabio H. 
Ribeiro, Applied Catalysis A: General, doi: 10.1016/j.apcata.2019.01.024. Copyright (2019), 
Elsevier.” 
 

 Preface 

Chapter 9 reflects the reproduction of my coauthored article published in Applied 

Catalysis A: General, 574, 122-131, 2019, titled “Spectroscopic and kinetic responses of Cu-

SSZ-13 to SO2 exposure and implications for NOx selective catalytic reduction”. This chapter 

aims to build upon the previous literature work to investigate the stability of different Cu sites 

towards sulfur poisoning deactivation. This work decouples the effects of SO2 poisoning on 

ZCuOH and Z2Cu sites in Cu-SSZ-13 zeolites. We use a combination of detailed kinetic 

(reaction rate, orders and activation energies), spectroscopic (XAS, UV-Visible, FTIR), Brønsted 

acid site titration (NH3) methods, and density functional theory (DFT) calculations 

measurements to show that sulfur transforms both ZCuOH and Z2Cu sites to inactive states, 

resulting in a constant SCR turnover rate when normalized by the number of residual Cu sites 

that are not poisoned by sulfur. Effect of exposure conditions on poisoning intermediates further 

highlights chemical differences between the two Cu site types, including differences in the 

number of titratable Brønsted acid sites.  

 Abstract 

The effects of sulfur poisoning on Cu-SSZ-13 zeolites, used commercially for the selective 

catalytic reduction (SCR) of nitrogen oxides (NOx) with ammonia, were studied by exposing 

model Cu-zeolite powder samples to dry SO2 and O2 streams at 473 and 673 K, and then 

analyzing the surface intermediates formed using spectroscopic and kinetic assessments. Model 

Cu-SSZ-13 zeolites were synthesized to contain distinct Cu active site types, predominantly 
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either divalent CuII ions exchanged at proximal framework Al (Z2Cu), or monovalent [CuIIOH]+ 

complexes exchanged at isolated framework Al (ZCuOH). SCR turnover rates (473 K, per Cu) 

decreased linearly with increasing S content to undetectable values at equimolar S:Cu ratios, 

consistent with poisoning of each Cu site with one SO2-derived intermediate. Cu and S K-edge 

X-ray absorption spectroscopy and density functional theory calculations were used to identify 

the structures and binding energies of different SO2-derived intermediates at Z2Cu and ZCuOH 

sites, revealing that bisulfates are particularly low in energy, and residual Brønsted protons are 

liberated at Z2Cu sites as bisulfates are formed. Molecular dynamics simulations also show that 

Cu sites bound to one HSO4
- are immobile but become liberated from the framework and more 

mobile when bound to two HSO4
-. These findings indicate that Z2Cu sites are more resistant to 

SO2 poisoning than ZCuOH sites and are easier to regenerate once poisoned. 

 Introduction 

Sulfur levels in diesel fuel were regulated by the Environmental Protection Agency (EPA) 

in 1993 to “low-sulfur” contents (500 ppm), and further in 2006 to “ultra-low sulfur” diesel fuel 

(15 ppm)1. Sulfur oxides (SOx, x = 2, 3) formed during the combustion of diesel fuel deactivate 

Cu-SSZ-13 zeolite catalysts, which are used for the selective catalytic reduction (SCR) of 

nitrogen oxides (NOx, x = 1, 2) with ammonia (NH3-SCR). The “standard” SCR reaction 

stoichiometry is: 

4NO + 4NH& + O' 	→ 4N' + 6H'O            (9.1) 

High temperature (673-1073 K) regeneration is a typical strategy used to reverse the 

deactivation of SOx-poisoned Cu-SSZ-13 zeolites. A molecular understanding of how different 

Cu site types in Cu-SSZ-13 zeolites respond to sulfur exposure would aid in improving strategies 

to regenerate sulfur-poisoned materials and in developing catalysts that are more sulfur-tolerant2-

4.  

Both physical and chemical processes have been invoked to explain sulfur deactivation of 

Cu-zeolites for NOx SCR. In Figure 9.1, we summarize the reported decreases in Cu-zeolite 

micropore volume as a function of sulfur content following various sulfur exposure conditions as 

collected from the literature. Ham et al. 5-7 reported a decrease in NOx conversion during NH3-

SCR, and a concurrent decrease in the BET-derived surface area as measured by N2 adsorption, 

with increasing sulfur content on Cu-MOR catalysts. Wijayanti et al.8 (Cu-SAPO-34) and 
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Brookshear et al.9 (Cu-SSZ-13) reported similar observations on Cu-CHA exposed concurrently 

to SO2 and NH3, and this evidence has been used to support the proposal that pore-blocking by 

sulfur-derived species is the dominant mechanism of sulfur poisoning. In contrast, the BET-

derived surface areas of Cu-SAPO-34 exposed only to SO2 (in the absence of NH3) is not 

observed to decrease with increasing sulfur content, leading Shen et al. to propose that sulfur-

derived species adsorbed at Cu sites cause inhibition or deactivatio10. Temperature programmed 

desorption (TPD) experiments reveal that Cu-zeolites store significantly more SO2 than do H-

form zeolites10-12. 

 

Figure 9.1 Normalized micropore volume (BET-surface areas derived from N2 adsorption) with 
increasing S content reported by Ham et al.5, Brookshear et al.9, Wijayanti et al.8, and Shen et 
al.10  when Cu-zeolites are poisoned with SO2, or with SO2 and NH3 concurrently. 

 
SO2 and other molecules relevant to NH3-SCR catalysis, such as O2 or NH3, may have a 

concurrent effect on the poisoning of Cu-zeolite catalysts. Oxidation catalysts upstream of the 

SCR catalyst in diesel exhaust aftertreatment systems oxidize SO2 to SO3, with the fraction of 

SO3 reported to increase with temperature until thermodynamic equilibrium between SO2, O2, 

and SO3 is reached13-15. Cheng et al.16 reported that the SO3 deactivates a Cu-zeolite catalyst 

(framework not specified) to a greater extent than does SO2 alone. X-ray photoelectron 

spectroscopy (XPS) shows that the surface sulfur species are in the 6+ oxidation state after 



226 
 

sulfation, regardless of whether SO3 was present or not during poisoning treatments16. 

Hammershøi et al.17 and Wijayanti et al.18 demonstrated that total sulfur storage on Cu-CHA 

materials during SO2 dosing increases in the presence of H2O, NH3, and NOx. Observed S:Cu 

ratios are greater on Cu-SAPO-34 materials exposed to SO2 and NH3-SCR gases at low 

temperature (<573 K) than when exposed to SO2, O2 and H2O at higher temperatures (>573 K)19. 

Cu-CHA catalysts often only partially recover NH3-SCR reactivity after 

desulfation11,12,14,20,21. Hammershøi et al. report that SCR rates (per mass, 2-30% NOx 

conversion) on Cu-SSZ-13 catalysts recover to only ~80% following repeated desulfation 

treatments under NH3-SCR conditions (823 K)17. Desulfation under these NH3-SCR conditions 

occurs only at temperatures greater than 573 K, consistent with sulfur desorption temperatures 

from TPD experiments 11,16,17,21,22. Kumar et al. 23 and Ando et al.24 demonstrated that desulfation 

occurs more readily in reducing environments (NO + NH3, NH3, C3H6, n-C12H16) than in 

oxidizing environments, enabling catalyst regeneration at more moderate temperatures. These 

authors proposed that redox cycling of Cu from the 2+ to 1+ oxidation state promotes 

regeneration of sulfur-poisoned Cu sites. In contrast, temperatures up to 823 K are required to 

regenerate Cu under the more oxidizing conditions of standard NH3-SCR.  

Three major conclusions have emerged regarding the NH3-SCR reaction mechanism on 

sulfur-free Cu-SSZ-13 catalysts: (1) NH3-SCR involves a CuII/CuI redox process, (2) at low 

temperatures (<573 K), the SCR active sites are derived from isolated Cu cations that are 

exchanged at anionic Al sites in the zeolite framework, and (3) the pool of isolated Cu cation 

sites includes those present as CuOH+ (ZCuOH) and CuII
 (Z2Cu) that are respectively charge 

compensated by one and two framework Al centers25-30. CuII/CuI redox cycling is supported 

using in operando X-ray absorption spectroscopy (XAS) to observe both CuI and CuII during 

standard NH3-SCR29,31. The redox cycle involves binuclear Cu-oxo complexes formed from 

mononuclear NH3-solvated CuI sites during low temperature (<573 K) NH3-SCR31,32. The 

evidence for two distinct mononuclear CuII site types in Cu-SSZ-13 includes infrared 

spectroscopy (DRIFTS, FTIR) observation and quantification of the n(O-H) stretching vibration 

at 3660 cm-1 of [CuIIOH]+ sites, H2-temperature programmed reduction (H2-TPR), Rietveld 

refinement of X-ray diffraction patterns33-35, and Cu:H+ site exchange stoichiometries. From 

these characterization studies, Cu ions preferentially exchange in SSZ-13 as Z2Cu to saturation, 

and then as ZCuOH30.  
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Luo et al.35 and Jangjou et al. 21,35,36 compared the effects of sulfur exposure on Z2Cu and 

ZCuOH sites. Luo et al. reported that the framework vibrational mode associated with ZCuOH 

(950 cm-1) is completely suppressed following sulfur exposure, while the Z2Cu mode (900 cm-1) 

decreases to a lesser extent, implying that the former are more susceptible to sulfur poisoning 

than are the latter35. Jangjou et al. used in situ DRIFTS of Cu-SAPO-34 and NO as a probe 

molecule to conclude that ZCuOH sites deactivate through chemical poisoning and Z2Cu sites 

via pore blocking20. They further develop kinetic models that incorporate different poisoning 

species on the two site types36. 

Here, we build on this prior work to isolate the effects of SO2 exposure alone on ZCuOH 

and Z2Cu sites in Cu-SSZ-13 zeolites, by combining an approach that interprets changes in NH3-

SCR kinetic parameters with varying sulfur content, structural characterization of surface species 

using spectroscopy (XAS, UV-Visible, FTIR), Brønsted acid site titration (NH3) methods, and 

density functional theory (DFT) calculations. Kinetic measurements (reaction rate, reaction 

orders, and apparent activation energies) provide insights on the effects of sulfur poisoning and 

regeneration on ZCuOH and Z2Cu sites. We find that the sulfur transforms both ZCuOH and 

Z2Cu sites to inactive states, resulting in a constant SCR turnover rate when normalized by the 

number of residual Cu sites that are not poisoned by sulfur. We use DFT calculations and first-

principles thermodynamics to compare poisoning intermediates as a function of exposure 

conditions that highlight chemical differences between the two Cu site types, including 

differences in the number of titratable Brønsted acid sites that can be detected in experiments. 

 Results and Discussions  

9.4.1 Characterization of SO2-exposed Z2Cu and ZCuOH samples 

Elemental analysis (AAS, ICP, EDS) of the model Cu-SSZ-13 catalysts before and after 

various SO2 dosing treatments (600 mL min-1 of 100 ppm SO2 in balance N2 at 473 K or 673 K 

to reach a cumulative sulfur exposure of S:Cu = 5) are reported in Figure 9.2. For a given 

exposure, the ZCuOH model catalyst stored more sulfur (per Cu) than the Z2Cu model catalyst. 

The sulfur uptake increases with increasing sulfur exposure temperatures (Figure 9.2), as also 

observed following SO2, O2 and H2O dosing to Cu-SAPO-34 and Cu-SSZ-1319,53.  
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Figure 9.2 Molar S:Cu ratios on model Cu-SSZ-13 samples following various SO2 exposures. 

 
NH3-SCR kinetic parameters (apparent activation energies, apparent reaction orders) 

measured on the two model Cu-SSZ-13 samples at standard (10%) and excess (60%) O2 feed 

compositions are reported in Table 9.1 (activation energy and reaction order plots for all samples 

can be found in Figures S6-S27 and Table S1-S6, supplementary information in Shih et al.57). 

Kinetic parameters (apparent activation energies, apparent reaction orders) collected at 10% O2 

(Table 9.1) suggest the ZCuOH and Z2Cu samples to be operating in different rate-limiting 

regimes, complicating comparisons of their kinetic response to sulfur. In contrast, the apparent 

activation energy (~50 kJ mol-1) and apparent NO orders (~1) are similar in 60% O2 (Table 8.1), 

suggesting that O2 is in kinetic excess and rates are limited by an NO + NH3 reduction step in 

both samples29,31,39. Measurements made at these conditions provide more direct comparisons 

between the two samples. Figure 9.3 shows the dependence of SCR rates (per Cu) and the 

apparent activation energy on S content for both model Cu-SSZ-13 samples. With increasing S 

content, the SCR rate (per Cu) decreases linearly to undetectable values at a S:Cu ratio of 1, 

while apparent activation energies appear constant (40-55 kJ mol-1), suggesting equimolar 

poisoning of each Cu active site by an SO2-derived intermediate.  
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Table 9.1 Apparent activation energies and reactant orders on unsulfated ZCuOH and Z2Cu 
model catalysts collected under “10% O2 SCR” conditions (300 ppm NO, 300 ppm NH3, 10% O2, 
2.5% H2O, 8% CO2, balance N2 at 473 K) and “60% O2 SCR” conditions (300 ppm NO, 300 
ppm NH3, 60% O2, 2.5% H2O, 8% CO2, balance N2 at 473 K). 

 Eapp Eapp 
NO 

order 
NO 

order 
O2 

order 
O2 

order 
NH3 
order 

NH3 
order 

 
10% O2 

SCR 

60% 
O2 

SCR 

10% 
O2 

SCR 
60% O2 

SCR 

10% 
O2 

SCR 

60% 
O2 

SCR 
10% O2 

SCR 
60% O2 

SCR 
ZCuOH 52 46 0.60 0.90 0.65 0.37 -0.40 -0.63 

Z₂Cu 69 54 0.90 0.94 0.30 0.02 0.00 -0.04 
 

 

Figure 9.3  Reaction rates and apparent activation energies for ZCuOH (red) and Z2Cu (blue) 
model materials after sulfation. SCR conditions are 300 ppm NO, 300 ppm NH3, 60% O2, 2.5% 
H2O, 8% CO2, balance N2 at 473 K. 

 
One ZCuOH sample adsorbed sulfur to an excess molar value of S:Cu of 1.4, and does 

not follow the equimolar poisoning behavior indicated by the dashed line in Figure 9.4. This 

observation suggests sulfur to be present both as associated with Cu sites and adsorbed elsewhere 

on the sample. The Eapp value of 14 kJ mol-1 on this sample is also much lower than on the other 

samples. The apparent activation energy and reaction orders on this sulfated sample are similar 

to those measured on a Cu-SSZ-13 sample that is volumetrically dilute in Cu (Cu wt% = 0.1 and 

Si:Al = 100, Table S7 and Figures S28-S30 from supplementary information in Shih et al.57), 

suggesting that sulfur may be effectively diminishing the ability of isolated Cu ions to form 

dimeric Cu intermediates during the SCR cycle. Thermograviometric analysis (TGA) indicates 

that the ZCuOH sample poisoned to a S:Cu ratio of 1.4 contains a larger fraction of species that 
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desorb at 1000 K than do other sulfated samples (Figure S31 from supplementary information in 

Shih et al.57). Under SCR conditions at 473 K, this sample is less than 100% selective to N2 and 

is 20% selective towards NO oxidation to NO2 (Figure S32 from supplementary information in 

Shih et al.57). This NO2 generation and its subsequent consumption, for instance via fast SCR 

(Equation 9.2) on acid or Cu sites, makes it impossible to directly compare SCR kinetic 

parameters obtained on these materials with those on the other SO2-poisoned samples54. 

2NO' + 2NO + 4NH& → 4N' + 6H'O           (9.2) 

 

SCR rates (per Cu) decrease with S content on the two model Cu-SSZ-13 catalysts 

studied here, consistent with each S atom poisoning one ZCuOH or Z2Cu site. Diffuse 

reflectance UV-Visible spectra were collected on the model ZCuOH and Z2Cu samples before 

and after sulfation treatments to identify electronic signatures correlated with sulfur uptake 

(Figure 9.4). Spectra collected at ambient conditions (Figure S33, supplementary information in 

Shih et al.57) are consistent with water-solvated Cu ions on both samples. Upon partial 

dehydration (523 K in dry air, to retain sulfur), however, qualitative differences in the d-d 

transition and charge transfer regions become apparent28,30. With increasing sulfur content, three 

of the four features in the d-d transition region disappear on the sample prepared to contain 

nominally ZCuOH sites, while the corresponding features in the sample prepared to contain 

nominally Z2Cu sites are unchanged. Similarly, a new lower-energy feature in the charge transfer 

region (38,000 cm-1) is more pronounced on the ZCuOH sample than the Z2Cu sample. While 

the stoichiometric response to sulfur is similar on the two samples, the changes in UV-Vis 

spectral features are not. 

 
Figure 9.4 Diffuse reflectance UV-Visible spectra on ZCuOH (left) and Z2Cu (right) after partial 
dehydration at 523 K under dry air.  
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In situ and in operando XAS was used to probe qualitative changes in the Cu oxidation 

state following sulfation, because accurate quantification of Cu oxidation state in the presence of 

sulfur was not possible (details in supplementary information in Shih et al.57, Section S4). The 

fraction of CuII that is reducible by exposure to NO and NH3 decreases from 100% on the 

unsulfated samples to ~70% on all four sulfated samples (Table S9, supplementary information 

in Shih et al.57) under reaction conditions from in operando XAS measurements, the CuII/CuI 

fraction is higher on sulfur-exposed ZCuOH samples than on sulfur-free ones. The CuII/CuI 

fraction is 0.9 on Z2Cu samples even before sulfur exposure, so changes in response to sulfur 

could not be resolved (Table S8, supplementary information in Shih et al.57). From analysis of 

the EXAFS region, average Cu coordination numbers increased on ZCuOH materials and were 

unchanged on Z2Cu materials following sulfation (Table S10, supplementary information in Shih 

et al.57). This observation corroborates the qualitative changes observed in UV-Visible features 

of the ZCuOH sample, but not of the Z2Cu sample, with increasing sulfur poisoning.  

S K-edge XAS was used to probe the state of the sulfur species bound to the Cu sites. Ex 

situ XANES spectra were collected on the Z2Cu and ZCuOH samples sulfated at either 473 K or 

673 K, each of these samples exposed to 300 ppm NH3 at 473 K for 1 hour, and each of these 

samples exposed to standard SCR gas mix for 30 min. Figure 6 plots all the normalized XANES 

spectra for the Z2Cu samples (Figure 9.5a) and the ZCuOH samples (Figure 9.5b). All 12 spectra 

show a single prominent peak at 2480 eV, indicating the presence of S6+ species, regardless of 

sulfation and any subsequent gas treatment conditions. There is no other feature in between 2470 

eV and 2477 eV, which rules out the presence of sulfur in other oxidation states (e.g. S2- and S4+). 

 

Figure 9.5 Sulfur K-edge XANES measured ex situ at ambient conditions of ZCuOH (left) and 
Z2Cu (right) samples treated with SO2 and O2 at either 200°C or 400 °C. 
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9.4.2 Characterization of desulfated Z2Cu and ZCuOH samples  

The four sulfated catalysts were desulfated in a NO + NH3 feed stream (300 ppm NO, 

300 ppm NH3, balance N2, 673 K) until a cumulative molar exposure of NO:S of 100 was 

obtained23. Elemental analysis results in Figure 9.6 show that the sulfur content decreases by 

different proportions on each sample. Successive desulfation treatments were not performed due 

to experimental limitations on the amount of sample studied.  

 

Figure 9.6 S:Cu ratios before (solid bars) and after desulfation (hatched bars) on ZCuOH and 
Z2Cu model materials. 
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Figure 9.7 Reaction rates and apparent activation energies for ZCuOH and Z2Cu model materials 
after sulfation (filled) and desulfation (hollow). SCR conditions are 300 ppm NO, 300 ppm NH3, 
60% O2, 2% H2O, 8% CO2, balance N2 at 473 K. Arrows indicate the starting and ending 
samples after desulfation, and thus how the apparent activation energy changes after desulfation.   

 
SCR reaction rates (per Cu) and activation energies measured on desulfated samples are 

shown in Figure 9.7. Rates on Z2Cu samples increase in direct proportion to the number of sulfur 

species removed, while the apparent activation energy and reaction orders are unchanged within 

error (Figure 9.7, Figure S50 in supplementary information in Shih et al.57). Sulfation thus 

appears to result in the loss of Z2Cu active sites and to be reversible. In contrast, rates measured 

on desulfated ZCuOH samples do not recover to the original values after S content is accounted 

for, and apparent activation energies are also different before and after desulfation treatments, 

suggesting that some sites are irreversibly deactivated by sulfur. Reaction rates at a given S:Cu 

ratio on desulfated samples are higher on the ZCuOH catalyst that was initially poisoned to S:Cu > 

1, than on the other catalysts, suggesting that desulfation may preferentially remove sulfur bound 

to the Cu over other types of sulfur species stored on the sample (Figure S50, supplementary 

information in Shih et al.57).  
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We present quantitative evidence that, taken together, shows that sulfur poisons and 

deactivates both ZCuOH and Z2Cu sites in an equimolar ratio at S:Cu < 1, but via mechanisms 

that reveal themselves differently in spectroscopic and pore volume measurements (N2 and Ar 

micropore volume measurements and XRD data in section S5 of supplementary information in 

Shih et al.57). Apparent activation energy and reaction orders are constant during the sulfation 

and desulfation processes. Turnover rates are constant when reaction rate is normalized to the 

number of initial Cu sites less the number of S species on each sample (molCu – molS) (Figure 

9.8).  

 

Figure 9.8 Fresh, sulfated, and desulfated samples that exhibit the same apparent activation 
energy collapse to the same turnover rate when normalized to (molCu – molS).  

9.4.3 Structures and energies of sulfur species bound to Cu sites 

We used DFT calculations and first principles thermodynamics30 to explore the 

differences in response of Z2Cu and ZCuOH sites to exposure to SO2, H2O, O2, and NH3 as a 

function of temperature and exposure conditions. We drew on literature results21,55,56  and 

chemical intuition to construct a variety of candidate structures containing up to two SOx 

combined with NH3 and H2O, and then considered chemically relevant S/O/H compounds (SO2, 

SO3, sulfide, (bi)sulfite, (bi)sulfate) as ligands with and without OH, H2O, NH4
+ and NH3 
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ligands. We annealed using AIMD at 473 K and relaxed to obtain final DFT formation energies. 

All structures are provided as VASP CONTCAR files, and HSE06-D2 energies and normalized 

Bader charges are presented in the supporting information (section S5, Tables S14 and S15 in 

supplementary information in Shih et al.57). 

 
Figure 9.9 First-principles phase diagram for SwOxHyNz species on a ZCuOH site vs temperature 
and NH3 partial pressure at 1 atm total pressure and 20 ppm SO2, 10% O2, and 5% H2O. 
Molecular structures corresponding to each region indicated by numbers. Gray, red, yellow, 
green, blue, orange, and white spheres correspond to Cu, O, Si, Al, N, S, and H atoms, 
respectively. Zeolite framework included only when directly hosting Cu or H. 

 

 
Figure 9.10 First-principles phase diagram for SwOxHyNz species on a Z2Cu site vs temperature 
and NH3 partial pressure at 1 atm total pressure and 20 ppm SO2, 10% O2, and 5% H2O. 
Molecular structures corresponding to each region indicated by numbers. Gray, red, yellow, 
green, blue, orange, and white spheres correspond to Cu, O, Si, Al, N, S, and H atoms, 
respectively. Zeolite framework included only when directly hosting Cu or H. 
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Figure 9.9 and 9.10 show the equilibrium phase diagrams for ZCuOH and Z2Cu sites, 

respectively, as a function of NH3 pressure and temperature at 20 ppm SO2, 10% O2, and 5% 

H2O, 1 atm total pressure, chosen as variables to simplify presentation and to emphasize any 

differences between non-SCR and SCR conditions as a function of temperature. These diagrams 

report the thermodynamic equilibrium species without consideration of formation kinetics, and 

thus must be interpreted appropriately. Across the entire composition space, save for the highest 

temperature region of the ZCuOH diagram, Cu is present in the 2+ oxidation state, and all S 

species are present as bisulfate (HSO4
–), consistent with the Cu and S oxidation states observed 

in the XAS above. Further, Cu2+ is always present in four-fold coordination consistent with 

EXAFS analysis (section S4 and Table S10 from supplementary information in Shih et al.57). 

The left sides of the diagrams correspond to SO2 exposure in the absence of NH3. In this limit, 

the most stable species on both Cu sites contain two bisulfate ligands at low temperature, 

transitioning to a single bisulfate at temperatures closer to those relevant to experimental dosing 

and consistent with the uptake stoichiometry of 1 S: 1 Cu. The temperature to fully desorb sulfur 

is predicted to be upwards of 100˚C higher on ZCuOH than Z2Cu. A key difference between the 

two sites is the predicted creation of a new Brønsted acid site upon sulfation for Z2Cu but not 

ZCuOH. 

To test this prediction, we employed methods we have developed previously to 

selectively quantify NH3 adsorbed on Brønsted acid and Cu sites, while excluding physisorbed 

NH3
38,40. Table 2 reports the number of excess NH3 (per S), relative to the unsulfated Cu-SSZ-13 

samples:  

 

NH&: S = 	
(012	34516	7829:;<=	7:0>2<)@(012	34516	867829:;<=	7:0>2<)

(012	A	16	7829:;<=	7:0>2<)          (9.3) 

Sulfation does not change the total number of NH3 stored on the model ZCuOH catalyst, but does 

increase the amount of NH3 stored in a ratio of 1 NH3:S for the model Z2Cu catalyst (Table 9.2). 

The excess 1:1 NH3:S molar ratio on sulfated-Z2Cu sites may reflect storage at excess Brønsted 

acid sites after sulfation, consistent with DFT predictions (Figure 9.11) that the sulfation of Z2Cu 

sites results in the generation of new Brønsted acid sites. 
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Table 9.2 Molar NH3:S values calculated from excess NH3 storage on Cu-SSZ-13 catalysts after 
dry SO2 poisoning. Corresponding S:Cu loadings on the four samples and the total NH3:Cu 
molar ratios are also included for comparison. 

 Sample NH₃:S S:Cu NH3:Cu 
ZCuOH  -0.2 ± 0.2 0.59 2.7 
ZCuOH 0.0 ± 0.2 1.44 2.8 

Z2Cu 1.2 ± 0.2 0.36 3.0 
Z₂Cu 0.9 ± 0.2 0.51 3.0 

 

 Moving to the right in Figures 9.9 and 9.10, corresponding to increasing exposure to 

NH3, Z2Cu sites eventually transition to an ammonium bisulfate and ZCuOH to an ammonium 

sulfate (regions 4 and 6, respectively). While absolute NH3 pressures along this axis should be 

viewed cautiously due to the approximations used to capture the entropy of the products and 

uncertainties in the DFT energies themselves, it is clear that the ammonium species forms more 

readily on the Z2Cu site than the ZCuOH. Further, it is clear that either in the absence or 

presence of NH3, sulfur species persist to higher temperature on ZCuOH than Z2Cu sites, 

consistent with the experimentally observed trend in thermal desulfurization. 

 These results are consistent with an equivalent sulfur deactivation stoichiometry on the 

two sites and hint at differences in the deactivating species, but do not directly inform observed 

differences in deactivation mechanism. To test the effect of sulfur uptake on Cu mobility, we 

turned to AIMD calculations. We considered one and two bisulfate species on both Z2Cu and 

ZCuOH sites, including species predicted to be stable near to the experimental conditions in the 

presence of NH3: [ZCuII(HSO4)][ZH]and [CuII(HSO4)2][Z2H2] on Z2Cu and [ZCuII(HSO4)] and 

[CuII(HSO4)2][ZH] on ZCuOH. We ran an extended period of AIMD and extracted the last 90 ps 

of the AIMD trajectory for further structural analysis. We estimated effective first shell 

coordination number (CN) from the computed radial distribution function (RDF) between Cu and 

all other heavy atoms integrated to 2.3 Å 30. As shown in Table 9.3, the CN is 4 regardless of site 

or state of sulfation. 

 Figure 9.11 displays the Cu positions visited during the 90 ps of AIMD, superimposed 

onto a fixed zeolite framework. The relative Cu mobility was quantified by a spatial 

discretization method described previously30 and quantified and compared to previous results in 

Table 9.3. The mobility of Cu ions bound to a single bisulfate are roughly unchanged from the 

parent Z2Cu and ZCuOH sites and slightly increased when two bisulfates are bound to a Cu. The 
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mobilities of all sulfated species are much lower than the mobilities of the NH3-solvated Z2Cu 

and ZCuOH sites that would be present in the absence of sulfur (Table 9.3).  

 

Figure 9.11 Cu positions visited during 90 ps of AIMD at 473 K, represented by gray balls 
superimposed on a fixed zeolite framework. Framework was not constrained during the actual 
AIMD run. 

 

Table 9.3 Comparison of AIMD characterization of the 1Al/2Al samples, including composition 
of stable species, Cu-X (X = O,N) first shell coordination number (CN), average Cu-X bond 
distances (Å), and Cu mobility.  

Condition Sampl
e 

Chemical 
composition 

CN Avg. bond. 
Dist. / Å 

Cu mobility 

Model sites (300 K)a 1Al [ZCuIIOH] 3.0 1.96 1.1 
 2Al [Z2CuII] 4.0 1.96 1.0 
NH3-solvated (473 K)a 1Al Z[CuI(NH3)2] 

Z[CuII(OH)(NH3)3] 
2.0 
4.0 

1.89 
2.05 

27.7 
18.2 

 2Al Z[CuI(NH3)2][ZNH4] 
Z2[CuII(NH3)4] 

2.0 
4.0 

1.89 
2.07 

13.4 
8.3 

Sulfated (473 K)b 1Al [ZCuII(HSO4)] 4.0 1.96 1.1 
  [ZH] [CuII(HSO4)2] 4.0 1.96 4.6 
 2Al [ZH] [ZCuII(HSO4)] 4.0 1.98 1.7 
  [Z2H2][CuII(HSO4)2] 4.0 1.96 2.6 
adata from C. Paolucci, et al., J. Am. Chem. Soc., 138 (2016), 6028-604830 
bdata from this work. 

 Conclusions 

The effects of dry SO2 poisoning at 473 and 673 K were determined on model Cu-SSZ-

13 catalysts synthesized to contain nominally CuII exchanged at proximal Al centers (Z2Cu sites) 
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or [CuIIOH]+ exchanged at isolated Al centers (ZCuOH sites). ZCuOH sites are more prone to 

SO2-poisoning than Z2Cu sites, reflected in the larger amounts of SO2-derived intermediates that 

were stored on the model ZCuOH sample than on the model Z2Cu sample, upon exposure to the 

same sulfation treatment. NH3-SCR rates (473 K, per Cu) decrease proportionally with the S:Cu 

ratio on the Z2Cu and ZCuOH samples, while apparent activation energies are essentially 

unaffected, consistent with equimolar Cu site poisoning by each SO2-derived intermediate. 

Additional SO2 storage is also observed on non-Cu sites in the ZCuOH sample, and evidence is 

provided for partial micropore occlusion by SO2-derived species. Computation shows that 

bisulfates are particularly low in energy, that Z2Cu and ZCuOH can take up one or two 

bisulfates, and that residual Brønsted acid sites are liberated as bisulfates are formed at Z2Cu 

sites. Molecular dynamics simulations also show that Cu sites bound to one HSO4 are immobile, 

but those bound to two are liberated from the framework and become more mobile. Taken 

together, experimental and theoretical characterizations support the hypothesis that Z2Cu sites 

are more resistant to SO2 poisoning than ZCuOH sites, and can be regenerated more easily once 

poisoned.  

 Methods 

9.6.1 Synthesis, sulfation, and de-sulfation of Cu-zeolites 

H-SSZ-13 zeolites were synthesized following a procedure reported by Fickel et al33, 

which is based on a patent by Zone37. The procedure was reported in our earlier publication30. 

SSZ-13 with Si:Al molar ratios of 4.5 and 25 were synthesized. The sodium form (Na-SSZ-13) 

was synthesized hydrothermally in a rotating oven at 433 K for 10 days, washed with water and 

acetone, then calcined at 823 K in dry air (AirZero, Indiana Oxygen) for 10 h to remove the 

template29,38,39. The resulting Na-SSZ-13 zeolite was converted to the NH4-form by ion exchange 

with 0.1 M NH4NO3 (>99%, Aldrich) (100 g solution per gram of catalyst) at 353 K for 10 h. 

The H-SSZ-13 zeolite was obtained by calcining the NH4-SSZ-13 at 823 K in dry air (AirZero, 

Indiana Oxygen) for 10 h.  

Copper was exchanged onto H-SSZ-13 samples via aqueous-phase ion exchange with 

between 0 and 0.02 M solutions of Cu(NO3)2 (99.9% Aldrich). During this process, NH4NO3 

(>99% Aldrich) 0.1 M was added drop-wise to control the pH at a value of 5. The Cu-SSZ-13 
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samples were dried at 373 K, cooled to room temperature under ambient air, then pelleted and 

sieved to retain 125 to 250 μm particles (W.S. TYLER No. 60 and No. 120 all-stainless-steel).  

In this paper, two model catalysts were synthesized, one with a Si:Al of 4.5 with a Cu 

wt% of 3.8 (100% Z2Cu, 0% ZCuOH) and one with a Si:Al of 25 with a Cu wt% of 1.5 (80% 

ZCuOH, 20% Z2Cu). The relative fraction of Z2Cu and ZCuOH active sites were confirmed 

using Cu elemental analysis and selective titration of Brønsted acid sites using NH3, as outlined 

in our previous publication30. Sulfation treatments were performed by saturating 0.5 g of sieved 

catalyst in a flowing stream of N2 (600 mL min-1) containing 100 ppm SO2 at 473 K or 673 K for 

a pre-determined time, such that the cumulative molar exposure was S:Cu = 5. In this paper, 

sulfated sample names are preceded by 473 K SO2 or 673 K SO2 to denote sulfation treatments at 

473 K and 673 K, respectively.  

Desulfation treatments of sulfated samples were performed in a reductive environment in 

flowing N2 (800 mL min-1) containing of 500 ppm NH3 and 500 ppm NO at 673 K. Typically, 

0.02 to 0.05 g of each sulfated catalyst was heated to 673 K in dry nitrogen (liquid nitrogen boil-

off, Linde) with a ramp rate of 283 K per minute, then exposed to flowing NH3 and NO stream 

for a pre-determined time, such that the cumulative molar exposure of NO:S was 100. The de-

sulfated catalysts were then cooled to ambient temperature in N2 flow. 

9.6.2 Catalyst Characterization 

Bulk Si, Al and Cu contents in all Cu-SSZ-13 samples were determined by atomic 

absorption spectroscopy (AAS) on a PerkinElmer AAnalyst® 300 atomic absorption 

spectrometer. For AAS sample preparation, 20 to 50 mg of sample was dissolved in 2 mL of 

hydrofluoric acid (HF, 48 wt%, Sigma Aldrich) for 24 hours. The dissolved sample was then 

diluted with 50 to 140 g of deionized H2O (Millipore, 18.2 mΩ). 

Si, Al, Cu, and S were also measured using inductively coupled plasma – optical 

emission spectroscopy (ICP-OES) on an iCAP 7400 ICP-OES analyzer. Samples were prepared 

by acid microwave digestion. For ICP-OES sample preparation, about 30 mg of sample is 

transferred to a Teflon liner with 9 mL of HNO3, 3 mL HF, and a magnetic stir bar, then heated 

while stirring to 503 K (temperature reached in 5 minutes) and holding at 503 K for 20 minutes. 

Next, the sample was allowed to cool to ambient temperature for 1 hour, after which point 10 mL 
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of 4% boric acid was added. The sample was heated while stirring to 453 K in 4 minutes and 

held for 15 minutes. Once cooled, the resulting liquid was diluted to 100 mL.  

Scanning electron microscopy images were collected using a FEI Quanta 3D FEG® 

scanning electron microscope. Electron dispersive X-ray analysis was used to determine the 

elemental content for Si, Al, Cu, and S. X-ray powder diffraction patterns between 4 and 40° 2θ 

were obtained using a Rigaku Smart Lab® X-ray diffractometer with a Cu K(α) radiation source 

operated at 1.76 kW.  

Selective NH3 titration of Brønsted acid sites was used to quantify the number of 

Brønsted acid sites, as described in our previous publications38,40. Briefly, 500 ppm of NH3 in 

balance N2 is flown through the catalyst at 433 K until saturation, then a stream of 2% H2O in 

balance N2
 is used to flush out NH3 bound to Lewis acidic Cu sites until steady state.  At this 

point, temperature-programmed desorption (TPD) in performed and the NH3:Al is determined 

from integrating and quantifying the TPD profile.  

UV-Vis-NIR spectroscopy was used to identify changes in the coordination of copper 

active sites in sulfated Cu-SSZ-13, as evidence of SO2 binding to Cu species. Also, the formation 

of intermediate NH4-SOx-like species was studied by collecting spectra after saturating the 

samples with 500 ppm NH3 at 298 K and 473 K. UV-Vis-NIR spectra from 4000 to 50000 cm–1 

and scan speed of 2000 cm–1 min–1 were collected on a Cary 5000® UV-VIS-NIR 

spectrophotometer equipped with a Harrick-Scientific Praying-Mantis® diffuse reflectance optics 

and cell. BaSO4 (99%, Sigma-Aldrich) was used as a 100% reflectance standard. All samples 

were dehydrated with 100 mL min–1 air (AirZero, Indiana Oxygen) at 523 K for 6 h before 

analysis. The low dehydration temperature of 523 K was selected to avoid desorption of sulfur 

species 11,16,17,21,22.  

Argon (87 K) and nitrogen (77 K) micropore measurements were collected on a 

Micromeritics Accelerated Surface Area and Porosimetry (ASAP) 2020 system and were used to 

probe changes in accessible catalyst volumes after sulfation treatments. Prior to analysis, 15 to 

30 mg of unsulfated Cu-SSZ-13 samples were degassed at 673 K under vacuum (<5 µtorr) for 12 

h and were compared to the same samples degassed at 423 K under vacuum (<5 µtorr) for 4 h. 

Both degas treatments resulted in measurement of the same micropore volume within error, thus 

the lower temperature degas treatment was performed on the sulfated samples before collecting 

micropore volumes. Subjecting a sulfated sample to the 423 K degas treatment did not result in a 
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significant decrease in sulfur content, as measured by ICP (Figure S1 from supplementary 

information in Shih et al.57).  

Fluorescence sulfur K-edge X-ray absorption spectroscopy (XAS) was performed at 

Sector 9-BM of the Advanced Photon Source at Argonne National Laboratory. Samples were 

pressed into circular wafers (8 mm x 0.5 mm) and adhered to carbon tape, then transferred to a 

He-purged chamber to minimize losses in fluorescence signal. Energies were calibrated using a 

sodium thiosulfate pre-edge feature at 2469.20 eV. XAS spectra were collected in an energy 

range between 2420 and 2550 eV. Since sulfur content on all samples were low (<1 wt%), 

dilution was not performed to minimize self-absorption. The sulfur content was not constant 

enough for quantitative analysis. XANES spectra are plotted as the ratio of the intensity of the 

total fluorescence signal to the intensity of the excitation radiation as a function of the photon 

energy. Pre-edge and post-edge spectra were normalized to 0 and 1, respectively.  

Copper-edge X-ray absorption spectroscopy (XAS) was performed at Sector 10-ID of the 

Advanced Photon Source at Argonne National Laboratory 41,42. A Cu metal foil spectrum was 

simultaneously collected while measuring sample spectra to calibrate the Cu K-edge to 8979 eV. 

Operando and in situ experiments were performed in a glassy carbon reactor with catalyst diluted 

with spherical carbon beads to minimize beam absorption25. For operando XAS experiments, a 

standard SCR gas mixture was introduced to the reactor. H2O was introduced into a N2 (UHP, 

Airgas) and CO2 (HP, Airgas) through a PermaPure MH® humidifier. Then, NO (3000 ppm in 

N2, Matheson Tri-Gas), O2 (20% in He, Airgas) were added to the stream. NH3 (3000 ppm in He, 

Matheson Tri-gas) was added last to minimize the formation of NH4NO3. The reaction mixture 

was preheated to 473 K using preheater coil upstream of the reactor. For in situ XAS 

measurements under reducing conditions, 500 mL min–1 of a 300 ppm NO (3000 ppm in N2, 

Matheson Tri-Gas) and 300 ppm NH3 (3000 ppm in He, Matheson Tri-gas) in balance N2 was 

used. Again, the inlet flow was preheated to 473 K via heat tracing and a preheater coil. Sulfated 

catalysts were not calcined prior to exposure to gases and were not exposed to temperatures 

greater than 523 K to prevent desorption of sulfur species. For both operando and in situ 

experiments, concentrations were stabilized through a bypass before exposure to the catalyst bed. 

XAS spectra were collected in an energy range between 8700 and 9890 eV for samples held 

under different gas conditions, and between 8700 and 9780 eV for operando experiments. Once 

the catalyst was exposed to the gases, XAS spectra were taken approximately every 2 min until 
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stabilization. NOx, NH3, H2O, CO2 concentrations were measured using a Multi-Gas 2030® FTIR 

gas analyzer during operando and in situ experiments.  

A method that quantifies only NH3 adsorbed on Brønsted acid sites and Lewis acidic Cu 

sites, and not physisorbed on the zeolite structure, was developed. The procedure involves 

saturation of the catalyst in a packed bed reactor with 500 ppm NH3 in balance N2 at 433 K 

(Figure S2 from supplementary information in Shih et al.57). On unsulfated samples, the NH3:Al 

quantified from NH3 consumption during the saturation step, and from NH3 formation during the 

TPD step, were identical within error (Figure S3 from supplementary information in Shih et 

al.57). The parity in NH3:Al measured during saturation and during TPD allow quantifying the 

ammonia stored on sulfated Cu-SSZ-13 materials without desorbing sulfur, which can damage 

downstream equipment. 

9.6.3 SCR kinetic measurements 

Kinetic measurements of NH3-SCR were collected in a down-flow 3/8’’ ID tubular quartz 

reactor. Typically, 2 to 50 mg of sieved Cu-SSZ-13 catalyst were mixed with enough inert silica 

gel (Fisher Chemical Silica Gel (Davisil) Sorbent, Grade 923) to obtain a bed height of ~0.5 cm. 

Aluminum foil was wrapped around the quartz reactor to an outer diameter of ~1 inch to enhance 

heat conduction and minimize radial and axial temperature gradients that may be present within 

the bed. The reactor was then placed within a clamshell furnace and pressure-tested with 

nitrogen (liquid nitrogen boil-off, Linde) at 5 psig for 20 minutes.  

Steady state kinetic data were collected under differential NO conversions (below 20%)43 

and with products (H2O and N2) co-fed to ensure the entire bed was exposed to approximately 

the same gas concentrations and temperatures using a gas mixture of 300 ppm NO (3.5% NO/Ar, 

Praxair), 300 ppm NH3 (3.0% NH3/Ar, Praxair), 8% CO2 (liquid, Indiana Oxygen), 10% O2 

(99.5%, Indiana Oxygen), 2.5% H2O (deionized, introduced through 24’’ PermaPure MH 

Humidifier), and balance N2 (boil-off liquid N2, Linde) at 473 K and 1 atm. All concentrations 

are stabilized through the bypass prior to exposure to the catalyst bed. The gas hourly space 

velocity (GHSV) was varied between 600,000 to 4,000,000 h-1 for all kinetic experiments while 

maintaining differential conversion. The fresh and sulfated catalysts were not calcined in dry air 

at elevated temperatures (~773 K) prior to collecting reaction kinetics due to sulfur desorption at 

temperature higher than 573 K. Dehydrating the catalyst with dry air at 523 K does not affect the 
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SCR reaction rate (Figure S4 from supplementary information in Shih et al.57). In addition, 

continuous exposure to SCR gases between 423 and 523 K for 24 consecutive days did not affect 

the SCR reaction rate (Figure S5 from supplementary information in Shih et al.57). NO, NO2, 

NH3, CO2, N2O, and H2O concentration data were recorded every 0.95 seconds using a MKS 

MultiGas 2030 gas-phase Fourier transform infrared (FTIR) spectrometer with on-board 

calibrations. Reaction temperatures were collected using two Omega® K-type 1/16’’ OD 

thermocouples with one placed in contact with the quartz wool above the top of the bed and the 

second placed in contact with the quartz frit below the bottom of the bed. The temperature 

difference was always within 3 K during steady state SCR catalysis. Total gas flow rates were 

measured using a soap bubble gas flow meter.  

In the limit of differential NO conversion, the gas concentrations and catalyst bed 

temperature can be assumed constant, allowing the differential NO conversion rate to be 

calculated using Equation (9.4): 

−r3D = 	
EFGH,JK@FGH,LMNO	

PQQQQQQ
RṠNLNUV
WX            (9.4) 

 

where Y is the concentrations of NO in ppm before and after the catalyst bed, Ż[\[]^ is the total 

flow rate, P is 1 atm, T is ambient temperature, and R is the gas constant. The experimental data 

are fitted to a power law rate expression (Equation 9.5) where _]``  (Equation 9.6) is the 

apparent rate constant and a , , , δ, and ϵ are the apparent reaction orders with respect to 

concentrations of NO, NH3, O2, H2O, and CO2, respectively.  

−r3D = k:>>C3Dd C345
e CDf

g C4fDh CFDfi          (9.5)  

k:>> = AQ exp n−
oU,Upp
WX q	         (9.6) 

 

All reported rates are free of external diffusion limitations (independent of space velocity) and 

internal diffusion limitations, evident in turnover rates that are similar for crystallite sizes 

ranging from 0.5 to 2.5 microns30.39,44. The low values for δ and ε shown in Tables S5 and S6 

from supplementary information in Shih et al.57, show that product inhibition is negligible, 

validating the use of equation 9.2. 
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9.6.4 DFT simulation details 

Calculations were performed within periodic triclinic SSZ-13 supercell that contains 12 

T-sites30, consistent with our previous studies30,31,39. Figure 9.12 a show the structure of one 

chabazite (CHA) cage with some atoms presented as spheres to highlight the ring structures. 

Figure 9.12(b) shows the Z2Cu site where 2 Al (“Z”) atoms were substituted in the 6-membered 

ring (6MR). Figure 9.12(c) shows the ZCuOH site were 1 Al atom was substituted.  

 

 

Figure 9.12 Molecular structure of a SSZ-13 (CHA) cage, with the 1Al (ZCuOH) and 2Al (Z2Cu) 
Cu sites on the right. Red, yellow, green, gray, and pink spheres correspond to O, Si, Al, Cu, and 
H atoms, respectively. 

 
To locate the minimum energy structures reported here, we first performed ab initio 

molecular dynamics (AIMD) simulations at 473 K for 30 ps on candidate structures using the 

Car-Parrinello molecular dynamics software (CPMD)45. Calculations were performed within the 

Perdew-Becke-Erzenhof (PBE) generalized gradient approximation (GGA)46-48, ions described 

with Vanderbilt ultrasoft pseudopotentials49 and plane waves cut off at 30 Ry. Simulations were 

run in the canonical (NVT) ensemble with 0.6 fs timesteps. A Nose-Hoover thermostat was used 

to control temperature to 473 K. Low energy geometry snapshots were extracted from the 

trajectories and optimized to obtain the local minima energy and structure at 0 K. At least two 

low energy configurations were extracted from the trajectories and relaxed to ensure consistency.  

Subsequent geometry optimizations were performed within the Vienna Ab initio Simulation 

Package (VASP) software50. Plane wave cutoff was 400 eV and the Brillouin zone sampled at 

the Γ-point, as appropriate for a solid insulator. Electronic energies were converged to 10−6 eV 

and geometries relaxed until atomic forces were less than 0.01 eV Å −1 using the hybrid 

screened-exchange method of Heyd-Scuseria-Erzenhof (HSE06) and D2 for dispersion 
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corrections. Charge analysis was performed by the method of Bader, and reported normalized to 

CuII and CuI references (Z2Cu and ZCu). We report Bader charges as a superscript to Cu (i.e. CuI 

and CuII). 

The relative mobility of the Cu centers was quantified by running 150 ps of AIMD within 

CPMD and following the method described in a previous publication30. In order to sample 

possible configurations efficiently, we performed five independent 30 ps AIMD simulations 

starting from geometries slightly perturbed (maximum perturbation = 0.1Å) from the equilibrium 

geometry. From each of the five simulations, 12 ps was used for equilibration and 18 ps was 

used for data collection. 

We report the free energies of formation of various combinations of SwOxHyNz on Cu 

sites with respect to SO2, O2, H2O, and NH3: 

 

∆st,u,v,w91x0 Ey, ∆z{|f, ∆z|f, ∆z}f|, ∆z~}5O = ∆�t,u,v,w91x0 	− Ä∆z{|f −
u
' ∆z|f −

v
' n∆z}f| −

P
' ∆z|fq − Å n∆z~}5 −

&
' ∆z}f| +

&
Ç ∆z|fq − y∆É(y)      (9.7) 

∆�t,u,v,w91x0 = �Ñ∗F8AÜDá4à3â − �ä∗ãå − Ä�{|f −
u
' �|f −

v
' n�}f| −

P
' �|fq − Å n�~}5 −

&
' �}f| +

&
Ç �|fq             (9.8)  

 

where Z*Cu (*= 1,2) represents either a Cu bound near one Al or or two Al placed as third 

nearest neighbors (3NN) position in the 6MR. ∆�t,u,v,w91x0  is the formation energy of reaction: 

ç∗Yé + ÄÉè' + u
' è' +

v
' nê'è −

P
'è'q + 	Å nëê& −

&
'ê'è +

&
Çè'q → ç∗YéÉtèuêvëw   (9.9)  

computed using the HSE06-D2 optimized energies of all species. To compute free energies, we 

neglect PV and heat capacity differences between the adsorbate-free and adsorbate-covered Cu 

sites and compute their entropy difference using a previously reported correlation derived from 

ab initio potential of mean force (PMF) free energy simulations32, ∆adsSo= - 0.35So, i.g.
total for the 

ZCuOH site and ∆adsSo= - 0.51So, i.g.
total for the Z2Cu site30,51.  ∆µSO2, ∆µO2, ∆µH2O, ∆µNH3 are 

difference in ideal gas chemical potential (µ) between 0 K and the desired temperature (T) and 

pressure (P). We used the ΔHo and ΔSo values from the JANAF table52 to calculate the Δµ at 

each discrete temperature (0 K, 100 K, etc, up to 1000 K), and linearly interpolated any other 

temperatures in between those discrete points.  
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10. CONSEQUENCES OF EXCHANGE-SITE HETEROGENEITY AND 
DYNAMICS ON THE UV-VISIBLE SPECTRUM OF CU-EXCHANGED 

SSZ-13 

“Reprinted with permission from Consequences of exchange-site heterogeneity and dynamics on 
the UV-visible spectrum of Cu-exchanged SSZ-13, Hui Li, Christopher Paolucci, Ishant 
Khurana, Laura N. Wilcox, Florian Göltl, Jonatan D. Albarracin-Caballero, Arthur J. Shih, Fabio 
H. Ribeiro, Rajamani Gounder, William F. Schneider, Chemical Science, doi: 
10.1039/C8SC05056B . Copyright (2019), Royal Society of Chemistry.” 

 Preface 

Chapter 10 reflects the reproduction of my coauthored article published in Chemical 

Science, 10, 2373-2384, 2019, titled “Consequences of exchange-site heterogeneity and 

dynamics on the UV-visible spectrum of Cu-exchanged SSZ-13”, and the current draft of another 

manuscript in preparation. With the combination of these two separate manuscripts, this chapter 

deals with identification and quantification of multinuclear Cu-oxo complexes evolved from 

mononuclear Cu cations, and their relevancy for standard SCR and NO oxidation reaction. 

 Abstract 

The speciation and structure of Cu ions and complexes in chabazite (SSZ-13) zeolites, 

which are relevant catalysts for nitrogen oxide reduction and partial methane oxidation, depend 

on material composition and reaction environment. Ultraviolet-visible (UV-Vis) spectra of Cu-

SSZ-13 zeolites synthesized to contain specific Cu site motifs, together with ab initio molecular 

dynamics and time-dependent density functional theory calculations, were used to test the ability 

to relate specific spectroscopic signatures to specific site motifs. Geometrically distinct 

arrangements of two framework Al atoms in six-membered rings are found to exchange CuII ions 

that become spectroscopically indistinguishable after accounting for the finite-temperature 

fluctuations of the Cu coordination environment. Nominally homogeneous single Al exchange 

sites are found to exchange a heterogeneous mixture of [CuIIOH]+ monomers, O- and OH-

bridged Cu dimers, and larger polynuclear complexes. The UV-Vis spectra of the latter are 

sensitive to framework Al proximity, to precise ligand environment, and to finite-temperature 

structural fluctuations, precluding the precise assignment of spectroscopic features to specific Cu 
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structures. In all Cu-SSZ-13 samples, these dimers and larger complexes are reduced by CO to 

CuI sites at 523K, leaving behind isolated [CuIIOH]+ sites with a characteristic spectroscopic 

identity. The various mononuclear and polynuclear CuII species are distinguishable by their 

different responses to reducing environments, with implications for their relevance to catalytic 

redox reactions. 

 Introduction 

Copper ions exchanged onto zeolites are implicated as active sites for the selective 

catalytic reduction of nitrogen oxides,1-10 oxidation of NO to NO2,11,12 decomposition of NO and 

N2O,13-16 and partial methane oxidation to methanol.17-33 These Cu ions are associated with 

charge-compensating AlO4 tetrahedral sites that are distributed throughout the zeolite lattice. 

Because these Al substitutions are not ordered under typical zeolite synthesis conditions, a given 

framework and macroscopic Si/Al ratio will present a heterogeneous distribution of microscopic 

Al site ensembles, each of which provides a distinct exchange environment for a Cu ion. The 

precise Cu species and their relative densities in a given material are thus functions of framework 

topology,34-37 of the density and underlying distribution of framework Al (Si/Al), of the Cu 

loading (Cu/Al), and even of the protocols used to introduce Cu onto the zeolite supports.38-44 

Further, multiple Cu ion site motifs may be of similar free energy at a given Al site or ensemble, 

and at finite temperatures these motifs may interchange at timescales relevant to observation or 

to catalytic turnover.45-47 Given these many sources of structural diversity, assignment of 

spectroscopic features to specific Cu motifs in a heterogeneous solid is a non-trivial endeavor, 

but a critical one to make connections between local structure and catalytic function.  

One strategy to reduce this complexity is to intentionally synthesize zeolites with 

framework Al distributions that present one or a few distinct Al site ensembles. This strategy is 

particularly promising for zeolites of relatively high symmetry, such as the chabazite (SSZ-13) 

framework that is composed of a single symmetry-distinct tetrahedral site. SSZ-13 samples 

synthesized using only organic N,N,N-trimethyl-1-adamantylammonium (TMAda+) structure-

directing cations nominally contain only isolated framework Al sites,39 and are found to contain 

predominantly [CuIIOH]+ ions after aqueous Cu ion exchange and high temperature (>473 K) 

oxidation, based on titrimetric analysis and vibrational and X-ray spectroscopies.38 In contrast, 

SSZ-13 samples synthesized in the presence of TMAda+ and Na+ as co-structure-directing 
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cations39 contain detectable fractions of paired Al sites in 6- membered rings (6MR). After Cu 

ion exchange and high temperature oxidative treatment, these paired Al sites are observed to 

preferentially host CuII ions (Z2Cu) before isolated Al sites are occupied by [CuIIOH]+ ions 

(ZCuOH).38 Z2Cu and ZCuOH are expected to contribute differently to ultraviolet-visible (UV-

Vis) absorption spectra based on ligand-field arguments and density functional theory (DFT) 

calculations, consistent with d-d transition and ligand-to-metal charge transfer (LMCT) features 

in experimentally-measured UV-Vis spectra that are observed to change with Cu content in Cu-

SSZ-13 samples.6,48{50  

These single Cu species may coexist with dimeric or higher nuclearity Cu clusters. 

Oxygen-bridged Cu dimers are well established to be present and quantifiable with CO 

temperature programmed reduction,15 to be plausible active sites for NO and N2O 

decomposition14,15,51-53 and partial CH4 oxidation in Cu-exchanged zeolites,17,30,33,54-62 including 

Raman63,64 and UV-Vis14,55 spectroscopic observations and CO temperature programmed 

reduction to quantify such sites. In Cu-SSZ-13 samples of certain composition (Si/Al=5, 

Cu/Al=0.3-1.6), oxygen-bridged Cu dimers and larger Cu oxide aggregates are detected by X-ray 

spectroscopy and are the dominant active sites for NO oxidation to NO2 under dry conditions.11 

UV-Vis spectra of certain Cu-SSZ-13 samples (Si/Al=13, Cu/Al=0.45) following high 

temperature O2 treatment show features consistent with those for oxygen-bridged Cu dimers,48 

and these features disappear upon reduction with CH4,18,50 implicating them as active sites for 

partial methane oxidation. The precise relationship between sample composition and treatment 

history, and the numbers and structures of Cu dimers or larger aggregates formed, however, 

remains less well resolved than such relationships for monomeric Cu sites in Cu-SSZ-13. 

Here, we report UV-Vis spectra of model Cu-SSZ-13 zeolites prepared to contain 

predominantly Z2Cu or ZuOH sites, by virtue of their different framework Al arrangements and 

elemental compositions. We use supercell time-dependent DFT (TD-DFT) calculations to 

correlate observed UV-Vis spectral features with specific Cu motifs. We find that spectra 

computed for single, static, minimum energy structures are in poor agreement with experimental 

observation, because Cu ion dynamics have a significant impact on computed spectral features 

even at ambient temperature. We construct synthetic spectra by averaging over configurations 

visited during finite-temperature ab initio molecular dynamics (AIMD) simulations and show 

that these dynamically averaged spectra correspond closely with experimental observation. 
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Further, experimental and simulated spectra are compared to identify features associated with a 

confounding subset of Cu dimers or larger aggregates in samples prepared to contain 

predominantly [CuIIOH]+ species. These results resolve several inconsistencies in spectral and 

site assignments reported in Cu-exchanged zeolites. 

 Results 

10.4.1 Z2Cu 

First, UV-Vis spectra were collected on a Cu-SSZ-13 sample that contains only Z2Cu sites. 38,65 This 

sample was prepared by starting from an SSZ-13 sample (Si/Al = 5) crystallized using a mixture of 

TMAda+ and Na+ cations to contain a finite and detectable fraction of paired Al sites,39 followed 

by aqueous ion exchange with a cupric nitrate solution to achieve a compo- sition (Cu/Al = 0.21) 

demonstrated previously to contain only isolated Z2Cu sites through X-ray absorption 

spectroscopy, Brønsted acid site exchange stoichiometries with CuII and CoII (2 H+ replaced per 

CuII or CoII), and IR spectroscopy38 (sample preparation details in section S2.1 and elemental 

analysis in  Table S4 from supplementary information in Li et al.89). This Cu-SSZ-13 sample was 

treated in flowing dry air to 673 K for 2 h, cooled to 300 K, and UV-Vis spectra were collected 

from 7000 to 50 000 cm−1. Spectra are reported in quasi-absorption (K.M.) units in Figure 1a, 

and show a broad d-d transition feature from about 8000 to 16 000 cm−1 characteristic of a d9 Cu2+ 

ion and a broad ligand-to-metal charge transfer (LMCT) feature from about 30000 to 50 000 cm−1. 

The spectrum is consistent with that previously reported for a Cu-SSZ-13 sample after high 

temperature oxidative treatment.� 

 

Figure 10.1 UV-visible spectra collected at 300 K of samples containing predominantly (a) Z2Cu 
(Si/Al=5, Cu/Al=0.21), (b) ZCuOH (Si/Al=15, Cu/Al=0.24) and (c) ZCuOH (Si/Al=15, 
Cu/Al=0.15), after 20% O2 treatment at 673 K (black), and 5% CO treatment at 523 K (red). 
Insets show magnification of the d-d transition region. 
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The CuII ions in this zeolite sample are associated with ensembles of two Al centers 

separated by two or one intervening Si tetrahedral (T-) sites in the same six-membered ring 

(6MR), which we term “para" and “meta" respectively. We used a triclinic 12 T-site SSZ-13 

supercell described elsewhere11,66 to represent each ensemble (Figure 10.2). In each case, a single 

Cu ion was placed within the 6MR and the structure annealed at 673K for 150 ps using 

thermostated AIMD (computational details in section S1 from supplementary information in Li 

et al.89). 400 equally spaced configurations were extracted from the trajectories and relaxed. In 

each Al ensemble, all configurations relaxed to one of three energy minima shown in Figures 

10.2a and 10.2e. These three minima differ in the combination of Al-adjacent and non-Al-

adjacent framework oxygen (Of) that comprise the first Cu coordination sphere. The framework 

distorts to accommodate these different Cu-containing minima, behavior consistent with 

structural distortions reported previously in calculations of metal-exchanged MFI,67,68 MOR,67,69 

and FER,70 and inferred from the appearance of two T-O-T deformation bands (900, 950 cm-1) in 

DRIFTS spectra after Cu exchange into SSZ-13.71 Despite these structural differences, the three 

para configurations differ in energy by less than 5 and meta by less than 20 kJ mol-1 (Figure 

10.2a, 10.2e, and also Table S1 from supplementary information in Li et al.89). The lowest-

energy para and meta configurations differ in absolute energy by 21 kJ mol-1 (Table S1 from 

supplementary information in Li et al.89). 

We performed additional AIMD at 300K to gain insight into variations in Cu 

coordination environment at finite temperature38,72 that might influence the observed spectra. 

Figure 10.2b reports histograms of distances between Cu and each of the six 6MR Of, collected 

at 0.6 fs intervals over the 150 ps simulation of para Z2Cu. Distances segregate into two groups 

centered at 2.1 and 3.3 A, corresponding to Cu-coordinated and free Of, each group having 

widths >0.5 A (Table S2 from supplementary information in Li et al.89) that arise from finite 

temperature  fluctuations of the lattice and Cu. The unimodal O1, O2 and O3 and bimodal O4, 

O5, and O6 distributions are due to transitions between the three different minimum energy 

configurations of Figure 10.2a. Inspection of the trajectory shows that transitions occur by 

extension of the four Cu-Of bonds, distortion of the lattice, and relaxation into an adjacent 

minimum. We used these observations to categorize each AIMD frame into one of the three 

minima or into an intermediate state (example structure in  Figure S2 from supplementary 

information in Li et al.89), based on the identity and number of Of within 2.6 A of Cu, chosen to 
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represent the upper bound of a Cu-O coordination and shown in the pie chart inset to Figure 

10.2b. 

 

Figure 10.2 (a) DFT-computed local Cu environment in three Z2Cu para minima. (b) Individual 
and aggregate para Z2Cu Cu-Of distance histograms collected over 150 ps 300 K AIMD. Inset 
indicates percent time spent in each minimum. (c) TD-DFT-computed UV-Vis spectra of three 
Z2Cu para minima, color-coded by (a). (d) UV-Vis spectra averaged over 1 (green), 10 (yellow), 
25 (orange), 100 (blue), 200 (red), and 400 (black) para Z2Cu snapshots equally spaced in time 
along the 150 ps trajectory. (e)-(h) Corresponding results for Z2Cu meta configuration. 
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All three minima are visited, and the fractions of time spent in each is generally consistent with 

the relative energies of the corresponding minima. A non-negligible fraction of time is also spent 

outside any minimum. 

Analogous results for meta Z2Cu are shown in Figure 10.2f. Again, Cu-Of distances 

segregate into the same two groups, and the aggregate histogram of all Cu-Of distances have 

identical means and standard deviations in the para and meta cases. The individual Cu-Of 

histograms are all unimodal. The large energy difference between minima guarantees that meta 

Z2Cu remains in the lowest energy configuration throughout the simulation. 

We used TD-DFT to compute frequency-dependent dielectric tensors and corresponding 

optical absorption spectra of the six minima. The computational details and codes for the VASP 

inputs and subsequent analysis are provided in section S1.2 (from supplementary information in 

Li et al.89) and also on the external Zenodo repository (https://doi.org/10.5281/zenodo.1473128). 

Computed spectra are shown in Figure 10.2c and 10.2g, reported in arbitrary K.M. units. All six 

spectra exhibit features in the d-d and LMCT regions not evident in the experimental spectrum in 

Figure 10.1a. Coordinatively similar (as measured from Cu-O distances and O-Cu-O angles) para 

minima 1 and 3 and meta minimum 2 exhibit equivalent spectra. Absolute intensities are greatest 

for lowest symmetry and least for highest symmetry minima.73 Neither any individual spectrum 

nor a Boltzmann weighting of all spectra at 300K (shown in Figure S3 from supplementary 

information in Li et al.89) recovers the experimental spectrum in Figure 10.1a. To simulate the 

effects of these geometric variations on observed spectra, we computed the absorption spectra of 

400 equally spaced snapshots from the 300 K AIMD trajectories (Figure S4a (para), Figure S4b 

(meta) from supplementary information in Li et al.89). Individual spectra are sensitive to local 

structure. The d-d transitions shift generally to higher frequency with decreasing mean Cu-Of 

distance (Figure S5 from supplementary information in Li et al.89), consistent with behavior 

expected from ligand field arguments. The LMCT features do not simply correlate with the Cu-

Of distances. Figure 10.2d and 10.2h show the results of averaging increasing numbers of spectra 

computed from configurations extracted with equal spacing along the AIMD trajectories. Sharp 

features in both the d-d and LMCT regions become broadened upon averaging an increasing 

number of spectra from 1 to 200 structures and converge at approximately 200 structures, as 

evidenced by the small changes resulting from further averaging up to 400 structures. In contrast 
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to spectra computed from the minimum energy structures, final averaged meta and para UV-Vis 

spectra are indistinguishable and consistent with experimental observations in Figure 10.1a. 

 

10.4.2 ZCuOH 

For comparison to the sample containing predominantly Z2Cu sites, we synthesized 

different Cu-SSZ-13 samples that contain predominantly the ZCuOH site motif that results when 

CuII ions are exchanged near isolated framework Al sites. We previously reported that 

crystallization of SSZ-13 zeolites in the presence of only TMAda+ cations produces a material 

with predominantly isolated framework Al, reflected in the inability to exchange divalent CoII 

cations.39,40 A sample of SSZ-13 (Si/Al = 15) was synthesized using this method and exchanged 

with differents amounts of CuII (Cu/Al = 0.15, 0.24) to generate two Cu-SSZ-13 samples of 

different ZCuOH density (sample preparation details and elemental analysis in section S2.1 and 

Table S4 from supplementary information in Li et al.89).  

After CuII ion exchange, each model ZCuOH sample was treated in flowing oxygen at 

673K (20% O2, balance He) for 120 mins (details in section S2.2 from supplementary 

information in Li et al.89). UV-Vis spectra of these Cu-SSZ-13 samples collected at 300K are 

shown in Figure 10.1b and 10.1c. Spectra of both samples show absorbance features in the 8000 

to 22000 cm-1 region that are centered around 11059, 13593, 16379, and 20 077 cm-1, and a 

shoulder in the 24000 to 30000 cm-1 range, and these features are higher in intensity for the 

sample with higher Cu content. These spectra are similar to those reported following similar 

pretreatments of Cu-SSZ-13 materials that are expected to contain predominantly ZCuOH 

species,18,48,50 by virtue of the Na+-free synthesis methods used to prepare the parent SSZ-13 

sample. In contrast, these spectra are markedly different from those reported on materials 

expected to only contain Z2Cu species (Korhonen et al.6 and Figure 10.1a). The four d-d 

transitions have different relative intensities in the two Cu-SSZ-13 samples shown in Figures 

10.1b and 10.1c. Literature Cu-SSZ-13 samples prepared to contain ZCuOH sites and exposed to 

the same O2 pre-treatment also share the same four d-d transitions but again with different 

relative intensities.18,48,50 We conclude that a mononuclear ZCuOH species cannot be solely 

responsible for the quadruplet feature. The sample-dependent variation suggests the presence of 
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additional multinuclear ZCuOH derived species with structures and populations that depend on 

synthesis, treatment and composition.  

Da Costa et al.15 reported that CO reduces multinuclear Cu-oxo species in Cu-ZSM-5 to 

isolated Cu+ (d10) ions that do not exhibit d-d transitions. Similarly, we hypothesize that 

multinuclear Cu-oxo species present in Cu-SSZ-13 samples after treatment in O2 at 673K will be 

reduced by CO at 523 K, leaving behind only isolated ZCuOH species and any residual Z2Cu 

sites. Model Z2Cu and ZCuOH samples were held in a owing stream of 5% CO at 523K until no 

further changes in UV-Vis spectra were observed (details in section S2.4 from supplementary 

information in Li et al.89), prior to sealing the UV-Vis cell and cooling to 300K to record the 

spectra shown in Figure 10.1, an approach similar to that applied by Ipek et al. to Cu-SSZ-13 

samples containing mixtures of Z2Cu and ZCuOH sites.18 As expected, no changes were 

observed to the d-d transition region in the spectrum of the Z2Cu sample upon CO exposure 

(Figure 10.1a). In sharp contrast, the d-d features at 16379 and 20077 cm-1 and LMCT transition 

at 27000 cm-1 in the spectra of both ZCuOH samples (Figures 10.1b and 10.1c) disappeared after 

exposure to CO, and features at 11059 and 13593 cm-1 were shifted to 11350 and 13000 cm-1 and 

decrease markedly in absorbance. Despite differences in the d-d quadruplet feature intensity that 

are detectable after high temperature O2 treatment, the d-d transition features of both ZCuOH 

samples become similar after CO treatment. These findings indicate that not all CuII sites in Cu- 

SSZ-13 are reducible to CuI in the presence of CO, that the CuII sites remaining after CO 

reduction are similar for both samples (Figure 10.1b and 10.1c, red), and that these signatures are 

of isolated ZCuOH sites. 

We used the same triclinic supercell to describe a [CuIIOH]+ ion-exchanged near an 

isolated Al. Each T-site in the chabazite lattice is common to two 8MR, one 6MR, and three 

4MR. We used 473K AIMD and geometry optimizations to compare the energies of the 

[CuIIOH]+ ion in each of these orientations. The two 8MR orientations are isoenergetic and the 

Cu-X (X=Si, Al, O) radial distribution function (RDF) computed from their AIMD trajectories 

are identical (SI Figure S6). From a nudged elastic band calculation, the two 8MR minima are 

separated by a 63 kJ mol-1 barrier (SI Figure S7). Similar calculations with the [CuIIOH]+ ion 

directed into a 6MR and 4MR result in configurations 15 and 45 kJ mol-1 higher in energy. We 

thus expect a [CuIIOH]+ ion to adopt and remain in one of the 8MR orientations at typical 

conditions of observation here.  
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Again, to explore the consequence of ion dynamics on spectroscopy, we performed 

additional AIMD simulations at 300K for 150 ps on a [CuIIOH]+ ion in one of the 8MR 

orientations. During the course of the simulation the Cu ion remained coordinated to the same 

two Of, bond distances fluctuated, and the OH ligand rotated between Cu-OH rotational 

conformers twice. Figure 10.3b reports histograms of the two Cu-Of and Cu-OH distances. The 

Cu-OH bond is shorter and has a narrower distribution than the Cu-Of  bond. The Cu-Of mean 

distance are slightly shorter than those from the Z2Cu simulations while the standard deviations 

are the same as the Z2Cu trajectories (Table S2 from supplementary information in Li et al.89). 

Thus, the coordination environment around ZCuOH varies less than Z2Cu. The inset to Figure 

10.3b reports the fraction of the trajectory spent in each of the two rotational conformations. 

The 8MR [CuIIOH]+ ion can exist in one of two rotational conformers that differ in energy 

by 6 kJ mol-1 and are distinguished by whether the OH ligand points into or out of the 8MR 

(Figure 10.3a). Figure 10.3c reports the computed UV-Vis spectra of a relaxed 8MR [CuIIOH]+ 

ion; each conformer yields a spectrum with two equivalent sharp features in the d-d transition 

region and a single sharp LMCT band. Predicted ZCuOH absorption intensities are less than 

either the Z2Cu para and meta spectra in Figure 10.2c and 10.2g, consistent with the higher 

symmetry of ZCuOH and prior predictions that ZCuOH may have small or unobservable d-d 

transition.49,74 However the two spectra in Figure 10.3c for the two ZCuOH isomers are only in 

rough correspondence with the observed spectrum of the ZCuOH samples. 

We computed the absorption spectra of 400 equally spaced structures chosen from the 

300K AIMD simulation; all computed spectra are overlaid in Figure S4c (from supplementary 

information in Li et al.89). Significant variations are present in the d-d (7000 to 14000 cm-1) and 

LMCT (30000 to 50000 cm-1) regions (Figure S6c from supplementary information in Li et al.89), 

with shorter mean Cu-O distances again correlating with shifts to higher frequency d-d 

transitions (Figure S5 from supplementary information in Li et al.89). Figure 3d reports spectra 

averaged over 1, 10, 25, 100, 200, and 400 structures. The two-sharp d-d features at 8000 and 

13000 cm-1 broaden and begin to merge, while 
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Figure 10.3 (a) DFT-computed local Cu environment in two 8MR ZCuOH minima. (b) 
Individual and aggregate Cu-O distance histograms collected over 150 ps of 300K AIMD. Inset 
indicates percent time spent in each minimum. (c) TD-DFT-computed UV-Vis spectra of two 
ZCuOH minima, color-coded by (a). (d) UV-Vis spectra averaged over 1 (green), 10 (yellow), 25 
(orange), 100 (blue), 200 (red), and 400 (black) snapshots equally spaced in time along the 150 
ps trajectory. 

 
the LMCT region converges to a peak spanning 30000 to 45000 cm-1. The averaged d-d and 

LMCT regions ~1000 cm-1 are red-shifted but similar in shape to those observed after CO 
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reduction of the ZCuOH samples (Figure 10.1b, 10.1c). Further, the decrease in computed 

intensity of the d-d relative to LMCT bands in ZCuOH compared to Z2Cu models corresponds 

with experimental observation. These observations support both the assignment of the Figure 

10.1b and 10.1c spectra following CO treatment (red) to isolated ZCuOH and the conclusion that 

the quadruplet features after O2 treatment (black) cannot be solely assigned to ZCuOH but rather 

have contributions from multinuclear Cu complexes. 

10.4.3 Cu Dimers 

The additional features in Figure 10.1b and 10.1c following 673 K 20% O2 treatment are 

from CO reducible Cu species. A discrete, exchanged [CuO]+ ion is an unlikely candidate 

because it has a unfavorable computed formation free energy and its computed spectrum (Figure 

S8 from supplementary information in Li et al.89) is inconsistent with experimental observation. 

More likely are dimeric or larger Cu clusters. To test the potential for isolated ZCuOH to 

condense into dimers, we considered two [CuIIOH]+ ions located at Al separated by four T-sites 

in the same 8-MR using a 36-T-site supercell. Figure 10.4a, structures C and E show the 

ZCu(OH)2CuZ condensation product and of its ZCuOCuZ dehydration product, respectively 

(details in section S1.12 and Figure S9 from supplementary information in Li et al.89). Within the 

generalized gradient and harmonic approximations, the free energies to form ZCu(OH)2CuZ and 

dehydrate to ZCuOCuZ are computed to be -108 and -116 kJ mol-1, respectively (details in 

section S1.12 from supplementary information in Li et al.89). This energetics is consistent with 

the formation of dimers from [CuIIOH]+ ions of suitable proximity. 

We performed 150 ps AIMD at 300K on these two dimer structures in the 12-T-site 

supercell. In both trajectories the dimers remain roughly in the plane of the 8MR and retain 

coordination to the same bridging and framework O, unlike the more dynamic Z2Cu behavior 

described above. Both dimers vibrate internally and against the framework. Histograms of the 

Cu-O and Cu-Cu distances are shown in Figure 10.4b and 10.4c. In ZCuOCuZ, Cu-Ob (bridging 

O) distances are systematically shorter and fluctuate less than Cu-Of. The Cu-Cu separation 

oscillates around 2.7 A, and Cu-O-Cu angle varies from 90 to 1150. The Cu(OH)2Cu core of 

ZCu(OH)2CuZ remains essentially planar and tilted at an angle of  ~350 with respect to the 8MR 

plane during the AIMD (structure in Figure S12 from supplementary information in Li et al.89). 
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The Cu-Ob(H) and Cu-Of distances cover a similar range, and the Cu-Cu separation oscillates 

around 3 A. 

We used TD-DFT and spectral averaging methods identical to those above to simulate 

UV-Vis spectra of both dimers at 300 K. We observed computed spectra to be sensitive to the 

geometries of the dimers, similar to the monomer Z2Cu and ZCuOH. Figure S10 (from 

supplementary information in Li et al.89) shows spectra averaged over various numbers of 

snapshots; spectral averaging converges after ~ 200 structures. Figure 10.4d shows the spectra 

averaged over 400 snapshots. The spectrum of ZCu(OH)2CuZ structure (C) exhibits a broad and 

low intensity d-d feature around 12400 cm-1 and a LMCT band blue-shifted to beyond 50000 cm-

1. In contrast, the spectrum of ZCuOCuZ structure (E) has two distinct d-d features around 8500 

and 12400 cm-1 and an LMCT band edge that begins near 30000 cm-1. These two are clearly 

distinct from one another and from the computed spectrum of ZCuOH. 

The spectroscopy of Cu dimers may be sensitive to Al proximity, through its influence on 

geometric and electronic structures. To test this effect, we constructed two additional ZCuOCuZ 

models with two Al placed third- and second- nearest-neighbor in an 8MR and introduced a Cu-

O-Cu dimer so as to maintain Cu-O distances and a Cu-O-Cu angle similar to previous 

reports.11,18 Figure 10.4a shows the optimized structures F and G used to initiate subsequent 

dynamics. At 3NN, the ZCuOCuZ dimer is symmetrically coordinated to Of associated with Al; 

at 2NN, this symmetry is broken, although both Cu remain bound to two Of. During subsequent 

300K AIMD simulations the Cu ions retain their coordination; as shown in the histograms, Cu-O 

distances vary across the same ranges at all Al placements while Cu-Cu distances and Cu-O-Cu 

angles vary considerably with Al separation. While the computed spectra of the optimized 

structures are different, these differences largely disappear during averaging. As shown in Figure 

10.4d, averaged spectra have similar d-d features and differ only in the LMCT band edge 

position. 

The Cu dimer spectroscopy could also be sensitive to geometric isomerism. To test this 

effect, we considered several examples of Cu dimers bridged by two O, a well-known motif that 

exhibits several geometric isomers that are sensitive to Al separation.34,74-76 Figure 10.4a 

structures 

A, B, and D correspond to three different Al placements and three different isomers, all of which 

were obtained by geometry relaxations beginning from literature structures.11,18 A and B have 
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triplet and D has a singlet ground states, consistent with earlier results.34,75 Computed spectra at 

the optimized geometries (Figure S10 from supplementary information in Li et al.89) exhibit 

sharp and distinct peaks in both the d-d and LMCT regions. We performed AIMD on all three 

isomers; distance histograms collected during the simulations are shown in Figure 10.4b and 

Figure 10.4c. The dioxo dimer D is the least variable across the trajectory; dimers A and B 

sample much larger Cu-Of and Cu-Cu distances, respectively. During the infinite temperature 

simulation, dimer A moves from a cis to a trans µ-peroxo orientation whereas the optimized 

geometry has a slightly twisted O-O linkage, resulting in smaller Cu-OpO angles (geometry 

comparison in Figure S13 from supplementary information in Li et al.89). Figure 10.4d reports 

computed spectra averaged over 400 snapshots. Spectra differ significantly in band location and 

intensity both in the d-d and LMCT regions. 
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UV-Vis spectra are thus sensitive to Cu dimer composition and structure and dynamics. 

Comparisons with the experimental spectra collected after 20% O2 treatment at 673K in Figure 

10.1b and c are complicated by the ill-defined number and nuclearity of Cu species present in the 

samples. Nevertheless, we can make some useful connections. The relative intensities of the d-d 

transitions for some dimeric Cu species (in particular A, B, and E) are computed to be greater 

than that of monomeric ZCuOH, consistent with the observation of decreases in d-d peak 

intensity following CO reduction. Structures B, E, and F have features that roughly correspond 

with those observed at 11059, 13593, 16379, and 20077 cm-1 (Figure 10.1b and 10.1c), but red-

shifted by an amount similar to that found in the comparison of computed and observed ZCuOH 

spectra. Structures C and D contain features that are plausible candidates for the features 

observed at 16000 and 19 000 cm-1. Structures A and B contain features that could account for 

the broad low energy LMCT shoulder from ~ 22000 to 27000 cm-1 that disappears after the CO 

reduction treatment. All these results imply that the variations in the quadruplet feature in the d-d 

region of nominally ZCuOH samples shown in Figures 10.3b and 10.3c are associated at least in 

part with the contributions of different numbers and/or types of dimers from sample to sample. 

 Discussion 

Cu-SSZ-13 samples used here and reported in the literature are now well understood to be 

intrinsically heterogeneous at the microscopic scale, as a result of variations in composition and 

location of Al77 and charge-compensating Cu ions, among other factors. Some of these 

differences are readily observed spectroscopically; for instance, ZCuOH sites are clearly 

indicated by their distinctive O-H stretch vibration at 3660 cm-1,38,78,79 while others are more 

subtle to infer. The UV-vis results reported here provide some guidance for distinguishing three 

types of Cu species. Z2Cu species are distinguished by relatively intense d-d transitions with 

maxima near 12000 and 14000 cm-1 (Figure 10.1a), and these features persist upon exposure to 

CO. Isolated ZCuOH species are indicated by lower intensity d-d features near 11000 and 13000 

cm-1, which also persist during exposure to CO. We fund that samples intentionally prepared to 

contain exclusively ZCuOH always contain a confounding set of species that have relatively 

intense but irregular d-d features, which we assign to a mixture of higher nuclearity Cu oxo and 

hydroxo species. These species contribute four relatively prominent features in the d-d region, 

but they do not persist following CO reduction treatments. 
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Discrimination within these sets is more challenging. Samples prepared to contain only 

Z2Cu species potentially contain two geometrically distinct sites distinguished by the location of 

the charge-compensating Al,80 and such sites are predicted here to have distinct UV-Vis spectra 

if computed at one minimum energy structure. Accounting for the finite temperature fluctuations 

in Cu location between local minima and associated fluctuations in Cu coordination environment, 

however, attenuates these differences, such that the two sites become spectroscopically 

indistinguishable. Similar factors affect the interpretation of XAS79,81-84, EPR49,83,85 

spectroscopies, and X-ray diffraction5,82,85,86 patterns, and caution should be applied in inferring 

Z2Cu geometric information by comparison of observations to predictions from single, minimum 

energy structures.  

In samples in which Cu exchange is predominantly associated with isolated Al T-sites and 

contain a majority of ZCuOH sites, observed UV-Vis spectra contain features in the d-d and 

LMCT regions that cannot be accounted for by the spectrum computed of these sites.18,48,49,87 

Strategies to directly prepare and characterize Cu-SSZ-13 samples that contain exclusively 

ZCuOH sites, either by exchanging dilute amounts of Cu or using higher silica content SSZ-13 

supports, are unlikely to be successful because of the difficulties of observing dilute ZCuOH and 

the presence of a confounding set of framework Al sites that can stabilize dimeric forms of Cu 

even at low Al density. Therefore, a strategy that combines synthetic efforts to bias formation of 

predominantly one Cu site type with treatments that selectively remove minority Cu species, is 

more likely to allow access to individual Cu site types. 

The exact shapes and positions of the features depend on the zeolite composition and the 

precise pretreatment conditions, including temperature, pressure and duration of O2 exposure, all 

suggestive of additional Cu sites produced dynamically. Calculations here show that [CuIIOH]+ 

ions can move between adjacent 8MRs with an activation barrier of 63 kJ mol-1 (Figure S7 from 

supplementary information in Li et al.89) and that suitably proximal ions can condense into 

dimers. This proposal is consistent with experimental observations of a decrease in the 

approximately 3660 cm-1 vibrational feature associated with the ZCuO-H stretch with increasing 

temperature,41 corresponding Raman shifts for multiple Cu2Ox motifs.18,19,55 It is also consistent 

with the observation of dry NO oxidation to NO2 on nominally ZCuOH-containing samples, 

ascribed to dimeric Cu sites.11,88 Because computed UV-Vis spectra of Cu dimers (Figure 10.4) 

are sensitive to Al proximity, extra-lattice ligands, and to finite temperature structural 
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fluctuations, assignment of specific spectroscopic features to individual types of dimeric Cu 

species is not possible based on results reported here.  

The samples prepared to contain Z2Cu sites have spectral features that are invariant to 

reduction in CO. Literature results on similar samples find that they are insensitive to exposure to 

He, O2, or CH4.6,19 The four features observed in the d-d region of the ZCuOH samples following 

oxidizing treatment are similar to those reported previously in similar samples,18,48,50 but these 

bands do respond differently to subsequent reducing treatments. We find that 5% CO exposure at 

523K reproducibly preserves a portion of the d-d and LMCT features, which we assign to 

isolated ZCuOH sites. In contrast, exposure to CH4 at 473K results only in a decrease in the 

lower energy portion (25000 to 38000 cm-1) of the LMCT band and disappearance of the 29000 

cm-1 band.18,50,87 These results suggest that at the same temperature CH4 reduces a different 

population of CuxOyHz moieties to CuI than exposure to inert (He), and exposure to CO reduces 

all of the CuxOyHz observed to reduce in either CH4 or He.18 Spectral features we assign here to 

isolated ZCuOH moieties are observed in similar materials to persist after CH4 exposure.18,50 

Precise identification of the Cu dimer sites responsible for CH4 activation under different 

conditions remains an important challenge for experiment and computation. 

 Conclusions 

Cu-exchanged zeolites remain a topic of great scientific interest because of their intriguing 

performance in catalyzing difficult transformations involving the nitrogen oxides and methane. 

Identification of active sites is complicated by the sensitivity of Cu exchange to zeolite 

framework types, the number and distribution of framework Al atoms, Cu content, and 

pretreatment conditions. The SSZ-13 zeolite framework is constructed of a single symmetry 

distinct type of T site, in principle reducing the number of possible distinct ion exchange sites 

and thus simplifying spectroscopic interrogation of those sites. Here we use directed synthetic 

approaches to emphasize different types of exchange sites, and DFT evaluations of site structure 

and spectral signatures to test this principle. We find that in SSZ-13 samples prepared to contain 

only isolated Al T-sites, and thus in principle a homogeneous array of [CuIIOH]+ ion exchange 

sites, always contain a confounding subset of O- or OH-bridged Cu dimers and/or larger 

aggregates in the Cu/Al exchange regime explored here. These latter species are intrinsically 

heterogeneous due to heterogeneity in bridging ligands and/or in arrangements of framework Al 
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substituents, which likely involve more than one Al T-site. The underlying [CuIIOH]+ UV-Vis 

spectrum can be revealed by selective CO reduction of the polynuclear Cu species. The UV-Vis 

spectrum, even of isolated [CuIIOH]+ ions, is found to be influenced by the intrinsic, finite-

temperature dynamics of the site, as revealed through AIMD and TD-DFT calculations. In SSZ-

13 samples prepared to contain 2NN (meta) and 3NN (para) Al pairs in the 6MR, the same 

dynamical factors serve to obscure spectroscopic differences between these two distinct types of 

Z2Cu sites. While calculations performed at the optimized geometries predict that the meta and 

para Cu-exchange sites are spectroscopically distinct, those differences are indistinguishable 

after accounting for the finite-temperature fluctuations in Cu ion coordination environment. 20 

These results highlight the potential and the practical challenges of developing correlations 

between observed spectroscopy and the contributions of various Cu ion exchange sites and 

motifs to observed chemical reactivity. They highlight that precise characterization of active sites 

in this and similar systems demands a careful integration of chemical and spectroscopic 

interrogation with computational models that account for the structural and dynamical 

complexities of the materials. 
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11. MULTINUCLEAR CU-OXO SITES FROM MONONUCLEAR CU 
SITES IN CU-SSZ-13: CHARACTERIZATION BY SELECTIVE 

TITRATION AND NO OXIDATION PROBE REACTION 

 Preface 

Chapter 11 reflects the reproduction of current draft of another manuscript in preparation. 

This chapter deals with identification and quantification of multinuclear Cu-oxo complexes 

evolved from mononuclear Cu cations, and their relevance for standard SCR and NO oxidation 

reaction. 

 Abstract 

Herein, we have indicated that proximal monomeric [CuIIOH]+ cations anchored to 

zeolite framework Al sites can evolve into multinuclear Cu-oxo species under certain conditions, 

which are different from directly incorporated Cu as CuxOy clusters. Such Cu-oxo species have 

been identified, selectively titrated and correlated with NO oxidation rates. Furthermore, detailed 

NO oxidation kinetic measurement and analysis enabled proposing plausible NO oxidation 

reaction mechanism, consistent with experimentally measured kinetic parameters, suggesting 

multinuclear Cu-oxo species as the active sites for NO oxidation reaction. This would allow NO 

oxidation to be used as a probe reaction to enumerate Cu site speciation, specifically 

multinuclear Cu-oxo cations in Cu-zeolites. Such understanding of NO oxidation active site 

requirements and reaction mechanism aids in resolving the outstanding question of whether NO 

oxidation to gas phase NO2 is an elementary step during the selective catalytic reduction (SCR) 

of NOx with ammonia reaction on zeolite supported transition metal or not. Model Cu-SSZ-13 

samples have been synthesized to contain varying amounts of homogeneously dispersed 

monomeric Cu cations. CO-temperature programmed reduction has been used to selectively 

titrate multinuclear Cu-oxo species in model Cu-SSZ-13 samples, along with UV-visible 

spectroscopy to further corroborates the presence of multinuclear Cu-oxo cations. 
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 Introduction 

Selective catalytic reduction of NOx using NH3 as a reductant (NH3-SCR) is one of the 

most efficient emission control strategies for abatement of NOx in lean-burn and diesel exhaust. 

NO oxidation to gas phase NO2 was proposed to be one of the key elementary steps during the 

SCR reaction on zeolite supported transition metal catalysts by many groups, as the presence of 

NO2 in the feed promotes the SCR rate until NO2:NO ratio of 1:11–4. However, evidence suggests 

that gas phase NO2 is not necessarily involved or at least not directly involved in the standard 

SCR reaction, as NO to NO2 oxidation rate is orders of magnitude lower than standard SCR 

reaction rate under identical conditions5. Firstly, NO2 has promotional effect on standard NH3-

SCR reaction rate, while NO2 has been shown to inhibit NO to NO2 oxidation reaction. 

Secondly, NO to NO2 oxidation reaction is inhibited by H2O, which, on the contrary, has 

negligible impact on standard NH3-SCR reaction 6–9. Attempts have been made by few groups to 

reconcile these disparities by proposing that reaction rates measured during NO oxidation cannot 

be representative of the NO to NO2 oxidation rate under SCR reaction conditions 10–12. It was 

suggested that desorption of NO2 could be the rate-limiting step under NO oxidation reaction 

conditions due to dominant surface coverage of nitrates and nitrite groups. While NH3 would 

react with the surface nitrate and nitrite groups under standard SCR reaction conditions and thus, 

accelerating the desorption or consumption of NO2. Even though a few explanations exist in the 

literature to explain the inconsistencies, hardly any efforts have been dedicated in understanding 

the differences in active site requirements between NO oxidation reaction and NO to NO2 

oxidation reaction under SCR conditions. Detailed understanding of the mechanistic pathway as 

well as active site requirements with the ways to quantify the active sites is essential in 

unravelling the causes behind kinetic discrepancies and differences between the nature of Cu 

sites active for NO oxidation and for standard NH3-SCR. 

Copper-exchanged zeolites are a class of catalysts for reduction of NOx in presence of 

excess O2 using NH3 as a reductant via selective catalytic reduction (SCR)1. Cu-SSZ-13 is 

commercially attractive because of its ability to meet emission regulations than its predecessors 

(Cu-ZSM-5 and Cu-Beta), primarily due to its hydrothermal stability1314.  Advancements have 

been made in understanding the Cu cation speciation in SSZ-13 as well as the mechanistic 

pathway of standard SCR reaction on Cu-SSZ-13 over the last decade. Many groups have 

proposed monomeric CuII cations present near the six-membered ring of SSZ-13 as the dominant 
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active site for the standard SCR 15–18. Further characterization studies on Cu-SSZ-13 showed two 

different cationic positions for monomeric Cu viz. divalent CuII cations charge balanced by two 

framework Al atoms in the double six membered rings (D6R) of the CHA structure and 

monovalent [CuIIOH]+ complexes charge balanced by one framework Al atom19–22. In 

accordance with these results, our recent study23 also found Cu cation speciation into two distinct 

type of Cu sites, the relative population of which depend on zeolite composition. Regardless of 

structural differences between these two types of Cu sites, both divalent CuII and monovalent 

[CuIIOH]+ complexes exchanged at paired Al and isolated Al sites, respectively, catalyze NOx 

SCR reactions24–26 at similar turnover rates (per Cu2+; 473 K). More importantly, different active 

Cu sites were enumerated and tracked as they evolved under different gas exposure conditions, 

from ambient conditions (existing as monomeric hydrated mobile CuII and CuIIOH species), to 

dry and inert high temperature treatment (dehydrated CuII and CuI species), to operando 

conditions (monomeric Cu species solvated by NH3). Thus, this study highlighted the 

significance of exposing gas conditions in evolution of monomeric Cu active sites. 

Recent efforts have been directed towards identifying Cu3Oy 
27 and Cu2Oy 272829 species in 

Cu-SSZ-13 formed upon high temperature oxidative treatment (673 K in 20% O2), which have 

shown to be reactive for selective oxidation of methane to methanol. Using UV-vis and Raman 

spectroscopy, various reactive Cu2Oy species {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II)) 

and {CuII–O–CuII}2+ (mono–(µ–oxo) dicopper(II)) species have been proposed29. Such species 

have been proposed to evolve from [CuIIOH]+ precursors, under high temperature oxidative 

treatment (10% O2 at 773 K), either from direct reaction of self-reduced CuI with O2, giving 

{CuII)–O2–CuII}2+, or from the condensation of proximal [CuIIOH]+ species, resulting e.g. in 

mono-(µ-oxo) dicopper cores ({CuII–O–CuII}2+)28,29. It is important to note that these Cu2Oy 

species arising from nominally monomeric [CuIIOH]+ species are different from CuxOy species 

(clustered Cu2+ ions with x≥2, y≥1), which result from over-exchange of Cu. Though these 

studies provide evidence toward the identity of active Cu2Oy species, no quantitative correlation 

between the number of these species to the reaction rate was reported.  

Very few studies have focused on identification and quantification of NO oxidation 

active Cu sites in SSZ-13 along with their correlation with NO oxidation rate. Moreover, there 

has not been any fully consistent NO oxidation reaction mechanism on Cu-SSZ-13 previously 

proposed in the literature.  Verma et al. demonstrated that under ‘‘dry’’ reaction conditions (300 
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ppm NO, 150 ppm NO2, 10% O2 in balance He, 543 K), NO oxidation is catalyzed by clustered 

CuxOy species (formed because of over-exchanged Cu in Si/Al 6) while monomeric Cu2+ are 

completely inert at a reaction temperature of 543 K 9. Additionally, Cu ion dimers like {Cu(II)–

O–Cu(II)}2+, formed at higher Cu loadings (Si/Al 6, Cu/Al > 0.3) after high temperature 

oxidative treatment (10% O2 at 773 K), were proposed to be the active site for NO  oxidation 

reaction 30231. However, these studies did not unambiguously identify, quantify and correlate 

them with their respective NO oxidation reactivity on Cu-SSZ-13. Additionally, detailed kinetic 

analysis, with reaction orders and energy of activation, along with fully consistent NO oxidation 

reaction mechanism on such dimeric Cu sites in Cu-SSZ-13 was not reported.  

In this work, we synthesized a series of Cu-SSZ-13 catalysts with varying Cu cation density 

such that they only contain monomeric Cu cation species and no clustered CuxOy species. NO 

oxidation kinetics were collected and the number of reactive Cu-oxo cations were titrated using 

CO-TPR. A correlation is established between NO oxidation reactivity and active Cu-oxo 

cations, which are proposed to be the active site evolving from proximal [CuIIOH]+ sites. The 

influence of proximity of Cu cations on NO oxidation rate was explored. These Cu-oxo active 

sites are proposed to be dimeric Cu (Cu2O2 and Cu2O), inferred from ex-situ and in-situ UV-vis 

specroscopy. Finally, with the aid of FTIR spectroscopy to probe the reaction intermediate, a NO 

oxidation reaction mechanism consistent with our measured reaction orders is proposed.  

 Results and Discussion 

11.4.1 Preparation of Cu-SSZ-13 Zeolites of Varying Cu Cation Density 

Cu-SSZ-13 zeolites at different Si/Al and Cu/Al ratios were prepared in order to study the 

effects of Cu site speciation and density on kinetic and mechanistic details of NO oxidation 

reaction. Structural integrity of SSZ-13 zeolites was confirmed by measuring micropore volumes 

(Table 11.1). The numbers of monomeric CuII and [CuIIOH]+ sites on each Cu-SSZ-13 zeolite  

after oxidative treatment (20% O2, 773 K) were quantified (Table 11.1) by quantifying the 

number of residual protons using methods that selectively titrate H+ sites before and after Cu-

exchange in small-pore, metal-exchanged zeolites32. Therefore, Cu-SSZ-13 samples studied here 

contain only monomeric CuII cations, present either as CuII at paired framework Al sites or as 

[CuIIOH]+ at isolated Al sites. These Cu-SSZ-13 samples comprise a set of model catalysts with 
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monomeric Cu cations at varying density, which we use to investigate the consequences of Cu 

site proximity for NO oxidation reaction.  

 

Table 11.1 Bulk elemental analysis and fraction of monomeric CuII and [CuIIOH] sites on a 
series of Cu-exchanged SSZ-13 samples with varying Si/Al (4.5-25) and Cu/Al (0.03-0.44) 

Si/Ala Cu wt %a Cu/Ala H+/Alb 
Excess 
H+/Alb 

Co/Alc 
Micropore 
Volumed 

 
CuIIOH/Ale 

 
CuII/Ale 

4.5 
0.0 0.00 0.65 - 0.19 0.26 0.00 0.00 

1.7 0.08 0.42 0.05 - - 0.00 0.08 

15 

0.0 0.00 0.98 - 0.10 0.18 0.00 0.00 

0.2 0.03 0.93 0.03 - - 0.00 0.03 

0.8 0.12 0.73 0.09 - - 0.03 0.09 

1.6 0.24f 0.80 0.00 - - 0.24 0.00 

1.7 0.25 0.64 0.10 - - 0.16 0.09 

2.4 0.37 0.58 0.08 - - 0.28 0.09 

2.8 0.42 0.50 0.08 - - 0.33 0.09 

2.9 0.44 0.51 0.09 - - 0.35 0.09 

25 

0.0 0.00 0.98 - 0.05 0.20 0.00 0.00 

1.1 0.30 0.67 0.04 - - 0.26 0.04 

1.6 0.42 0.58 0.04 - - 0.38 0.04 
aAtomic composition determined using Atomic Absorption Spectroscopy 
Errors are Si/Al = ± 1 and Cu/Al = ± 0.03 
bResidual Brønsted acid sites counted in oxidized and reduced form using NH3 titration method describe in 33 
cPaired Al sites counted using amount of Co titrated following the procedure described in 34. 
dMicropore volume from Ar adsorption isotherms. 
Error is ± 0.01 cm3 g-1 

eDetermined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and CuIIOH siting 33 
and 32. fSample synthesized with all framework Al as isolated Al and 100% of the Cu is exchanged as [Cu-OH] 
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11.4.2 NO oxidation kinetics  

NO oxidation kinetics previously measured on Cu-SSZ-13 samples with Si/Al 5 by 

Verma et al. are also reported in Table 11.2 for the purpose of comparison 9. Samples with Si/Al 

5 and Cu/Al above 0.20, which were found to contain CuxOy species (clustered CuII ions x	≥	2, 

y	≥	1) as detected from XANES under ambient conditions, show substantial NO oxidation rate. 

CuO2Cu type of dimeric Cu species was assumed to be representative of active Cu-oxo species 

and proposed mechanism involved non-elementary step of sequential abstraction of O atoms by 

NO to form NO2 molecules9. Cu-SSZ-13 with exclusively contain monomeric isolated CuII 

cations (Cu/Al =< 0.20), exhibited non-detectable NO oxidation rates under reaction conditions, 

leading to the conclusion that monomeric CuII sites do not contribute measurably to NO 

oxidation rates.  Our data on a few additional Cu-SSZ-13 samples (Si/Al 5, Cu/Al 0.08 and 0.20) 

(Table 11.2) exclusively containing monomeric isolated CuII cations also show non-detectable 

NO oxidation reactivity.   

On the other hand, Cu-SSZ-13 samples with monomeric [CuIIOH]+ cations present above 

a certain value (Si/Al 15 and 25, [CuIIOH]+/Al > 0.03) showed significant NO oxidation 

reactivity, implying that [CuIIOH]+ species need to be close enough to each other to be active for 

NO oxidation. This indicates two possibilities: 1) Monomeric [CuIIOH]+ sites containing extra-

framework oxygen act as the active site for NO oxidation, 2) Monomeric [CuIIOH]+ act as the 

precursor to some polymeric Cu-oxo species with more reactive active extra-framework oxygen 

active for NO oxidation. Non-linear dependence of NO oxidation rate on CuIIOH density (Figure 

11.1) eliminates the possibility of monomeric [CuIIOH]+ being the only active site. Similar 

reaction kinetics parameters including reaction orders (w.r.t NO, O2 and NO2) and energy of 

activation suggests similar NO oxidation reaction mechanism as previously proposed on CuO2Cu 

type Cu-oxo species by Verma et al.9.  
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Table 11.2  Summary of NO oxidation kinetic data on a series of Cu-exchanged SSZ-13 samples 
with varying Si/Al (4.5-25) and Cu/Al (0.03-0.44) 

Cu/Al 
 

CuIIOH/Al 
 

CuIIOH 
/1000Å3 

Eapp
a 

(kJ mol-1) 

Rate b
 

(10-4 mol NO mol 
Cu-1 s-1) 

NO 
ordera 

NO2 
ordera 

O2 
ordera 

  
SSZ-13 Si/Al = 4.5 

0.08 0.00 0.00 n.m. 0.0 n.m. n.m. n.m. 

0.20 0.00 0.00 n.m. 0.0 n.m. n.m. n.m. 

0.31* 0.00 0.00 45 0.6 1.5 -0.8 0.9 

0.35* 0.00 0.00 51 1.4 1.4 -0.7 0.8 

0.39* 0.00 0.00 53 1.5 1.5 -0.8 0.8 

1.60* 0.00 0.00 55 1.7 1.6 -0.9 0.9 
  

SSZ-13 Si/Al = 15 
0.03 0.00 0 n.m. 0.0 n.m. n.m. n.m. 

0.12 0.03 0.02 n.m. 0.0 n.m. n.m. n.m. 

0.24c 0.24 0.23 48 0.5 0.9 -0.9 0.7 

0.25 0.16 0.15 46 0.7 1.4 -0.6 0.7 

0.37 0.28 0.26 56 0.9 1.4 -0.6 0.7 

0.42 0.33 0.32 65 1.2 1.4 -0.8 0.7 

0.44 0.35 0.33 55 1.3 1.3 -0.6 0.7 
  

SSZ-13 Si/Al =25 
0.30 0.25 0.19 61 0.8 1.5 -0.8 0.9 

0.42 0.37 0.30 67 1.0 1.3 -1.0 0.8 
a Measured at 573 K. Error in activation energy ± 7 kJ mol-1 and orders ± 0.1 (NO2 and O2) and ± 0.2 (NO) 
b Measured under NO oxidation conditions of 300 ppm NO, 150 ppm NO2, 10% O2 and 550 K 
cSample synthesized with isolated Al on the SSZ-13 framework 100% of the Cu is exchanged as [Cu-OH] + 

*From 9 
n.m. did not display measurable NO oxidation rate (< 0.3 × 10−4 mol NO (mol Cu) −1 s−1). 
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Figure 11.1 NO oxidation rates measured under NO oxidation conditions of 300 ppm NO, 150 
ppm NO2, 10% O2 and 550 K as function of concentration of [CuIIOH] ions per crystallite volume 
(diamonds: Si/Al 25 and circles: Si/Al 15) 

11.4.3 Quantification of Cu-oxo sites 

Fraction of Cu species with reactive oxygen atoms (e.g. CuO and CuOxCu) were 

previously quantified from evolution of CO2 during temperature-programmed reduction with CO 

(CO-TPR) in Cu-ZSM-53536. To quantify Cu-oxo species with reactive oxygen atoms in our Cu-

CHA samples pretreated under high temperature oxidative conditions (10% O2 at 673 K), we 

employ the same CO-TPR technique and quantify the evolved CO2. Cu-SSZ-13 catalysts with 

only monomeric CuII cations exhibit no measurable CO2 evolution during CO-TPR (Figure 

11.2), likely due to the absence of a proton required for charge balance. In addition, catalysts 

with CuIIOH/Al≤0.03 showed no detectable CO2 evolution, which is consistent with incomplete 

reaction stoichiometry during reduction of monomeric [CuIIOH]+ sites with CO. However, we 

can envisage CO reduction of some polymeric Cu-oxo species to evolve CO2 as follows: 

[Cu(II)OCu(II)]'ò + CO → 2Cu(I) +	CO'        

[Cu(II)O'Cu(II)]'ò + 2CO → 2Cu(I) + 	2CO'       
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CO-TPR profiles for all the samples show four different peaks between 350 K and 823 K. While 

the peaks at 443 K, 523 K and 773 K are unresolved, the peak at 400 K was previously assigned 

to {CuII–O2–CuII}2+ in Cu-ZSM-537. The formation of CO2 requires adsorption of CO followed 

by the reaction with removable oxygen atoms in Cu-oxo cations. The broad CO2 evolution 

profile may suggest the presence of Cu-oxo species with different removable oxygen to Cu ratio 

({CuII–O2–CuII}2+, {CuII–O–CuII}2+, etc.) and/or different reactivity towards CO, either because 

of their local coordination to two exchange sites of varying structure or because of their non-

uniform distances from CO adsorption sites.  

 

Figure 11.2 CO-Temperature Programmed Reduction (CO-TPR) profiles for a series of Cu-SSZ-
13 samples with Si/Al 5-25 and Cu/Al 0.09-0.44 

 

Total moles of CO2 evolved is quantified by integrating the entire profile up to 823 K. 

Moles of CO2 formed normalized per mole of total Cu in addition to per mole of [CuIIOH]+ are 

shown in Table 11.3. Since monomeric CuII cation showed no CO2 evolution, moles of CO2 

evolved were normalized per mole of [CuIIOH]+ and {CO2/[CuIIOH]+} on various samples are 

compared. {CO2/[CuIIOH]+} is less than unity and increases monotonically with increase in 
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{[CuIIOH]+/Al} implying that CO does not reduce all [CuIIOH]+ sites but selectively reduces 

only proximal [CuIIOH]+ sites. Thus, CO2 evolution from CO-TPR is indicative of polymeric Cu-

oxo species with removable oxygen (s) likely produced during high temperature oxidative 

treatment (10% O2 at 673 K) from proximal [CuIIOH]+ sites.  

 

Table 11.3 CO TPR (Temperature Programmed Reduction) results yielding CO2 produced and 
fraction of Cu titrated by CO 

Si/Al Cu/ wt % Cu/Al CuIIOH/Al CO2/Cutotal CO2/[Cu-OH]+  

4.5 1.7 0.08 0.00 0 0 

15 

0.2 0.03 0.00 0.03 0.00 

0.8 0.12 0.03 0.04 0.00 

1.6 0.24 0.24 0.24 0.24 

1.7 0.25 0.16 0.24 0.35 

2.4 0.37 0.28 0.34 0.42 

2.8 0.42 0.33 0.41 0.52 

2.9 0.44 0.35 0.40 0.50 

25 
1.1 0.30 0.26 0.29 0.34 

1.6 0.41 0.38 0.38 0.42 

 

11.4.4 Correlating CO reducible Cu-oxo sites with NO oxidation rates 

NO oxidation rate increases linearly with {CO2/[CuIIOH]+}, as shown in Figure 11.3. 

This indicates that polymeric Cu-oxo species with removable/reactive oxygen are the active site 

for NO oxidation. Therefore, CO-TPR can be used a probe for NO oxidation reactivity. 



286 
 

 
Figure 11.3 NO oxidation rates per mol of Cu as a function of moles of CO2 evolved normalized 
per mole of [CuIIOH]+ sites (diamonds: Si/Al 25, circles: Si/Al 15, squares: Si/Al 15 isolated Al) 

11.4.5 Effects of [CuOH]+ concentration and zeolite composition on Cu-oxo formation 

From Figure 11.4, it is observed that the fraction of NO oxidation active Cu-oxo sites 

({CO2/[CuIIOH]+}) is proportional to concentration of [CuIIOH]+ ions per crystallite volume. 

However, concentration of these Cu-oxo sites has a very weak dependence on Si/Al, as nearly 

the same [CuIIOH]+ concentration for Si/Al 15 and 25 yields the same amount of CO2 during 

CO-TPR.  
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Figure 11.4 CO2 evolution from CO-TPR plotted as a function of concentration of [CuIIOH] ions 
per crystallite volume (diamonds: Si/Al 25 and circles: Si/Al 15) 

 

11.4.6 Cu dimers as the candidate for NO oxidation active Cu-oxo species 

As discussed before, proximal [CuOH]+ sites lead to formation of polymeric Cu-oxo 

species during high temperature oxidative treatment. Existence of Cu2Oy species in Cu-SSZ-13 

has been proposed by several groups 2,9,28,29,38 on samples with high Cu densities, but not on 

samples with low Cu densities. Formation of {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II)) 

and {CuII–O–CuII}2+ (mono–(µ–oxo) dicopper(II)) from proximal [CuOH]+ sites after O2 

treatment at 723 K has been proposed based on evidence from Raman and UV-vis spectroscopy29 

along with their formation pathways. Similarly, various Cu2Oy ({CuII–O2–CuII}2+ and {CuII–O–

CuII}2+) formation pathways starting from [CuIIOH]+ as the precursor sites were proposed by 

Pappas et al.28. We propose Cu dimers ({CuII–O2–CuII}2+ and/or {CuII–O–CuII}2+) as candidate 

Cu-oxo species active for NO oxidation. Spectroscopic characterization of these dimeric Cu 

species is discussed in the next section.  
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11.4.7 Spectroscopic identification of NO oxidation active Cu dimers 

Diffusive Reflectance UV-vis spectra of Cu-SSZ-13 samples at 473 K (after high 

temperature oxidative treatment in 10% O2 at 673 K) showed multiple absorption bands at 10900 

cm-1, 13600 cm-1, 16500 cm-1 and 19700 cm-1 corresponding to d-d transitions of d9 CuII state39 

as well as shoulders at 28200 cm-1 and 34800 cm-1 representative of Ligand to Metal Charge 

Transfer (LMCT) electronic transitions39 (Figure 11.5). The absorptions between 16000 cm-1 and 

20000 cm-1 that contribute to absorption features at 16500 cm-1 and 19700 cm-1 have been 

previously assigned to {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II))29. The broad band 

with maximum intensity at 28200 cm-1 in Figure 11.5 was interpreted as a peroxo to CuII charge 

transfer band for {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II))29,39. On the other hand, the 

absorption shoulder at 34800 cm-1 was ascribed to {CuII–O–CuII}2+ (mono–(µ–oxo) 

dicopper(II))29,39.  

 
Figure 11.5 DRUV-vis spectra at 473 K of Cu-SSZ-13 samples (Si/Al 15 Cu/Al 0.12-0.44) after 
high temperature oxidative treatment (10% O2 at 673 K) 

 
Samples with measurable NO oxidation reactivity exhibited features at 16500 cm-1 and 

19700 cm-1 (d-d transitions), and 28200 cm-1 (peroxo to CuII charge transfer band) corresponding 

to {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II)) as well as absorption shoulder at 34800 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

7000 17000 27000 37000 47000

Ab
so

rb
an

ce

Wavenumber (cm-1)

Si/Al 15 Cu/Al 0.24 isolated Al

Si/Al 15 Cu/Al 0.44

Si/Al 15 Cu/Al 0.42

Si/Al 15 Cu/Al 0.37

Si/Al 25 Cu/Al 0.30

Si/Al 25 
Cu/Al 0.42



289 
 

cm-1 representatives of {CuII–O–CuII}2+ (mono–(µ–oxo) dicopper(II)). However, there were no 

signature peaks of these Cu dimers for Cu-CHA samples which did not have detectable NO 

oxidation reactivity. This alludes to the fact that {CuII–O2–CuII}2+ and/or {CuII–O–CuII}2+ are 

possibly the active Cu-oxo sites for NO oxidation. 

In-situ UV-vis spectra were collected under NO oxidation reaction conditions to 

corroborate these dimeric Cu sites as the active site for NO oxidation (Figure 11.6). Upon 

admission of NO and O2, decrease of absorption peak intensities at 16500 cm-1 and 19700 cm-1, 

ascribed to {CuII–O2–CuII}2+ (trans-µ-1,2-peroxo dicopper(II)), indicate that the NO oxidation 

reactive species is CuII–O2–CuII}2+ and/or CuII–O–CuII}2+. 

 

Figure 11.6 DRUV-vis spectra at 2500C of Cu-SSZ-13 Si/Al 15 Cu/Al 0.44 after high 
temperature oxidative treatment (10% O2 at 673 K) (blue) and under NO oxidation reaction 
conditions (300 ppm NO, 150 ppm NO2 and 10% O2 in balance He) (orange) 
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11.4.8 NO oxidation reaction mechanism 

FTIR spectroscopy was used to detect reaction intermediates on Cu-SSZ-13 under NO 

oxidation reaction conditions. Figure 11.7 compares FTIR spectra of samples showing 

measurable and non-measurable NO oxidation reactivity in presence of 300 ppm NO, 150 ppm 

NO2, and 10% O2 in balance He at 523 K. There is an appearance of three distinct peaks at 1570, 

1607 and 1627 cm-1 only for samples which show detectable NO oxidation reactivity (Figure 

11.7). Feature at 1570 cm-1 was previously assigned to N-O stretch in bidentate nitrates, while 

the peaks at 1607 and 1627 cm-1 were ascribed to bridged nitrates40,41. Even though more 

investigation will be needed to identify which of these nitrates correspond to spectator and 

reactive species, exclusive presence of nitrates only for NO oxidation active samples implies that 

nitrates are the most abundant reaction intermediate. Hence, they need to be incorporated in the 

reaction mechanism scheme.  

 

Figure 11.7 FTIR spectra on Si/Al 15 Cu/Al 0.44 (showed measurable NO oxidation reactivity, 
grey) and Si/Al 15 Cu/Al 0.12 (showed no detectable NO oxidation activity, orange) collected at 
2000C under NO oxidation reaction conditions (300 ppm NO, 150 ppm NO2, and 10% O2 in 
balance He at 2500C) 
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Based on aforementioned results, the following elementary steps for NO oxidation on Cu-

SSZ-13 are proposed, along with the pictorial representation of various reactive Cu 

intermediates: 
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The first step in the above scheme represents quasi-equilibrated binding of O2 on * (Cu sites) to 

form O2* (Cu-oxo) active sites (step 1). This is followed by quasi-equilibrium reaction of NO 

with O2* to yield NO3* (step 2). NO3* irreversibly decomposes to form NO2 and O* (step 3). 

The next step involves quasi-equilibrium reaction of NO with O* to yield NO2* (step 4), 

followed by quasi-equilibrated desorption of NO2 (step 5). K1, K2, K4 and K5 represent the 

equilibrium constants of quasi-equilibrated steps 1, 2, 4 and 5 respectively, while k2 is the rate 

constant for irreversible and rate-limiting step 3. These proposed elementary steps exhibit some 

similarity to those suggested by DFT treatments for NO oxidation reaction on CuxOy species 

(clustered Cu2+ ions with x≥2, y≥1), which result from over exchange of Cu in Cu-SSZ-139. 

However, the proposed mechanism has additional steps of nitrate formation and decomposition. 

All the steps in the above scheme, taken together with the customary pseudo-steady-state and 

with the reversibility assumptions discussed above, give the rate equation 11.1. Decomposition 

of nitrates is assumed to be the slowest step, with all other steps being quasi-equilibrated.  

 

            (11.1) 

             

     

             

 

 

The coverages of each indicated intermediate, relative to those for vacant sites, are given by each 

term in the denominator of equation 11.1. The values of rate and equilibrium constants (and their 

95% confidence intervals), obtained by the regression of all rate data to the functional form of 

equation 1, are shown in Table 11.5. 

 

 

 

 

 

 

 

−r3D = 	 k&KPK'[NO][O'][L]

1 + KP[O'] + KPK'[NO][O'] + Kú@P	[NO'] +
KÇ@PKú@P	[NO']

[NO]
 

(∗) (O'∗) (NO&∗) (NO'∗) (O∗) 
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Table 11.4 Fitted rate constant and equilibrium constants from the rate model in equation 11.1 

Temperature 

(K) 

K1 

(unitless) 

K2 

(unitless) 

k3 

(mol NO g-1 s-1) 

K4 

(unitless) 

K5 

(unitless) 

ùûù 1.20	 ×	10@' 2.00	 ×	10@' 1.26	 ×	10@Ç 2.71	 ×	10@P 1.33	 ×	10@P 

 

 

Figure 11.8 Parity plot of measured and predicted (from equation 11.1) forward NO oxidation 
rates on Cu-SSZ-13 at 575 K (Si/Al 15 and 25) at 523 K (using kinetic and thermodynamic 
parameters in Table 11.4) 

 
Equation 11.1 accurately describes all rate data, as evident from the parity plot of 

predicted and measured rates in Figure 11.8. All other sequences considered with all 

permutations of irreversible and quasi-equilibrium steps did not account for the measured effects 

of reactant and product concentrations with comparable accuracy (appendix H). There could 

other side pathways of formation of stable nitrates from NO2 that could add to NO2 inhibition 

effect and are not illustrated here. 
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The calculated (fractional) coverages (θ(∗), θ(O∗ ), θ(O'∗ ), θ(NO'∗ ), θ(NO&∗ )) can be 

calculated from the parameters in Table X; their ranges are 0.02-0.06 (at 575 K), 0.45-0.61 (at 

575 K), 0.002-0.007 (at 575 K), 0.21-0.50 (at 575 K) and 0.00005-0.0005 for ∗, O∗, O'∗ , NO'∗ , and 

NO&∗  respectively, suggesting that all species must be considered in the kinetic description of 

measured rates, with O∗ and NO'∗  being the most abundant reactive intermediate. 

11.4.9 Relationship between standard SCR and NO oxidation  

As can be seen from comparison of SCR and NO oxidation rates in Figure 11.8, there is 

orders of magnitude difference in the reaction rates. No observed direct correlation between SCR 

and NO oxidation reactivity could be reconciled by differences in active site requirements and 

their formation pathways. While formation of NO oxidation active dimeric Cu requires proximal 

[CuIIOH]+ sites, presence or proximity of these [CuIIOH]+ sites is not the necessary requirement 

for the proposed SCR active Cu sites. Secondly, Cu dimer formation occurs during SCR is 

through pairing of NH3-solvated mobile CuI species formed from reduction of CuII and/or 

[CuIIOH]+ species38. However, Cu dimer formation during high temperature oxidative treatment 

has been proposed via. autoreduction of [CuIIOH]+ to CuI followed by O2 oxidation of CuI to 

form Cu2O2
29.  

This fundamental understanding of site requirement and mechanism of NO oxidation will 

aid in devising strategies for more efficient catalyst. NO oxidation can also be employed as a 

probe reaction in identification of Cu dimeric sites and other types of CuxOy species in different 

zeolite frameworks, further extending our understanding of Cu cation speciation in zeolites. The 

dimeric Cu sites identified and quantified here can also provide insights into other fundamental 

and applied chemistries like CO oxidation42, NO decomposition43, and selective oxidation of 

methane 44,45 and benzene46 to methanol and phenol respectively, which involve similar Cu-oxo 

cations as the active centers. Additionally, such Cu-oxo sites are also known to promote 

undesirable side reactions like NH3 oxidation, which can lead to formation of undesirable 

N2O47,48. Tailoring the Cu-zeolite synthesis to minimize the formation of such Cu-oxo cations 

could possibly aid in abatement of undesirable side reactions.  
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Figure 11.9 Forward NO oxidation rates (blue) and SCR reaction rates (orange) on Cu-SSZ-13 
Si/Al 15 and 25 samples in Table 11.2. NO oxidation conditions: 300 ppm NO, 150 ppm NO2, 
and 10% O2 in balance He at 523 K. SCR conditions: 300 ppm NO, 300 pm NH3, 10% O2, 7% 
CO2, 3% H2O in balance He at 473 K 

 Conclusions 

Rigorous kinetic measurements of NO oxidation on Cu-SSZ-13 allowed derivation of 

rate equations which are consistent with the proposed NO oxidation mechanism. Mechanism 

proceeds with quasi-equilibrated reversible chemisorption of O2, followed by subsequent quasi-

equilibrated reaction with NO to form nitrates, and kinetically-relevant irreversible 

decomposition of nitrates, which have been identified as one of the reaction intermediates using 

in-situ FTIR spectroscopy. Cu-oxo cation is proposed to be the active site, as NO oxidation rates 

were correlated with amount of reactive Cu-oxo cations, titrated using CO-TPR. As all the 

synthesized model samples, obtained using careful and controlled synthesis, had nominally 

monomeric Cu sites (CuII and [CuIIOH]+) and monomeric CuII sites were shown previously to be 

inactive for NO oxidation, reactive Cu-oxo cations seem to have evolved from proximal 

monomeric [CuIIOH]+ sites duing high temperature oxidative treatment. In order to gain more 

structural information about Cu-oxo cations, ex-situ and in-situ UV-vis specroscopy is employed, 

and dimeric Cu (Cu2O2 and Cu2O) are found to be the potential Cu-oxo active site candidates. 
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commonly observed no direct correlation between standard SCR and dry NO oxidation can be 

justified, as the nature of active Cu dimers during the two different reaction environments is 

different. 

 Since it is shown that the concentration of NO oxidation active Cu-oxo cations is directly 

proportional to proximity of [CuIIOH]+sites and such Cu-oxo sites act as the active sites for many 

other important oxidation reactions, maximization of [CuIIOH]+ population density is desired. 

Various controlled synthesis strategies, like changing framework Al distribution (via. varying 

inorganics/SDA ratio) and Al density (via. varying Si/Al ratio), can be adapted to maximize the 

population density of [CuIIOH]+ sites. 

 Methods 

11.6.1 Synthesis and Characterization 

11.6.1.1 Synthesis of H-SSZ-13 zeolites 

Synthesis of H-SSZ-13 zeolites with Si/Al 4.5, 15 and 25 was done as previously 

reported in the above chapters 2 and 3. 

11.6.1.2 X-Ray diffraction of SSZ-13 (CHA) zeolites 

The CHA crystal framework of SSZ-13 zeolites was determined from powder X-ray 

diffraction (XRD) patterns collected as previously reported in the above chapters 2 and 3. 

11.6.1.3 Adsorption isotherms to measure micropore volumes of CHA zeolites 

Micropore volumes of SSZ-13 zeolites were determined from Ar adsorption isotherms 

measured as previously reported in the above chapters 2 and 3. 

11.6.1.4 Aqueous-phase Copper Ion-Exchange of H-SSZ-13  

Cu-SSZ-13 zeolites were prepared by aqueous-phase Cu ion-exchange as previously 

reported in the above chapters 2 and 3. 

11.6.1.5 Elemental Analysis using Atomic Absorption Spectroscopy 

Bulk elemental composition (Si, Al and Cu in H-and Cu-SSZ-13) was determined using 

atomic absorption spectroscopy (AAS) as previously reported in the above chapter 3. 
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11.6.1.6 Cu site characterization and quantification 

Cu sites were characterized using Cu K-edge X-ray absorption near edge spectroscopy 

(XANES) and o UV-Visible spectroscopy as previously reported in the above chapters 2 and 3. 

Further enumeration of isolated CuII and CuIIOH sites on each Cu-CHA zeolite was determined 

after oxidative treatment (20% O2, 773 K) by quantifying the number of residual protons that 

remained after Cu exchange, as previously reported in the above chapter 3. 

11.6.2 NO oxidation kinetic measurements 

NO oxidation kinetics were measured on a down-flow tubular quartz reactor with an 

inner diameter of 13 mm and an overall length of 400 mm. The reactor setup used was similar to 

the one used by Verma et al.9. A porous glass frit was installed at the midpoint of the reactor, 

over which a layer of quartz wool was placed in a flattened position. All samples were pelletized 

(Specac 13mm Diameter Stainless Steel Evaluable Pellet Die) under 10,000 psi pressure (Carver 

Laboratory Press), ground using a mortar and pestle, then sieved to retain 125 to 250 µm 

particles (W.S. TYLER No. 60 and No. 120 all-stainless-steel) to minimize the pressure drop of 

the flow of gas across the powder catalyst bed. Typically, 0.015-0.050 g of sieved Cu/SSZ-13 

catalyst was mixed with enough inert silica gel (Fisher Chemical Silica Gel (Davisil) Sorbent, 

Grade 923) to obtain a bed height of ~5 mm. Another layer of quartz wool was pressed slightly 

over the top of the catalyst bed to ensure uniformity of the bed. The temperature across the 

catalyst bed was measured by placing two K-type thermocouples, one at ~2 mm above the 

catalyst bed and the other at ~2 mm below the glass frit. Aluminum foil was wrapped around the 

quartz reactor to an outer diameter of ~2.54 cm, in order to enhance heat conduction and 

minimize any radial temperature gradients that may be present within the bed. The reactor was 

then placed within a clamshell furnace (Applied Test Systems) and pressure-tested with helium 

(99.999%, Indiana Oxygen) at 5 psig for 20 minutes. Moreover, the feed gases from the gas 

manifold were first fed to a gas preheater (maintained at 300 °C) and then into the main reactor. 

The gas-phase concentrations of NO, NO2, CO2, H2O, and N2O were measured by a Fourier 

transform infrared (FTIR) analyzer (MKS Multigas™ 2030 gas-phase FTIR spectrometer). The 

FTIR analyzer had a spectral resolution of 0.5 cm-1, and factory supplied calibrations were used 

to quantify the various gas concentrations. 
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The conversion of NO was measured according to the following equation: 

 

ëè	•¶ß®©™´¨¶ß = 	~|≠Æ@~|Ø∞±~|≠Æ
× 100       (11.2) 

 

In the limit of differential NO conversion (<10%), the gas concentrations and catalyst bed 

temperature can be assumed constant, allowing the NO consumption rate to be calculated using 

the following equation: 

 

−™\≤≥¥]^^(µ¶∂	ëè	µ¶∂	Yé@P´@P) 	= 	 ~|	∑\∏≤≥¥π∫\∏	PQQQQQQ∗ª\^	ãå × ëè∫∏ × Ż[\[]^ ×
º
Ωæ                         (11.3) 

 

where Y values are the concentrations of NO before and after the catalyst bed in ppm, Ż[\[]^ is 

the total volumetric flow rate, P is 1 atm, T is ambient temperature, and R is the gas constant.  

Based on overall NO oxidation rate (™\≤≥¥]^^), the normalized forward rates (™øt¿) were reported 

in the form of power rate law model. The approach to equilibrium (¡) was included because the 

NO oxidation rates were possibly limited by equilibrium under the relevant reaction temperature. 

 

™øt¿ 	= 	 ™\≤≥¥]^^	(1 − ¡)         (11.4) 

™øt¿ 	= 	¬©
√ƒ≈
∆« [ëè]][è']»[ëè']∑        (11.5) 

 

¡	 = 	 [~|f]
…[~|]f[|f]

          (11.6) 

 
K is the equilibrium constant for the NO oxidation reaction Value of ¡ for all the measurements 

was between 0.02 and 0.18 meaning that equilibrium was not attained under the used 

temperature range. A is the pre-exponential factor (A/s-1) and activation energy (Ea/kJ mol-1). a, 

b, and c represent forward reaction orders w.r.t NO, O2 and NO2 respectively.  In order to 

complete the mass balance, balance NOx was calculated as (NO + NO2) in - (NO + NO2) out and it 

was less than 5% for all kinetic measurements. This indicated that no side reactions were 

pertinent. Also, N2O formation was ruled out as its concentration was measured in negligible 

quantities (< 2 ppm). 
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11.6.3 CO-Temperature Programmed Reduction (CO-TPR) 

Sample was heated to 773 K at 9 K min-1 under the flow of 50 mL min-1 dry air (Commercial 

grade, Indiana Oxygen) and held for 2 hours, before it was cooled down to room temperature. 

Sample was then flushed with UHP He at room temperature for 2 hours. Temperature 

programmed reduction was then performed under 18 mL min-1 flow of 5% CO/He up to the 

temperature of 833 K at 10 K min-1. 

11.6.4 Diffuse reflectance UV-visible spectroscopy 

Diffuse reflectance UV-Visible spectra were recorded under various gas conditions using a 

Varian UV-VIS-NIR spectrophotometer (Cary 5000) with a diffuse reflectance accessory 

consisting of two ellipsoidal mirrors (Harrick Scientific Praying Mantis). Barium sulfate (BaSO4, 

99.9%, Sigma-Aldrich) was used as the 100% reflectance standard. An in-situ sample holder was 

loaded with approximately 0.1 g of sample, which was pelleted and sieved to retain particles 

between 125-250 µm in diameter. Spectra were collected from 7000 to 50000 cm-1 with a scan 

speed of 2000 cm-1 min-1.  

 

Condition 1: 

Sample was dehydrated at 673 K in oxidizing atmosphere of dry air (Commercial grade, Indiana 

Oxygen) (total flow of 50 ml min-1) and held for 2 hrs. Sample was then cooled down to 473 K 

under the same oxidizing atmosphere. Sample spectra was then collected at 473 K. 

 

Condition 2: 

Sample was exposed to NO oxidation reaction conditions i.e. 150 ppm NO, 150 ppm NO2 and 

10% O2 at 575 K (total flow of 50 ml min-1) and held for 2 hrs. Sample was then cooled down to 

473 K under the same gas condition. Sample spectra was then collected at 473 K. 

11.6.5 Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR data were collected on zeolite samples using a Nicolet 6700 FTIR spectrometer equipped 

with a liquid nitrogen-cooled mercury cadmiumtelluride (MCT) detector. Catalyst samples (≈40-

50 mg) were pressed into a self-supporting wafer (≈2 cm in diameter) and placed in a custom-
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built FTIR cell that has been described elsewhere (Wang et al.). Wafers were treated in flowing 

oxygen (10% O2, balance He) to 673 K for 30 min and then cooled to 575 K, prior to the 

exposure to NO oxidation reaction conditions. Spectra were collected with a resolution of 4 cm−1 

and averaged over 36 scans and baseline corrected.  
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12. RECOMMENDATIONS 

 Further identification and manipulation of relevant catalyst design parameters 

Rational catalyst design approach requires identification of various catalyst design 

parameters (macroscopic and microscopic) that have a positive influence (direct and indirect) on 

catalyst performance, including catalytic reactivity (herein low temperature standard SCR 

reaction rate) as well as stability (against hydrothermal deactivation and sulfur poisoning). For 

Cu-zeolite catalyst, design parameters could be divided into zeolite support characteristics 

(framework topology, T-atoms spatial density, dimensionality, pore size, pore and channel 

interconnectivity) and exchanged Cu properties (Cu speciation, spatial distribution, exchange 

levels, mobility and stability). The aim would be to first identify all the different design 

parameters associated with zeolite support as well as exchanged Cu, and then manipulating the 

relevant catalyst design parameters to optimize catalyst performance. 

12.1.1 Design parameters related to zeolite support of Cu-zeolite catalyst 

This work discusses the effects of a only a few zeolite support properties, including zeolite 

framework topology and dimensionality, on catalyst stability (against hydrothermal deactivation) 

using a holistic step-wise approach to demonstrate how small-pore size coupled with 

dimensionality and double six-membered ring structure confers excellent hydrothermal stability 

to a given zeolite support. This study also describes how zeolite framework T-atoms spatial 

density positively influences catalyst reactivity via. promoting Cu mobility and NO activation. 

Firstly, there is a need to consider the effects of such support properties (zeolite framework 

topology, dimensionality and T-atoms spatial density) on both catalyst reactivity and catalyst 

stability in conjunction. Secondly, the effects of some additional zeolite support properties such 

as electronic conductivity, pore size, pore and channel interconnectivity, etc. on catalyst 

performance could be explored, as these properties could enhance catalyst reactivity via. 

regulating Cu active site mobility. Hence, identification of support properties which optimizes 

catalyst performance (reactivity and stability) followed by their favorable manipulation is 

recommended to design next generation catalyst formulations.  
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The first step of identifying such zeolite support properties could be to perform a kinetic 

and stability study on Cu exchanged on various different zeolite supports like Cu-FER, Cu-AEI, 

Cu-MFI, Cu-BEA, etc. to investigate how zeolite framework dimensionality, T-atoms 

(framework Al) spatial density, pore size, and channel interconnectivity influences overall 

catalyst performance. And the next step could to optimize various identified zeolite properties to 

optimize catalyst performance. 

12.1.2 Design parameters related to exchanged Cu site of Cu-zeolite catalyst 

1. Cu speciation 

Chapter 2 describes how structurally and chemically different Cu sites (Z2Cu and ZCuOH) 

behave similarly during low temperature standard SCR conditions, due to NH3 solvation 

nullifying the differences between Cu sites. Chapter 7 describes how Z2Cu sites are more stable 

against sulfur poisoning than ZCuOH sites. However, the effect of Cu speciation on catalyst 

stability against hydrothermal deactivation needs to be studied systematically. This will enable 

us to tune Cu speciation to optimize catalyst performance (catalyst reactivity, catalyst stability 

against sulfur poisoning and hydrothermal deactivation). 

 

2. Cu spatial distribution 

Chapter 3 illustrates how higher Cu spatial density enhances Cu active site mobility, and 

therefore, increases catalyst reactivity. However, the effect of Cu spatial density on catalyst 

stability needs to be studied systematically to optimize catalyst performance (catalyst reactivity, 

catalyst stability against sulfur poisoning and hydrothermal deactivation). 

 

3. Cu exchange levels (relative to residual H+ sites) 

Expanding on commonly accepted proposition of Cu cation being the active site for low 

temperature standard SCR, this work seems to suggest that cationic Cu sites work in conjunction 

with residual Bronsted acid sites (H+) to carry out low temperature standard SCR reaction. 

Firstly, this proposed bifunctional nature (involvement of Cu and H+) of Cu-zeolite catalyst 

under low temperature needs to be corroborated by performing kinetics study on Cu-zeolite 

samples containing a wide range of Cu/(Cu+H+) ratios (0.0-1.0). Secondly, if this could be 

verified, then there would be a need to optimize Cu/(Cu+H+) ratio for optimum catalyst 
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performance. (catalyst reactivity, catalyst stability against sulfur poisoning and hydrothermal 

deactivation). 

 Understanding low temperature N2O formation 

Cu-zeolite catalyst has been shown to be more selective to N2O formation at low 

temperatures (<573 K) (undesirable potent greenhouse gas) as compared to other proven SCR 

catalysts such as Fe-zeolite and Vanadia based catalysts3. However, the underlying mechanism 

for the higher selectivity to N2O on Cu-zeolite catalysts is not well understood. Given the 

knowledge acquired from this work about Cu site speciation, preference along with synthetic and 

characterization handle, we could design and characterize model Cu-zeolite catalysts with 

different distribution of Cu sites viz. Z2Cu and ZCuOH sites, and investigate which of the two 

Cu sites (Z2Cu and ZCuOH) is more selective to N2O formation. This would enable the design of 

new Cu-zeolite catalysts with maximum NOx conversion and minimal N2O formation. 

Furthermore, in-situ and operando characterization of identified Cu-zeolite catalyst 

exhibiting significant N2O formation coupled with detailed understanding of elementary steps 

and reaction intermediates could enable to track down the origin of N2O formation, as to which 

Cu-zeolite properties and reaction intermediate leads to of N2O formation. 

 Extension of understanding of low temperature to high temperature 

With this work, we established how NH3 solvation plays a crucial role in mobilizing CuI 

sites at low temperatures (<2500C), enabling them to pair and oxidize during CuI ® CuII re-

oxidation to close catalytic cycle. This work involved integration of experimental and 

computational approach to unravel the nature of active Cu sites as a function of sample 

composition and operating conditions, and complete reaction pathway in low temperature regime 

(<2500C). The experimental approach comprised of titrimetric, spectroscopic and kinetic 

characterization during non-steady state transient sequential reaction steps and steady state 

catalysis. This experimental approach and acquired knowledge could be effectively extrapolated 

to investigate the reaction pathways in the high temperature regime (>2500C). 
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One of the atypical phenomena observed at high temperatures (>2000C) is the seagull 

shape profile of NO conversion vs. temperature, which is characterized by decrease in standard 

SCR NOx conversion followed by increase in conversion between 250-3500C1. It was found that 

seagull profile is more pronounced at low O2 content, high space velocity and low Cu loadings2–

4. One of the leading explanations for decrease in NO conversion in seagull profile was 

competitive NH3 oxidation at high temperatures until the recent suggestion of decline in NH3 

coverage causing overall decline of the standard SCR NO conversion or reaction rate5. There 

was also a proposition of presence of different Cu sites at low and high temperatures, wherein 

NH3-solvated mobile CuII and CuI species were proposed to be the active sites upto 2000C and 

zeolite framework-coordinated CuII to be the dominant active sites above 2500C6. In the recent 

paper by Fahami et al1, it was shown that even though monomeric Cu sites undergo NH3 

desorption to lose NH3-conferred mobility at high temperatures, these Cu sites become more 

thermally mobile at such higher temperatures to regain their ability to form dimeric Cu sites 

during CuI re-oxidation, resulting in increase in NO conversion above 3500C. It was then 

suggested that these Cu dimeric structures will be more localized due to NH3 and H2O-

desolvation, resulting in the drop of NO conversion at about 3500C before further increase in NO 

conversion above 3500C1. The observation that seagull profile becomes more pronounced at low 

Cu loadings seems to suggest that Cu proximity is still critical till temperatures of about 3500C, 

and that loss of Cu site mobility due to NH3-desorption is likely the cause for decrease in NO 

conversion in seagull profile. However, more careful and rigorous study needs to be performed 

to convincingly illustrate the origin of seagull profile in the temperature range of 250-3500C and 

unravel reaction pathways (as a function of Cu spatial density) at temperatures above 3500C. 
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APPENDIX A. SUPPLEMENTARY MATERIALS TO CHAPTER 2 

For the sake of brevity, supplementary material is not inserted here. Refer to supplementary 

information of my original coauthored article published in The Journal of the American 

Chemical Society, 138 (18), 6028-6048, 2016, titled “Catalysis in a Cage: Condition-Dependent 

Speciation and Dynamics of Exchanged Cu Cations in SSZ-13 Zeolites”. 
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APPENDIX B. SUPPLEMENTARY MATERIALS TO CHAPTER 3 

B1. Synthesis Methods and Characterization 
 
Synthesis of SSZ-13 zeolites 
 

Here, SSZ-13 is used to refer to materials of aluminosilicate composition and the 

chabazite (CHA) framework. High-aluminum SSZ-13 zeolites (Si/Al = 4.5) were synthesized as 

previously reported10. A molar ratio of 1 SiO2/ 0.031 Al2O3/ 0.017 TMAdaOH/ 0.770 Na2O/ 12.1 

H2O was used in the synthesis solution. Briefly, a 1M NaOH solution (3.3 wt% NaOH, Alfa 

Aesar) was added to deionized water (18.2 MΩ) in a perfluoroalkoxy alkane (PFA) jar and 

stirred for 15 minutes at ambient conditions. Next, sodium silicate (10.6 wt % Na2O, 25.6 wt% 

SiO2; Sigma Aldrich) was added to the NaOH solution and stirred for 15 minutes under ambient 

conditions. Then, NH4-Y zeolite (Zeolyst CBV300, Si/Al = 2.6) was added and the mixture was 

stirred for 30 minutes under ambient conditions. Finally, an aqueous TMAdaOH solution (25 

wt%, Sachem) was added to the mixture and stirred for 30 minutes under ambient conditions. 

The synthesis mixture was then transferred to 45 mL Teflon-lined stainless steel autoclaves (Parr 

Instruments) and placed in a forced convection oven (Yamato DKN-402C) at 413 K and rotated 

at 60 RPM for 6 days.   

Low aluminum SSZ-13 zeolites (Si/Al = 15-25) were synthesized in hydroxide media 

using a previously reported procedure10. A molar ratio of 1 SiO2/ 0.0167-0.033 Al2O3/ 0.25 

TMAdaOH/ 0.125 Na2O/ 44 H2O was used to obtain Na+/TMAda+ = 1 and Si/Al = 15 or 25 in 

the synthesis solution. A typical synthesis involved adding an aqueous TMAdaOH solution to 

deionized H2O in a PFA jar and stirring the solution under ambient conditions for 15 minutes. 

Next, aluminum hydroxide was added to the aqueous TMAdaOH solution. Then, a 5M NaOH 

solution (16.7 wt% NaOH in deionized water; NaOH pellets 98 wt%, Alfa Aesar) was added 

dropwise to the solution and stirred under ambient conditions for 15 minutes. Finally, colloidal 

silica was added and the mixture was stirred for 2 h under ambient conditions. All synthesis 

reagents were used without further purification. The synthesis solution was then transferred to a 

45 mL Teflon-lined stainless steel autoclave and placed in a forced convection oven at 433 K and 

rotated at 40 RPM for 6 days. 
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X-Ray diffraction of CHA zeolites 

The CHA crystal framework was determined from powder X-ray diffraction (XRD) patterns 

measured on a Rigaku SmartLab X-ray diffractometer with a Cu Kα radiation source (λ=0.154 

nm) operated at 1.76 kW. 0.01 g of zeolite powder were loaded onto a low-volume sample 

holder (Rigaku) and the diffraction pattern was recorded from 4-40° 2θ at a scan rate of 0.04° s-1. 

Powder XRD patterns for all synthesized materials were compared to diffraction patterns for 

CHA reported in the International Zeolite Association (IZA) structure database19. All XRD 

patterns reported here are normalized such that the maximum peak intensity in each pattern is 

unity. Diffraction patterns of CHA zeolites are shown in Figure B1. 

 

Adsorption isotherms to measure micropore volumes of CHA zeolites 

Micropore volumes of CHA zeolites were determined from Ar adsorption isotherms 

measured at 87 K on a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. 

Typically, 0.03–0.05 g of pelleted and sieved sample (nominal diameter between 180-250 μm) 

were degassed by heating to 393 K (0.167 K s-1) under vacuum (<5 μmHg) for 2 h, and then 

further heating to 623 K (0.167 K s-1) under vacuum (<5 μmHg) and holding for 9 h. Volumetric 

gas adsorption within micropores (cm3 g-1 at STP) was estimated from analysis of semi-log 

derivative plots of the adsorption isotherm (∂(Vads)/∂(ln(P/P0)) vs. ln(P/P0)) to identify the 

micropore filling transition (first maximum) and then the end of micropore filling (subsequent 

minimum). Micropore volumes (cm3 g-1) were obtained on SSZ-13 zeolites by converting 

standard gas adsorption volumes (cm3 gcat
-1 at STP) to liquid volumes using a density conversion 

factor assuming the liquid density of Ar at 87 K. Micropore volumes of CHA zeolites are shown 

in Figure B2. In each figure, adsorption isotherms are offset in increments of 200 cm-3 g for 

clarity. 

 

Aqueous-phase Copper Ion-Exchange of H-SSZ-13  

Cu-SSZ-13 zeolites were prepared by aqueous-phase Cu ion-exchange using Cu(NO3)2 as 

the precursor. A pH meter (Mettler Toledo SevenEasy™ pH Meter S20) calibrated at pH values 

of 1.0 (Sigma Aldrich FLUKA 31044 Buffer solution pH 1.0 at 20°C), 4.0 (Hach Buffer Solution 
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pH 4.0±0.02 at 25°C), and 7.0 (Hach Buffer Solution pH 7.00±0.02 at 25°C) was used to 

monitor the pH throughout the Cu ion-exchange process.   

 

Typically, 1 to 2 g of H-SSZ-13 were added to 40 mL of deionized water (Millipore, 

Synergy UV Water Purification System, 18.2 MΩ  cm-1 resistivity at 298 K) in a 250 mL 

borosilicate Erlenmeyer flask and stirred at 300 rpm using a magnetic stir bar for 30 minutes at 

313 K. Depending on the Cu exchange level targeted, 20 to 100 mL of 0.001 M to 0.1M 

Cu(NO3)2 solution (Sigma Aldrich, CopperII nitrate hydrate, 99.999% trace metals basis) was 

added to the slurry. The pH was controlled to 4.9±0.1 by dropwise addition (~2 drops per 

second) of 1.0 M NH4OH (Sigma Aldrich, 28.0% Ammonium hydroxide solution, ACS reagent 

grade) immediately after addition of Cu(NO3)2 and was maintained at 4.9±0.1 for 4 hours. Cu-

exchanged SSZ-13 was recovered via centrifugation, and then washed with deionized water six 

times (70 mL H2O gcatalyst
-1 per wash).  Cu-SSZ-13 catalysts were dried at 373 K in ambient air in 

a free convention oven for 12 hours, crushed with a mortar and pestle, then treated in flowing dry 

air (100 mL gcatalyst
-1, Indiana Oxygen, Zero grade air, < 1ppm THC) to 773 K at a rate of 1 K 

min-1.   

 

Elemental Analysis using Atomic Absorption Spectroscopy 

Typically, 0.02-0.050 g of dry sample (H-SSZ-13 or Cu-SSZ-13) were dissolved in 

approximately 2 mL of hydrofluoric acid (HF) (Mallinckrodt Baker, 48% HF, Baker Analyzed® 

A.C.S. Reagent) in a 60 mL high density polyethylene (HDPE) bottle (2 oz., 60 mL Nalgene™ 

Wide-Mouth Amber HDPE bottles).  A polyethylene pipet was used to transfer the HF. The 

sample was capped and left to dissolve for 12 hours then diluted with approximately 50 mL of 

deionized water (Millipore, Synergy UV Water Purification System, 18.2 MΩ cm-1 resistivity at 

298 K).   

Bulk elemental composition was determined using atomic absorption spectroscopy 

(AAS) on a Perkin Elmer AAnalyst 300. Silicon AAS standards were created by diluting a 1000 

ppm silicon AAS standard solution (Sigma Aldrich, TraceCERT®, 1000 mg/L Si in NaOH) to 

15, 75, and 150 ppm. A linear calibration curve (ppmSi versus Si absorbance at 251.6 nm) was 

determined by plotting the absorbance of each silicon standard at 251.6 nm. Similar procedures 

were used for aluminum, copper and sodium on all reported SSZ-13 catalysts.  
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Cu site characterization and quantification 

Cu K-edge X-ray absorption near edge spectroscopy (XANES) of samples under ambient 

conditions were indistinguishable from that of an aqueous CuII nitrate solution (Cu-CHA-20 and 

Cu-CHA-29 shown in Figure B3) and did not show absorption characteristic of CuI (edge at 

~8983 eV37,38) or of CuII within CuxOy clusters39,40. Diffuse reflectance UV-Visible spectra 

collected on these samples under ambient, hydrated conditions are shown in Figure B4. The peak 

at 12500 cm-1 is representative of hydrated isolated CuII ions. Peaks at ~22500 cm-1, reported to 

be due to Cu-dimers in ZSM-541, are not observed, indicating that predominantly isolated CuII 

species are present. The broad absorption features between 30000 cm-1 and 50000 cm-1 are due to 

contributions from the zeolite framework. 

The enumeration of isolated CuII and CuIIOH sites on each Cu-CHA zeolite was 

determined after oxidative treatment (20% O2, 773 K) by quantifying the number of residual 

protons that remained after Cu exchange, given that CuII sites exchange two protons and CuIIOH 

sites exchange one proton. The quantification was performed using methods that selectively 

titrate residual H+ sites in small-pore, metal-exchanged zeolites42, in which NH3-saturated 

samples are purged in flowing wet helium (3% H2O in He, 433 K) to desorb Lewis acid-bound 

NH3, prior to temperature programmed desorption (Table S1). The CuII and CuIIOH site 

quantities in the samples studied here are consistent with the thermodynamic preference for CuII 

exchange at paired Al sites until saturation10, followed by further exchange of CuII(OH) sites at 

isolated Al. Taken together, the ex situ characterization of Cu sites by X-ray absorption, UV-

Visible and quantification of residual H+ sites by NH3 titration, confirm that the Cu-CHA 

samples studied here contain only isolated CuII cations, present either as CuII at paired 

framework Al sites or as [CuOH]+ at isolated Al sites10. 
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B2. SCR Kinetics 

Standard selective catalytic reduction (SCR) kinetic data were measured on a down-flow 

3/8’’ ID tubular quartz reactor. All samples were pelletized (Specac 13mm Diameter Stainless 

Steel Evaluable Pellet Die) under 10,000 psi pressure (Carver Laboratory Press), ground using a 

mortar and pestle, then sieved to retain 125 to 250 µm particles (W.S. TYLER No. 60 and No. 

120 all-stainless-steel). Typically, 0.015-0.050 g of sieved Cu/SSZ-13 catalyst were mixed with 

enough inert silica gel (Fisher Chemical Silica Gel (Davisil) Sorbent, Grade 923) to obtain a bed 

height of ~0.5 cm. Aluminum foil was wrapped around the quartz reactor to an outer diameter of 

~2.54 cm, in order to enhance heat conduction and minimize any radial temperature gradients 

that may be present within the bed. The reactor was then placed within a clamshell furnace 

(Applied Test Systems) and pressure-tested with helium (99.999%, Indiana Oxygen) at 5 psig for 

20 minutes.   

Steady state kinetic data were collected according to methods we have reported 

previously17. Briefly, rate data were measured at differential NO conversion below 20% (total 

gas flow rate was varied between 0.8 to 1.5 L min-1), to ensure the entire bed was exposed to 

approximately the same gas concentrations and temperatures using a gas mixture of 300 ppm NO 

(3.5% NO in Ar, Praxair), 300 ppm NH3 (3.0% NH3 in Ar, Praxair), 5% CO2 (liquid, Indiana 

Oxygen), 10% O2 (99.5%, Indiana Oxygen), 2.5% H2O (deionized, introduced through 24’’ 

PermaPure MH Humidifier), and balance N2 (boiloff liquid N2, Linde) at 473 K and 1 atm. The 

gas hourly space velocity (GHSV) was varied between 600,000 to 4,000,000 h-1 for all kinetic 

experiments. NO, NO2, NH3, CO2, N2O, and H2O concentration data were recorded every 0.95 

seconds using a MKS MultiGas 2030 gas-phase Fourier transform infrared (FTIR) spectrometer 

with on-board calibrations. Reaction temperatures were collected using two Omega® K-type 

1/16’’ OD thermocouples with one placed in contact with the top of the bed and the second 

placed in contact with the bottom of the bed.  The temperature difference was always within 3 K 

during steady state SCR catalysis. Total gas flow rates were measured using a soap bubble flow 

meter.   

In the limit of differential NO conversion, the gas concentrations and catalyst bed 

temperature can be assumed constant, allowing the NO consumption rate to be calculated using 

equation (B1): 

  



314 
 

−r3D(mol	NO	mol	Cu@Ps@P) 	= 	
EFGH,JK@FGH,LMNO	
PQQQQQQ∗012	F8 ∗ V̇;1;:2 ∗

R
WX                      (B1) 

where C values are the concentrations of NO before and after the catalyst bed in ppm, V̇;1;:2 is 

the total volumetric flow rate, P is 1 atm, T is ambient temperature, and R is the gas constant. 

The rate of NO consumption can further be converted from rate per Cu (mol NO mol Cu-1 s-1 or 

NO Cu-1 s-1) to rate per volume (molecules of NO consumed per 1000 Å-3 s-1) using a multiplier 

for the number of Cu atoms per 1000 Å3. 

The experimental data are fitted to a power law rate expression where k:>>  is the 

apparent rate constant and α , _ = , and _ =  are the apparent reaction orders with respect to 

concentrations of NO, NH3, and O2, respectively.    
 

      (B2) 

_]`` = ¬ exp n− ”‘,‘’’
Ωæ q	  (B3) 

 
SCR rates measured as a function of Cu density (Cu-CHA catalysts depicted in Figure B1 

and table B3) were fit to two different models, as shown below. The four lowest Cu density 

samples were fit to rate = a × ρCu
2 (best fit a = 39.3, R2=0.99) and the four highest Cu density 

samples to rate = a × ρCu (best fit a = 7.56, R2=0.99). 

 

 
Low Cu Density (Fit to a × ρCu
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B3. X-ray Absorption Spectroscopy 
 

X-ray absorption spectroscopy (XAS) experiments were performed at sector 10 MR-CAT 

(Materials Research Collaborative Access Team) of the Advanced Photon Source, Argonne 

National Laboratory. The insertion device beamline at sector 10 (10-ID) was used for the 

operando and in situ oxidation experiments due to the high photon flux available at that 

beamline. Incident and transmitted X-ray intensities were measured in ion chambers filled with 

20% He in N2 and 20% Ar in N2, respectively, to obtain approximately 10% and 70% absorption 

of the beam before and after the sample, respectively. A Cu metal foil reference spectrum (edge 

energy of 8979 eV) was measured simultaneously with each sample spectrum to calibrate the X-

ray beam for spectral measurements at the Cu-K edge. All sample spectra were normalized using 

1st and 3rd order polynomials for background subtraction of the pre- and post-edges, respectively.  

The Cu K-edge XANES spectra consists of several distinct features indicative of the 

various electronic transitions for the CuI and CuII oxidation states43,44. The peaks at 8977 eV and 

8987 eV are representative of CuII. The peak centered at 8977 eV is due to the symmetry 

forbidden 1s → 3d transition, which becomes allowed due to mixing of the 3d and 4p orbitals 

and has been reported in several studies as a low intensity, pre-edge feature45-48. The shoulder at 

8987 eV is due to the 1s → 4p electronic transition49,50. The presence of the sharp peak centered 

around 8983 eV is characteristic of the 1s → 4p transition for a two-coordinate CuI complex. 

This peak has previously been reported in the literature under a variety of environments 

including hydrocarbon SCR 51 and NO decomposition on Cu-ZSM-552, thermal reduction of Cu-

mordenite53, Cu-Y54, and two-coordinate CuI model compounds including copper(I) diamine 

complexes37,55,56. 

XAS is a bulk technique and each sample spectrum represents a mixture of oxidation 

states. Therefore, a linear combination XANES fitting of the CuI and CuII references was used to 

obtain the relative amounts of Cu in each oxidation state in a given spectrum. Information about 

how the CuI and CuII references were generated is provided in our previous publication10. An 

absolute error of 5% was used as a conservative estimate for the uncertainty in the linear 

combination XANES fitting. The largest source of uncertainty is the CuI reference used in the 

fitting, as there is no specific CuI reference spectrum, and the choice of reference may not 

exactly reproduce the CuI amine structure present in the sample. If the CuI reference used in the 
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fitting is assumed to be an accurate representation of the CuI structure present, the uncertainty in 

the linear combination XANES fitting would decrease to 2-3%. 

The Debye-Waller factor (DWF) was determined to be 0.005 Å2 for gas conditions that 

included NH3 and was 0.003 Å2 for all other gas conditions. All extended X-ray absorption fine 

structure (EXAFS) fitting was performed with the DWF fixed at the appropriate value, and 

EXAFS fitting was only performed on the first coordination shell of Cu-O. The k2-weighted data 

in R-space was fit by least-squares optimization to provide coordination numbers (CN) and 

interatomic bond distances. The EXAFS data was fit over k = 2.7 to ~8.5 Å-1, incorporating as 

much data at high k values as possible. 

 
Operando XAS 

 
Operando experiments were performed in a special glassy carbon tube reactor, and the 

details of the custom operando XAS reactor setup were described by Kispersky et al.39. During 

these experiments, XAS spectra were simultaneously collected while measuring the reaction 

rates for each sample to ensure that the standard SCR rate per mole Cu measured at APS were 

quantitatively the same, within error, to that measured in laboratory differential plug-flow 

reactors (PFR). Figure B20 shows standard SCR reaction rates measured on a representative 

sample (Cu-CHA-19) in the laboratory PFR and operando XAS reactor over a temperature range 

(450-480 K), indicating that rates are reproduced in the two reactor setups to within 10%. Table 

B5 shows that standard SCR reaction rates for catalyst samples in the operando reactor described 

above are within 10% of those measured in a separate plug flow reactor, thus establishing kinetic 

equivalence of the two reactors. 

In operando experiments, 7-13 mg of Cu-CHA-15, 30 mg of Cu-CHA-20, or 25 mg of 

Cu-CHA samples (sieved to 125-250 µm) were loaded in the operando reactor to maintain 

differential conditions (< 20% conversion). Gases were mixed and introduced into the reactor in 

a precise manner to avoid any side reactions. De-ionized H2O was introduced into the feed 

stream by flowing He carrier gas through a heated shell type humidifier (Perma Pure MH-

Series). All gas lines downstream of the humidifier were heated to above 373 K to prevent H2O 

condensation. After introducing H2O, NO (300 ppm in N2, Matheson Tri-Gas) was introduced 

into the gas stream, followed by the introduction of O2 (20% in He, Airgas, Inc.). The reaction 

mixture was then preheated to 473 K. Ammonia (300 ppm in He, Airgas, Inc.) was introduced 
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through a 1/16” stainless steel line that was located immediately upstream of the catalyst bed to 

minimize the possibility of gas-phase side reactions. Gas concentrations were measured using a 

MKS Multi-Gas 2030 gas analyzer FTIR with a cell temperature of 464 K and based on factory 

provided calibration files. Standard SCR conditions of 300 ppm NO, 300 ppm NH3, 10% O2, 2% 

H2O, 5% CO2, a total flow rate of 1000-1200 mL min-1 and a temperature of 463-473 K was used 

for all steady state experiments. Steady state spectra were collected in the quick scan mode with 

an edge step of 0.5 eV, a dwell time of 0.05 s at each step and an energy range between 8700 and 

9700 eV, with each spectrum taking 2-3 min to acquire. Steady state data were averaged over 3-5 

scans depending on the data quality obtained under different experimental conditions. Linear 

combination XANES fits to determine the CuI and CuII fractions under operando conditions 

were carried out using the appropriate references, as explained in our previous 

publications15,17,39. 

 

Transient XAS  
 

Transient O2 and NO2 oxidation experiments were carried out in the same flow reactor 

setup as used for operando experiments. Reduction with 300 ppm NO and 300 ppm NH3 under a 

total flow of 1200 mL min-1 at approximately 447 K gave 90±5, 90±5 and 98±5 % CuI, for Cu-

CHA-15, Cu-CHA-20, and Cu-CHA-29 samples, respectively. Following the reduction to CuI, 

samples were exposed to either 10% O2 or 100 ppm NO2 at the same temperature in separate 

experiments. The CuI and CuII fractions during these transient experiments were followed by 

collecting XANES spectra (Figures B6, B7, B8) in quick scan mode from 8800 to 9400 eV. Each 

spectrum took 21 s to acquire with a step size of 0.5 eV and a dwell time of 0.03 s. Higher 

quality spectra were collected at the end of these transients by increasing the dwell time from 

0.03 s to 0.05 s. Linear combination XANES fits to determine the CuI and CuII fractions from 

spectra collected during transient experiments were performed using the same procedure to fit 

spectra collected during operando XAS experiments. The fitted CuI fraction before and at the 

end of O2 and NO2 oxidation transients are tabulated in Tables B6, B7, B8. 
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B4. Kinetic models for the transient oxidation experiments 

 
O2 oxidation of CuI(NH3)2 

 
The transient O2 data in Figure B.3A were fit to a modified pseudo-second-order rate law 

described below. The approximate second-order behavior can be rationalized by postulating that 

the following termolecular reaction describes the oxidation of two CuI diamine complexes with 

O2: 

 

  (B4) 
 

If this step were elementary and all sites behaved identically, the following rate law would 

describe the rate of consumption of CuI species: 

 

    (B5) 
 

Because O2 is in stoichiometric excess during these transient experiments, its concentration can 

be subsumed into ka and the above expression can be rewritten as: 

 

  (B6) 
 

where k is a pseudo-second-order rate constant.  To correct for the unoxidizable, recalcitrant 

fraction of CuI  (defined as [CuI]∞) in the transient O2 experiments (Figure 3A),,we introduce the 

transformation: 

 

   (B7) 
 

[CuI(t)]corr is defined as the concentration of oxidizable CuI (by O2) as a function of time during 

the transient O2 experiment. Integrating from 0 to t and rearranging: 

 

  (B8) 
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where CuI Fraction is the time-dependent CuI concentration divided by the initial CuI 

concentration ([CuI]0). The parameters in Eqn. B8 are k and [CuI]∞. For each data series, we set 

[CuI]∞ to the last (longest time) CuI Fraction data point, and used nonlinear least-squares 

regression to obtain the best-fit parameter of k. Results are summarized below: 

 
 
 Cu-CHA-29 Cu-CHA-20 Cu-CHA-15 
k(m3 mol Cu-1s-1) 0.00011 0.00017 0.00082 
[CuI]∞/ [CuI]0 0.26 0.10 0.05 
R2 0.99 0.98 0.99 

 

 
NO2 oxidation of CuI(NH3)2 

 
The transient NO2 data in Figure B13 were fit to a pseudo-first-order rate law described 

below. The first-order behavior can be rationalized if we postulate that the observed oxidation 

kinetics are governed by the bimolecular reaction of a single CuI diamine with NO2: 

 

  (B9) 
 

If this reaction is elementary, then the rate law that describes the rate of consumption of CuI 

species is: 

  (B10) 
 

Because NO2 is in stoichiometric excess during these transient experiments, its concentration can 

be subsumed into ka and the above expression rewritten as: 

 

  (B11) 
 

Upon integration and rearranging, the above expression becomes: 
 

  (B12) 
 

[CuI(NH3 )2] + NO2 ��! [(NH3 )2 �CuII�NO2]
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I
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where CuI Fraction and [CuI(t)] and [CuI]0 are defined in the same way as reported in the 

previous subsection. The only unknown parameter in Eqn. B11 is k.  Nonlinear least-squares 

regression was used to obtain the best-fit k value from the data in Figure B13.  The results are 

summarized below: 

 
 Cu-CHA-29 Cu-CHA-20 Cu-CHA-15 
k (s-1) 0.026 0.028 0.030 
R2 0.98 0.98 0.89 

 

B5. DFT Methods 
 

To construct the energy landscape for Cu diffusion through an 8-MR and reaction with 

O2 we calculated the energies of structures for A through E in Figure 3.4 using the following 

protocol. All structures are attached to the supplementary information in CONTCAR format in 

the file CONTCARs.zip. 

 
Due to the dynamic and mobile nature of solvated Cu species in the zeolite cage, we used 

AIMD on all structures to seek low energy configurations. A 12 T-site supercell containing two 

Al atoms was used for Figure 3.4 structures C and D, such that each Cu charge compensates 1Al. 

For Figure 3.4 structure A, the 12 T-site supercell was doubled to create a 24 T-site supercell, so 

that each CuI(NH3)2 can occupy one CHA cage. Multiple initial structures were guessed, and 

each geometry was sampled by Born-Oppenheimer molecular dynamics in the canonical 

ensemble (NVT) using the Car-Parrinello Molecular Dynamics (CPMD) software version 

3.17.157. We used the Perdew-Becke-Erzenhof (PBE)58 flavor of the generalized gradient 

approximation (GGA) exchange-correlation functionals and Vanderbilt ultrasoft 

pseudopotentials59, and a plane wave cutoff of 30 Ry. The first Brillouin zone was sampled at the 

Γ point only for this insulator, and a Nose-Hoover thermostat was used to achieve the target 

temperature of 473 K. A 0.6 fs time step was used for a total sampling time of 150 ps, for each of 

structures A, C and D in Figure 3.4. Structures B and E came from guessing product structures 

for the Climbing Image Nudged Elastic Band (CI-NEB) calculations described below and were 

not sampled by AIMD.  
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Next, for structures A, C, and D, we selected several (3 to 4) low energy structures from 

the 150 ps of AIMD trajectories and performed electronic energy optimizations using the Vienna 

Ab initio Simulation Package (VASP) version 5.4.1 60 and the same supercell. Periodic DFT 

calculations were performed using the projector augmented wave (PAW) method with the PBE 

functional 58 and a 400 eV plane wave cutoff, and DFT-D2 61 to calculate van der Waals 

dispersion energies. Electronic energies were converged self-consistently to less than 10-8 eV, 

and forces to less than 0.01 eV/Å, on each atom. For the above calculations, PBE POTCARs for 

each atom were used. We performed spin-polarized calculations for Cu dimers to sample both 

the singlet and triplet state of the dimers. The lower energy structure was chosen and plotted on 

Figure 3.4 and reported in Table B10. Structures A, B, D and E are in singlet states and structure 

C is in triplet state. All structures in Figure 3.4 are attached to the SI in CONTCAR format. 

 

Transition states (A to B, and D to E) were computed using the Climbing Image Nudged 

Elastic Band (CI-NEB) method 62 and the same functional and plane wave cutoff described 

above. Convergence criteria were tightened to less than 10-8 eV for electronic energy and less 

than 0.01 eV/Å for force on each atom.  The transition state from C to D is spin forbidden and 

was not computed here; we estimated the effective barrier from the literature as reported in 

Figure 3.4.  

We followed a similar protocol for reactions of one CuI(NH3)2 with O2 and NO2.  We first 

performed 150 ps of AIMD for O2 and NO2 adsorption on CuI(NH3)2, using a 12 T-site supercell 

with 1 Al, and with the CPMD software. Low energy structures were then selected and 

optimized (spin polarized) with both PBE/DFT-D2 and the hybrid screened-exchange Heyd-

Scuseria-Ernzerhof (HSE06) functionals 63 with the Tkatchenko Scheffier method (TSvdW)64 to 

correct for dispersion interactions. We performed these additional HSE06-TSvdw calculations 

because hybrid functionals have been shown to predict NOx adsorption energies more accurately 

than GGA functionals12. Figure B14 and Table B10 reports the structures and adsorption 

energies.  
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B6. NO titrations to probe reaction stoichiometry 
 

The consumption of NO (per Cu) in sequential SCR reaction steps on Cu-CHA zeolites 

was measured and used to corroborate the reaction stoichiometry depicted in Figure 3.6. 

Typically, 10 to 20 mg of sample was loaded into the reactor system used to measure steady-

state SCR kinetics. The total gas flow rate used in the following procedure was 600 mL min-1. 

The samples in Figure 3.3A were first oxidized and dehydrated to their CuII form10 by treatment 

to 823 K (0.167 K s-1) in flowing 20% O2 (99.5%, Indiana Oxygen) in balance He (99.999%, 

Indiana Oxygen), and then cooling to 473 K. The sample was then held flowing He for 30 

minutes, and then fully reduced in a mixture of 300 ppm NO (3.5% NO in Ar, Praxair) and 300 

ppm NH3 (3.0% NH3 in Ar, Praxair) in balance He. Following reduction of Cu sites to their 

CuI(NH3)2 states (corresponding to 6 o’clock positions in Figure 3.6), the samples were exposed 

to flowing 10% O2 in balance He until steady-state was achieved (corresponding to the central 

position in Figure 3.6). The O2 oxidized sample was then held in a flowing stream of 300 ppm of 

NO in balance He, until steady-state was achieved. Finally, 300 ppm NH3 was introduced to the 

flow of NO in balance He, to reduce the sample back to CuI(NH3)2 (corresponding to 6 o’clock 

positions in Figure 3.6). Each of these sequential treatments was also performed in a blank 

reactor to measure a baseline signal in the FTIR spectrometer (MKS Multigas TM 2030) used to 

account for gas holdup and residence time in the reactor setup (NO conversion was not detected 

in the blank reactor), in order to calculate the NO consumption from the Cu-CHA catalyst during 

each treatment step (Figure B12). 

Summarizing, after O2 oxidation of CuI(NH3)2 to form a NH3-solvated CuII dimer (central 

position in Figure 3.6), the two-step procedure described above exposes the catalyst to NO alone, 

and then to NO and NH3 together. Exposure of NO in the step immediately following O2-assisted 

oxidation results in the consumption of one NO equivalent (NO:Cu = 0.98 ± 0.10) per Cu site. 

Once steady-state is achieved, the sequential addition of NH3 to the flowing stream (already 

containing NO) consumes another equivalent of NO per Cu site (NO:Cu = 1.07 ± 0.11) and fully 

reduces the sample to CuI(NH3)2 (6 o’clock positions in Figure 3.6), which closes the catalytic 

cycle. The 2:1 NO:Cu consumption ratio is consistent with Figure 3.6. Starting from the Cu-oxo 

dimer in the center of the Figure 6, two NO molecules per Cu are required to return to the 6 

o’clock position in each cycle corresponding to the formation of CuI(NH3)2 species. 
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B7. Random Distribution of Cu per Cage 

To eliminate the possibility that the oxidizable fraction of CuI corresponds to Cu pairs or 

larger aggregates that, by random chance, are present in the same cage and not from pairs formed 

from mobile CuI ions, we estimated the fraction of persistent pairs that would be present 

assuming that Cu are randomly distributed among cages.  Results are compared with the 

observed fraction of oxidizable CuI in Figure B15. For Cu densities corresponding to the zeolites 

studied in Figure 3.3, this “immobile Cu dimer” model predicts values that are much smaller 

than the [CuI]∞ values observed experimentally and predicted from the non-mean-field model 

described in B10: 

 

Cu-CHA-15: Oxidizable Cu Fraction = 0.072,  [CuI]∞/ [CuI]0 = 0.928 

 

Cu-CHA-20: Oxidizable Cu Fraction = 0.012,  [CuI]∞/ [CuI]0 =0.988 

 

Cu-CHA-29: Oxidizable Cu Fraction = 0.002,  [CuI]∞/ [CuI]0 =0.998 

 

B8. Metadynamics 
 

We used metadynamics to compute the free energy landscape for a CuI(NH3)2 to diffuse away 

from a charge-compensating Al center into an adjacent cage. To avoid interaction between 

periodic cells, a CHA supercell with 72 T-sites was adopted. The 72-T-site supercell (pictured 

below) was generated by propagating the 36 T-site CHA-silica supercell obtained from the 

database of zeolite structures19 along one direction. A T-site silicon is replaced by aluminum and 

a CuI(NH3)2 complex was inserted into a cage near the Al to create the initial CuI(NH3)2 

structure.  
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72-T site supercell for metadynamics simulation. Color code for different elements in 
superimposed figure: gray=Cu, green=Al, yellow=Si, red=O, blue=N and white=H. 

 
All calculations were performed in the CPMD program57. 6 ps of NVT molecular 

dynamics were run to pre-equilibrate the system. The NVT MD simulation was initiated by 

quenching the system to the non-spin-polarized Born−Oppenheimer potential surface with the 

Perdew−Becke−Erzenhof generalized gradient approximation (GGA) exchange-correlation 

functional58 and ultrasoft pseudopotentials59. Plane waves were included up to 30 Rydberg and 

the Brillouin zone sampled at the Γ point. Self-consistent-field (SCF) electronic energies were 

converged to 1 × 10−7 Ha. The converged wavefunction was subsequently used to perform Car–

Parrinello molecular dynamics 57 (CPMD) at 473 K with a time step of 0.12 fs. A Nose-Hoover 

thermostat was used for both ions and electrons. The electronic temperature was set to 0.02 K 

with frequency 10000 cm-1. The fictitious electron mass was set to 400 atomic unit. 

The pre-equilibrated structure, wavefunction, atomic velocities and thermostat were used 

for the subsequent metadynamics 65,66 simulation with a total simulation time of 12.5 ps. The 

time step and thermostat setting were the same as those in the MD simulation.  The collective 

variable was chosen to be the Cu-Al coordination number (CN), defined as 

 

   (B13) 
 
where dij is defined as distance between Al and Cu and p and q are arbitrary scaling constants. 

Values of other parameters are summarized in Table B11.  d0 was chosen as largest Cu-Al 

separation distance observed in the regular NVT MD simulation at 473 K. The k and µ were 
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chosen such that the Lagrangian collective variable s and the physical collective variable S stay 

close, and that S fluctuates frequently at each position in the configuration space. 

 

B9. Electrostatics 

 

We estimated the electrostatic interaction between a CuI ion and its charge-compensating 

Al center using Coulomb’s Law.  We assumed Cu and Al to be elementary positive and negative 

point charges, respectively, carrying the same electric charge as a proton, 1.6 × 10-19 C, and we 

used the computed dielectric constant of CHA-zeolite (εr), 2.7, reported by Rybicki and Sauer67. 

The equilibrium Cu-Al distance of 4.6 Å taken from the DFT-optimized CuI(NH3)2 structure was 

used as the initial Cu-Al distance in the calculation. The energy of ionic separation of CuI and 

framework Al from 4.6 Å to r was calculated following Coulomb’s law: 

 

   (B14) 
 

  (B15) 
 
where ke is the electric force constant in vacuum, Na is the Avogadro constant, εr is dielectric 

constant of CHA-zeolite, qCu and qAl are Cu and Al charges, and r is the Cu-Al distance. 

The computed Coulombic potential as a function of Cu-Al distance was plotted and 

compared with the metadynamics-computed free energy profile in Figure 3.5. The Coulombic 

potential and the computed free energy are similar up to 7 Å, consistent with electrostatics 

dominating the interaction. The computed free energy is slightly more positive than the 

Coulombic potential for Cu-Al distance between 7 Å and 8 Å, highlighting the activation barrier 

for CuI(NH3)2 to travel through an 8-member-ring window to a neighboring CHA cage, which is 

not captured by the Coulombic model. The computed free energy falls after CuI(NH3)2 reaches 

the new cage and stays relatively invariant thereafter. The Coulombic potential continues to 

increase rapidly and surpasses the computed free energy above 8 Å. Such difference can be 

rationalized by many-body long range Coulombic interaction between CuI(NH3)2 and framework 

Al in periodic images in the metadynamics simulation, which intrinsically lower the computed 

free energy compared to a two-point-charge Couloumbic model.  
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B10. Stochastic Simulation 
 

Here, we estimate the fraction of CuI able to form an oxo-bridged dimer (Figure 3.4), given a 

density of Cu and Al atoms in a CHA zeolite and a maximum distance that each Cu can diffuse 

from its charge compensating Al.  Cu number densities between 7×10-4 and 0.99 Cu/1000 Å3 and 

Cu-Al diffusion distances (represented by the green spheres in Figure B.3B) from 5-12.5 Å were 

modeled (Figure B16); procedural details are described below. 

We use a 1536 T-site CHA periodic supercell19 with a total volume of 1.0172×105 Å3.  The large 

cell size was used to avoid bias due to an even or odd number of exchanged Cu present at 

smaller cell sizes and long Cu diffusion distances. We performed stochastic simulations as a 

function of Si/Al (spanning 2 to 511), Cu/Al (0.0059 to 1), and a maximum Cu diffusion distance 

of 12.5 Å from the compensating framework Al atom. 

A 2D schematic representation of the simulation scheme is shown below; the actual simulation 

was carried out on the 3D CHA lattice described above. In step [1], CHA T-sites were randomly 

populated with Al avoiding any Al-Al first-nearest-neighbors (Loewenstein’s rule)34. In step [2], 

we associated Cu ions with these Al, obeying the previously validated rule10 that 2Al 6MR sites 

first exchange CuII before remaining 1Al sites exchange CuIIOH.  Three types of Al exist at this 

point: those that are not associated with a Cu ion, those that compensate a CuIIOH, and 2Al 6MR 

sites that share a CuII. In step [3], we delete from the lattice the Cu-free Al sites and one member 

of every Al pair that compensate a CuII ion. In step [4], we created an Al-Al neighbor list, 

including only neighbors that are within twice the prescribed Cu diffusion radius. In step [5], we 

then deleted overlapping pairs at random from the neighbor list, stopping when the number of 

available pairs vanishes. We recorded the number of remaining entries divided by the initial 

number of Cu as the CuI fraction. The simulation was then repeated until the average CuI fraction 

converged.  

As we explored different Si/Al and Cu/Al ratios, we discovered that results were sensitive to 

total initial CuI density and insensitive to the underlying Si/Al and Cu/Al ratios. Results are 

shown in Figure B16, plotted as final CuI fraction vs initial CuI density, for a range of diffusion 

distances. Simulation results are of course discrete; for visual convenience we present the data 

using cubic spline interpolation. A diffusion distance of 9 Å, consistent with predictions from the 

metadynamics simulation (Figure 3.5), predicts final CuI fractions in close agreement with 

experimental observation (Figure B.3A). 
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To provide a visual representation of the simulation results, we took a snapshot of steps [3] and 

[5] for one simulation iteration at the initial Cu densities for the Cu-CHA zeolites represented in 

Figure B.3A. Cartesian coordinates of Al charge compensated by Cu were extracted from the 

stochastic simulations and green spheres 9 Å in radius were plotted, representing the maximum 

diffusion length of each CuI(NH3)2 (Figure B.3B, t=0). Spheres are translucent so that 

overlapping spheres are easily visualized and periodic boundary conditions used to show the 

diffusion range of Cu across the supercell boundaries. Intersecting spheres around Cu 

coordinates were plotted both before step [3] and after step [5] pairing to show the geometrically 

isolated Cu (Iso) and statistically isolated “musical chairs” Cu (MC).  

 
Figure B1. X-Ray diffraction patterns of H-SSZ-13 zeolites with Si/Al = 4.5 (blue), Si/Al = 15 
(red), and Si/Al = 25 (black), measured using a Cu K-alpha source (l = 0.154 nm). Diffraction 
patterns are vertically offset for clarity. Cu-exchanged forms of these materials show equivalent 
XRD patterns68. 
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Cutoff

End
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[1] [2] [3] [4] [5]
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Figure B2. Ar adsorption isotherms on H-SSZ-13 with Si/Al = 4.5 (blue), Si/Al = 15 (red), and 
Si/Al = 25 (black). Isotherms are vertically offset for clarity (Si/Al=15: by 200 cm3 g-1, Si/Al=25: 
by 400 cm3 g-1). Cu-exchanged forms of these materials show similar adsorption isotherms, with 
slight decreases in micropore volumes caused by the presence of Cu68. 

 

Figure B3. XANES spectra for Cu-CHA-20 (red) and Cu-CHA-29 (green) at ambient conditions, 
and for bulk CuIIO (pink). 
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Figure B4. UV-Vis spectra for Cu-CHA-15 (blue), Cu-CHA-20 (black), and Cu-CHA-29 
samples (red) recorded at ambient conditions. 

 

 

Figure B5. Operando XANES spectra of Cu-CHA-15 (red) and Cu-CHA-29 (dark blue) during 
steady-state standard SCR (300 ppm NO, 300 ppm NH3, 10% O2, 2% H2O, 5% CO2, 463-473 K). 
Reference spectra for aqueous CuI(NH3)2 (grey), isolated CuI (10) (pink) and isolated CuII (light 
blue) sites10. 
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Figure B6. XANES spectra collected during transient oxidation of the reduced forms of Cu-
CHA-29 sample with 10% O2 (top) and 100 ppm NO2 (bottom), as a function of time (labeled in 
figure).  
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Figure B7. XANES spectra during transient oxidation of the reduced forms of Cu-CHA-20 
sample with 10% O2 (top) and 100 ppm NO2 (bottom), as a function of time (labeled in figure).  
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Figure B8. XANES spectra during transient oxidation of the reduced forms of Cu-CHA-15 
sample with 10% O2 (top) and 100 ppm NO2 (bottom), as a function of time (labeled in figure). 
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Figure B9. The k2 weighted Fourier transform (moduli and imaginary parts of FT on top left and 
top right, respectively) and raw EXAFS spectra (bottom) collected before (black) and after (red) 
oxidation with 10% O2 at 473 K, starting from the reduced Cu(I)(NH3)2 state of Cu-CHA-29. 
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Figure B10. The k2 weighted Fourier transform (moduli and imaginary parts of FT on top left 
and top right, respectively) and raw EXAFS spectra (bottom) collected before (black) and after 
(red) oxidation with 10% O2 at 473 K, starting from the reduced Cu(I)(NH3)2 state of Cu-CHA-
20. 
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Figure B11. The k2 weighted Fourier transform (moduli and imaginary parts of FT on top left 
and top right, respectively) and raw EXAFS spectra (bottom) collected before (black) and after 
(red) oxidation with 10% O2 at 473 K, starting from the reduced Cu(I)(NH3)2 state of Cu-CHA-
15. 
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Figure B12. NO concentrations measured in the reactor effluent during five step-wise treatments 
of Cu-CHA-15, in order to quantify NO consumption (per Cu) in treatment steps 2, 4, and 5 
above, which correspond to different steps in the proposed standard SCR cycle (Figure 6). Red 
and blue traces indicate experiments with the blank reactor and catalyst-loaded reactor, 
respectively.  

 

 
 

Figure B13. Temporal evolution of the XANES-measured CuI fraction in Cu-CHA-29 (A, red), 
Cu-CHA-20 (C, blue), and Cu-CHA-15 (H, black) during transient oxidation in 100 ppm NO2 at 
473 K. Least-squares fit to Eq. B11 is shown by solid lines. 
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Figure B14. Structures for O2 configuration (A), O2 configuration (B) and NO2 (C) adsorbed on a 
single CuI(NH3)2. Calculations were performed in the CHA supercell described in B5, and the 
framework removed from this figure for clarity. 

 

 
 

Figure B15. The fraction of lone Cu within zeolite cages randomly dispersed on the zeolite 
framework unable to oxidize compared with experimental measurements. 
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Figure B16. Fraction of unoxidizable CuI as a function of Cu density from simulation.   Splines 
were drawn through the discrete simulations at each density to yield continuous curves in the 
figure.  9 Å (bold red line) represents the metadynamics-predicted maximum Cu diffusion 
distance.  Black data points are experimental observations from Figure 3.3A. 
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Figure B17. Phase diagrams for 2Al (“Z2”) exchanged Cu sites with varying PNH3 and PH2O at 
473 K and 10% O2. The chrome sphere demarcates NH3 and H2O pressures equivalent to those 
used in the kinetic experiments reported in figure 3.1B and figure 3.2. All DFT-computed 
structures, energies, and methods used to generate this diagram can be found in Paolucci et al.10. 
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Figure B18. Phase diagrams for 1Al (“Z”) exchanged Cu sites with varying PNH3 and PH2O at 473 
K and 10% O2. The chrome sphere demarcates NH3 and H2O pressures equivalent to those used 
in the kinetic experiments reported in figure 3.1B and figure 3.2. All DFT-computed structures, 
energies, and methods used to generate this diagram can be found in Paolucci et al.10. 
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Figure B19. Dependence of SCR turnover rates (300 ppm NO, 300 ppm NH3, 10% O2, 7% 
CO2, 200-120000 ppm H2O and balance N2 at 473 K) on H2O pressure on Cu-CHA-19. Line 
denotes regression of power rate law to measured rate data, with a best-fit slope of 0.03, 
corresponding to the apparent H2O reaction order. 
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Figure B20. Standard SCR rates (300 ppm NO, 300 ppm NH3, 10% O2, 7% CO2, 3% H2O and 
balance N2) measured in the temperature range of 450-480 K on Cu-CHA-19 in the laboratory 
differential PFR (red squares) and in the operando XAS reactor (black triangle). Line denotes 
regression of an Arrhenius rate equation to the lab PFR rate data. 
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Table B1. Bulk elemental analysis and fraction of isolated CuII and CuII(OH) sites on a series of 
Cu-exchanged SSZ-13 samples with varying Si/Al (4.5-25) and Cu/Al (0.03-0.59); arranged by 
increasing Cu/Al for a fixed Si/Al ratio. 

Si/Al Cu/Al Cu wt% 
H+/Al 

(H-form) 
H+/Al  

(Cu-form) CuIIOH/Al* CuII/Al* 

4.5 0.08 1.4 0.46 0.31 0 0.08 
4.5 0.21 3.7 0.87 0.42 0 0.21 
15 0.03 0.3 0.98 0.93 0 0.03 
15 0.08 0.5 0.98 0.81 0 0.08 
15 0.10 0.7 0.98 0.80 0.01 0.09 
15 0.12 0.8 0.98 0.73 0.03 0.09 
15 0.19 1.3 0.98 0.68 0.10 0.09 
15 0.25 1.7 1.00 0.64 0.16 0.09 
15 0.37 2.4 0.98 0.58 0.28 0.09 
15 0.44 2.9 0.98 0.51 0.35 0.09 
25 0.21 0.8 0.98 0.74 0.17 0.04 
25 0.42 1.6 0.98 0.58 0.37 0.04 
25 0.59 2.4 0.98 0.47 0.55 0.04 

*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and CuIIOH siting. 
 

Table B2. A series of Cu-exchanged SSZ-13 samples with varying Si/Al (4.5-25) and Cu/Al 
(0.03-0.44) (X = Mean Cu-Cu distance in Å, rounded down, labels (a-h) correspond to those in 
Figure 3.2); arranged by increasing Cu/Al for a fixed Si/Al ratio. 

 
Si/Al 

 
Cu/Al 

Cu cation 
density 

(mol Cu/m3) 

 
Cu 

/1000Å3 

Cu per 
CHA 
cage 

Mean Cu-
Cu distance 

(Å) 
 

Cu-CHA-X 
4.5 0.08 365 0.22 0.17 20.6 Cu-CHA-20 (c) 
4.5 0.21 958 0.57 0.44 15.0 Cu-CHA-15 (h) 
15 0.03 47 0.03 0.02 40.7 Cu-CHA-40 
15 0.08 125 0.07 0.05 29.4 Cu-CHA-29 (a) 
15 0.10 157 0.09 0.07 27.2 Cu-CHA-27 
15 0.12 188 0.11 0.08 25.6 Cu-CHA-25 
15 0.19 298 0.18 0.14 22.0 Cu-CHA-22 
15 0.25 395 0.23 0.18 20.1 Cu-CHA-20* 
15 0.37 580 0.35 0.27 17.6 Cu-CHA-17 (f) 
15 0.44 689 0.41 0.31 16.6 Cu-CHA-16 (g) 
25 0.21 193 0.11 0.08 25.4 Cu-CHA-25 (b) 
25 0.42 395 0.24 0.18 19.8 Cu-CHA-19 (d) 
25 0.59 569 0.34 0.26 17.7 Cu-CHA-17*(e) 

*Identifies the higher Si/Al density sample of two samples that share the same mean (rounded down) Cu-Cu 
distance. 
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Table B3. Standard SCR kinetic parameters measured on a series of Cu-exchanged SSZ-13 
samples with Si/Al = 15 and Cu/Al varying from 0.03-0.44; arranged by increasing Cu/Al. (X = 
Mean Cu-Cu distance in Å, rounded down, labels (a, f, and g) correspond to those in Figure 3.2) 

*Identifies the higher Si/Al density sample of two samples that share the same mean (rounded down) Cu-Cu 
distance. 
†Errors in the apparent O2 rate order are ± 0.1. 
‡Errors in the apparent activation energy (Eapp) are ± 7 kJ/mol. Consistent with prior reports (17, 18) Eapp increases 
systematically with increasing Cu density, reflecting the gradual transition from a kinetic regime in which O2 
activation is rate-determining (low Cu density) to one in which it is not (high Cu density). 
 
 

Table B4. Operando steady state CuI fraction for a series of Cu-SSZ-13 samples with varying Cu 
density from 0.07-0.57 atom/1000Å3. Feed conditions: 300 ppm NO, 300 ppm NH3, 10% O2, 5% 
CO2, 2% H2O, 473 K. 

*Identifies the higher Si/Al density sample of two samples that share the same mean (rounded down) Cu-Cu 
distance. 
†Errors are ± 0.05. 

Cu-CHA-X Cu 
/1000Å3 

SCR Rate (/10-3 
mol NO/mol Cu/s) 

SCR Rate (/10-

3 NO/1000Å3/s) 
O2 

order† 
Eapp

‡  
(kJ 

mol-1) 
Cu-CHA-40 (a) 0.03 1.8 0.05 0.8 47 

Cu-CHA-29 0.07 2.3 0.16 0.7 50 
Cu-CHA-27 0.09 3.3 0.30 0.7 56 
Cu-CHA-25 0.11 4.5 0.50 0.7 56 

Cu-CHA-22 0.18 6.5 1.17 0.5 60 
Cu-CHA-20* 0.23 7.8 1.79 0.4 63 

Cu-CHA-17 (f) 0.35 7.4 2.59 0.4 66 
Cu-CHA-16 (g) 0.41 7.8 3.20 0.3 74 

Si/Al Cu/Al Cu-CHA-X Cu cation 
density 

(Cu/1000Å3) 

Operando 
steady state 

CuI fraction† 

EXAFS first shell 
coordination 

number 
4.5 0.08 Cu-CHA-20 (c) 0.22 0.50 3.4 
4.5 0.21 Cu-CHA-15 (h) 0.57 0.10 3.9 
15 0.08 Cu-CHA-29 (a) 0.07 0.96 2.1 
15 0.37 Cu-CHA-17 (f) 0.35 0.53 3.2 
15 0.44 Cu-CHA-16 (g) 0.41 0.47 3.3 
25 0.21 Cu-CHA-25 (b) 0.11 0.85 2.4 
25 0.42 Cu-CHA-19 (d) 0.24 0.63 2.8 
25 

16 (20) 
4.5 
(17) 

0.59 
0.20 
0.16 

Cu-CHA-17*(e) 
- 
- 

0.34 
0.18 
0.44 

0.51 
0.60 
0.26 

3.1 
- 
- 
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Table B5. Comparison of standard SCR reaction rates measured in the PFR and the operando 
reactor for different Cu-CHA samples. Feed conditions: 300 ppm NO, 300 ppm NH3, 10% O2, 5% 
CO2, 2% H2O, 473 K. 

*Identifies the higher Si/Al density sample of two samples that share the same mean (rounded down) Cu-Cu 
distance. 
 
 
 
 

Table B6.Fitted CuI fraction before and after oxidation with 10% O2 at 473 K starting from 
CuI(NH3)2 for Cu-CHA-20, Cu-CHA-15 and Cu-CHA-29. 

Cu-CHA-X CuI fraction before O2 transients* CuI fraction after O2 transients* 
Cu-CHA-20 0.90 0.12 
Cu-CHA-15 0.90 0.05 
Cu-CHA-29 0.98 0.30 

*Fitting error ± 0.05. 
 
 

Table B7. Fitted CuI fraction before and after repeated subsequent oxidation with 10% O2 at 473 
K starting from CuI(NH3)2 in each cycle for Cu-CHA-29. 

CuI fraction before O2 transients CuI fraction after O2 transients 

Cycle 1 

0.98 0.30 
Cycle 2 

0.95 0.32 
Cycle 3 

0.98 0.31 
 
 
 

Si/Al Cu/Al Cu-CHA-X PFR Rate  
(/10-3 mol NO/mol 

Cu/s) 

Operando Reactor Rate 
(/10-3 mol NO/mol Cu/s)  

4.5 0.08 Cu-CHA-20 8.3 8.0 
4.5 0.21 Cu-CHA-15 7.4 7.5 
15 0.08 Cu-CHA-29 2.3 2.0 
15 0.37 Cu-CHA-17 7.4 7.4 
15 0.44 Cu-CHA-16 7.8 7.7 
25 0.21 Cu-CHA-25 1.6 1.5 
25 0.42 Cu-CHA-19 3.8 3.1 
25 0.59 Cu-CHA-17* 7.7 7.0 
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Table B8. Fitted CuI fraction before and after oxidation with 100 ppm NO2 at 473 K starting 
from CuI(NH3)2 for Cu-CHA-20, Cu-CHA-15 and Cu-CHA-29. 

Cu-CHA-X CuI fraction before NO2 transients CuI fraction after NO2 transients 
Cu-CHA-20 0.90 0.00 
Cu-CHA-15 0.90 0.00 
Cu-CHA-29 0.98 0.00 
 
 

Table B9. PBE+D2 DFT computed reaction energies (column 2), total energy differences along 
the reaction coordinate (column 3), and normalized Bader charge10 derived Cu oxidation states 
for the product in each step (column 4) for all results reported in Figure 3.4. 

Reaction 
Reaction Energy 

(kJ mol-1) Energy (kJ mol-1) Cu Oxidation State 
A - 0 1.00 
A → TS1 35 35  
TS1 → B 23 23 1.00 
B → C -59 -36 1.39 
C → TS2 20, Ref (25) -16  
TS2 → D -26 -42 1.80 
D → TS3 19 -23  
TS3 → E -36 -60 2.10 

 
 

Table B10. Computed PBE+D2 and HSE06+TSvdw reaction energies for O2 and NO2 adsorption 
on a CuI(NH3)2 monomer.  Rows 1 and 2 reference the two different (A, B) O2 adsorption 
configurations in Figure B14. Columns 3 and 5 report the normalized Bader charge10 derived Cu 
oxidation state. 

 
PBE+D2 
(kJ mol-1) 

Cu Oxidation 
State 

HSE06+TSvdw 
(kJ mol-1) 

Cu Oxidation 
State 

CuI(NH3)2+O2 

(A) 2 1.65 1 1.47 
CuI(NH3)2+O2 

(B) -26 1.32 -11 1.15 
CuI(NH3)2+NO2 

(C) -46 1.92 -71 2.27 
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Table B11. Metadynamics parameters. 

Parameter CV 

Harmonic spring constant, k (hartree) 5 

Mass of the fictitious particle, µ (hartree (a.u.)2) 100 

Gaussian height, W (hartree) 0.0005 

Gaussian width, sʹ 0.02 

Minimum Metadyanmics time step, ∆tmin (a.u.) 100 

p 6 

q 6 

d0 (Å) 6.2 
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APPENDIX C. SUPPLEMENTARY MATERIALS TO CHAPTER 4C1. CU 
SITE CHARACTERIZATION ON MODEL CU-CHA SAMPLES WITH 

VARYING CU DENSITY 

Table C1. Bulk characterization data including residual H+/Al on H- and Cu-SSZ-13 samples 
(Si/Al 15) to determine fraction of isolated CuII and [CuII(OH)]+ sites on the oxidized CuII forms 
of Cu-CHA samples 

 
Sample 

Cu-CHA-X-Y 
H+/Al 

 (H-form) 
H+/Al 

(Cu-form) CuIIOH/Al* CuII/Al* 

  Cu-CHA-15-40 0.98 0.93 0.00 0.03 

Cu-CHA-15-29 0.98 0.81 0.00 0.08 

Cu-CHA-15-27 0.98 0.80 0.35 0.09 

Cu-CHA-15-25 0.98 0.73 0.03 0.09 

Cu-CHA-15-23 0.98 0.70 0.08 0.09 

Cu-CHA-15-22 0.98 0.68 0.10 0.09 

Cu-CHA-15-20 1.00 0.64 0.16 0.09 

Cu-CHA-15-17 0.98 0.58 0.28 0.09 

Cu-CHA-15-16 0.98 0.51 0.35 0.09 

*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and CuIIOH siting. 
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C2. CuI oxidation with O2 

 
Observed second-order transient could be reconciled based on our previous proposition of the 

following dual-site oxidation of two Cu(I)(NH3)2 with O2: 

2Cu÷(NH&)'	+	O' → (NH&)'Cu÷÷(O')Cu÷÷(NH&)' 

Transient decay of CuI would be described by the following rate law, assuming this step was 

elementary and identical behaviour of all sites:  

d[Cu÷(t)]
dt = −2k1[O'][Cu÷(t)]' 

As the concentration of O2 is in stoichiometric excess, O2 concentration term can be lumped into 

ko to give ko’ as pseudo-second-order-rate constant, as follows: 

d[Cu÷(t)]
dt = −2k1Ÿ [Cu÷(t)]' 

In order to correct for unoxidizable CuI fraction (referred to as [Cu÷(∞)]) in the transient O2 

oxidation experiments (Figure 12), we define the corrected CuI as follows: 

[Cu÷(t)]¤1xx = [Cu÷(t)] − [Cu÷(∞)] 
d[Cu÷(t)]¤1xx

dt = −2k1Ÿ [Cu÷(t)]¤1xx'  

As [Cu÷(t)]¤1xx is the concentration of oxidizable CuI (by O2) as a function of time, we could 

integrate from 0 to t and rearranging to get the following: 

Cu÷	Fraction = [Cu÷(t)]
[Cu÷(0)] =

1 − [Cu÷(∞)]/[Cu÷(0)]
1 + 2k1Ÿ ([Cu÷(0)] − [Cu÷(∞)])t

+ [Cu
÷(∞)]

[Cu÷(0)]  

where CuI Fraction is defined as the ratio of CuI concentration at any time t to the initial CuI 

concentration ([Cu÷(0)]), and k and [Cu÷(∞)]are the parameters.  

For each data series, we set [Cu÷(∞)] to the last CuI Fraction data point, and used nonlinear least-

squares regression to obtain the best-fit parameter of k.  
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APPENDIX D. SUPPLEMENTARY MATERIALS TO CHAPTER 5 

D1. Bulk structural characterization data on H-CHA samples with varying Si/Al 

 

Figure D1. X-Ray diffraction patterns of H-CHA (H-SSZ-13) zeolites with Si/Al = 4.5 (black) 
and Si/Al = 15 (red), measured using a Cu K-alpha source (l= 0.154 nm). Diffraction patterns are 
vertically offset for clarity. Cu-CHA forms of these materials show equivalent XRD patterns. 

 

Figure D2. Ar adsorption isotherms on H-CHA (H-SSZ-13) with Si/Al = 4.5 (black) and Si/Al = 
15 (red). Isotherms are vertically offset for clarity (Si/Al=15: by 200 cm3 g-1). Cu-CHA forms of 
these materials show similar adsorption isotherms, with slight decreases in micropore volumes 
caused by the presence of Cu. 
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D2. Cu site characterization on model Cu-CHA samples with varying Cu density 
 

Table D1. Bulk characterization data including micropore volume (Ar, 87 K), and residual H+/Al 
on H- and Cu-SSZ-13 samples to determine fraction of isolated CuII and [CuII(OH)]+ sites on the 
oxidized CuII forms of Cu-CHA samples 

  
Sample 

Vads (cm3g-1) 
(H-form) 

H+/Al 
 (H-form) 

H+/Al 
(Cu-form) CuIIOH/Al* CuII/Al* 

Cu-CHA-5-15 0.18 0.87 0.42 0 0.21 

Cu-CHA-5-20 n.m. 0.46 0.31 0.00 0.08 

Cu-CHA-15-17 0.19 0.98 0.51 0.35 0.09 

Cu-CHA-15-20 n.m. 1.00 0.58 0.16 0.09 

Cu-CHA-15-29 0.19 0.98 0.81 0 0.08 

Cu-CHA-25-20 n.m. 1.00 0.61 0.35 0.05 

*Determined from titration of residual H+ sites by NH3 and thermodynamic preferences for CuII and CuIIOH siting. 
 

 

Figure D3. XANES spectra for Cu-CHA-5-15 (black), Cu-CHA-15-17 (red) and Cu-CHA-15-29 
(green) at ambient conditions, and for bulk CuIIO (pink). 
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Figure D4.UV-Vis spectra for Cu-CHA-5-15 (black), Cu-CHA-15-17 (red), and Cu-CHA-15-29 
(green) recorded at ambient conditions. 
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D3. Nature of CuII reduction with NO+NH3 

 

Figure D5. XANES spectra collected during transient reduction of the oxidized forms of Cu-
CHA-5-15 sample with 300 ppm NO+NH3, as a function of time (labelled in figure). 

 

Figure D6. XANES spectra collected during transient reduction of the oxidized forms of Cu-
CHA-15-17 sample with 300 ppm NO+NH3, as a function of time (labelled in figure). 
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Figure D7. XANES spectra collected during transient reduction of the oxidized forms of Cu-
CHA-15-29 sample with 300 ppm NO+NH3, as a function of time (labelled in figure). 
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D4. Nature of CuI(NH3)2 oxidation with NO2 

 

Figure D8. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 150 ppm 
NO2 on Cu-CHA-5-15 sample, as a function of time (labeled in figure). 

 

 
Figure S10. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 150 ppm 
NO2 on Cu-CHA-15-17 sample, as a function of time (labeled in figure). 
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Figure D9. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 150 ppm 
NO2 on Cu-CHA-15-29 sample, as a function of time (labeled in figure). 
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D5. Nature of CuI(NH3)2 oxidation with O2 

 

 

Figure D10. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 10% O2 

on Cu-CHA-5-15 sample, as a function of time (labelled in figure). 

 

Figure D11. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 10% O2 

on Cu-CHA-15-17 sample, as a function of time (labelled in figure). 
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Figure D12. XANES spectra collected during transient oxidation of the CuI(NH3)2 with 10% O2 

on Cu-CHA-15-29 sample, as a function of time (labelled in figure). 

 
Figure D13. The k2 weighted Fourier transform (moduli) EXAFS spectra collected before (black) 
and after (red) oxidation with 10% O2 at 473 K, starting from the reduced CuI(NH3)2 state of Cu-
CHA-5-15 sample. 
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Figure D14. The k2 weighted Fourier transform (moduli) EXAFS spectra collected before (black) 
and after (red) oxidation with 10% O2 at 473 K, starting from the reduced CuI(NH3)2 state of Cu-
CHA-15-17 sample 

 
Figure D15. The k2 weighted Fourier transform (moduli) EXAFS spectra collected before (black) 
and after (red) oxidation with 10% O2 at 473 K, starting from the reduced CuI(NH3)2 state of Cu-
CHA-15-29 sample. 
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Figure D16. Temporal evolution of the XANES-measured CuI fraction is plotted for the Cu-
CHA-5-20 (green) Cu-CHA-15-20 (red) and Cu-CHA-25-20 (black) samples during transient 
oxidation in 10% O2 at 473 K. The CuI fractions reported contain an absolute 5% error from 
fitting. 

D6. Nature of CuII-dimer reduction with NO+NH3 
 

 
Figure D17. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO+NH3 on Cu-CHA-5-15 sample, 
as a function of time (labeled in figure). (CN= Cu-O/N coordination Number) 
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Figure D18. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO+NH3 on Cu-CHA-15-17 
sample, as a function of time (labeled in figure). (CN= Cu-O/N coordination Number) 

 

 
Figure D19. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO+NH3 on Cu-CHA-15-29 
sample, as a function of time (labeled in figure). (CN= Cu-O/N coordination Number) 
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D7. Nature of CuII-dimer reduction with NO 
 

 
Figure D20. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO on Cu-CHA-5-15 sample, as a 
function of time (labeled in figure). (CN= Cu-O/N coordination Number) 

 

 

Figure D21. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO on Cu-CHA-15-17 sample, as 
a function of time (labeled in figure). (CN= Cu-O/N coordination Number) 
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Figure D22. The k2 weighted Fourier transform EXAFS spectra (moduli) collected during 
transient reduction of NH3-solvated CuII-dimer with 300 ppm NO on Cu-CHA-15-29 sample, as 
a function of time (labeled in figure). (CN= Cu-O/N coordination Number) 

 

D8. CuII reduction with NO+NH3 

 

Observed transient CuII-reduction with NO+NH3 was fit to a pseudo-first order rate law, wherein 

the first-order transient behavior could be reconciled by postulating bimolecular reaction of 

single NH3-solvated CuII with NO as follows: 

(NH&)&Cu÷÷OH + NO → Cu÷(NH&)' + N' + 2H'O 

Transient decay of CuII would be described by the following rate law, assuming this step was 

elementary and identical behavior of all sites:  

d[Cu÷÷(t)]
dt = −kx[NO][Cu÷÷(t)] 

As the concentration of NO is in stoichiometric excess, NO concentration term can be lumped 

into kr to give kr’ as pseudo-first-order-rate constant, as follows: 

d[Cu÷÷(t)]
dt = −kxŸ [Cu÷÷(t)] 

 

After integration from 0 to t and rearranging, we get the following expression: 
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Cu÷÷	Fraction = [Cu÷÷(t)]
[Cu÷÷(0)] = e@‚„‰; 

where CuII Fraction is defined as the ratio of CuII concentration at any time t to the initial CuII 

concentration ( [Cu÷(0)] ), and k is the only unknown parameter. Nonlinear least-squares 

regression was used to obtain the best-fit k value from the data. 

 

D9. CuI oxidation with O2 

 
Observed second-order transient could be reconciled based on our previous proposition of the 

following dual-site oxidation of two Cu(I)(NH3)2 with O2: 

2Cu÷(NH&)'	+	O' → (NH&)'Cu÷÷(O')Cu÷÷(NH&)' 

Transient decay of CuI would be described by the following rate law, assuming this step was 

elementary and identical behavior of all sites:  

d[Cu÷(t)]
dt = −2k1[O'][Cu÷(t)]' 

As the concentration of O2 is in stoichiometric excess, O2 concentration term can be lumped into 

ko to give ko’ as pseudo-second-order-rate constant, as follows: 

d[Cu÷(t)]
dt = −2k1Ÿ [Cu÷(t)]' 

In order to correct for unoxidizable CuI fraction (referred to as [Cu÷(∞)]) in the transient O2 

oxidation experiments (Figure X), we define the corrected CuI as follows: 

[Cu÷(t)]¤1xx = [Cu÷(t)] − [Cu÷(∞)] 
d[Cu÷(t)]¤1xx

dt = −2k1Ÿ [Cu÷(t)]¤1xx'  

As [Cu÷(t)]¤1xx is the concentration of oxidizable CuI (by O2) as a function of time, we could 

integrate from 0 to t and rearranging to get the following: 

Cu÷	Fraction = [Cu÷(t)]
[Cu÷(0)] =

1 − [Cu÷(∞)]/[Cu÷(0)]
1 + 2k1Ÿ ([Cu÷(0)] − [Cu÷(∞)])t

+ [Cu
÷(∞)]

[Cu÷(0)]  

where CuI Fraction is defined as the ratio of CuI concentration at any time t to the initial CuI 

concentration ([Cu÷(0)]), and k and [Cu÷(∞)]are the parameters.  

For each data series, we set [Cu÷(∞)] to the last CuI Fraction data point, and used nonlinear least-

squares regression to obtain the best-fit parameter of k. 
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APPENDIX E. SUPPLEMENTARY MATERIALS TO CHAPTER 8 

E1.  Powder X-ray diffraction patterns on H- and Cu-zeolites 
 

 

Figure E1. XRD patterns of H-form (dark) and Cu-form (light) AEI, CHA, and RTH zeolites. 
Diffraction patterns are normalized so that the maximum peak intensity in each pattern is unity.  
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E2. Argon adsorption isotherms on H- and Cu-zeolites 
 

 

 

Figure E2. Ar adsorption isotherms (87 K) on H-form (filled) and Cu-form (open) RTH, CHA 
and AEI zeolites. Adsorption isotherms are vertically offset (CHA: 160 cm3 g-1, RTH: 320 cm3 g 

1) for clarity. 
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E3. 27Al MAS NMR spectra on H- and Cu-zeolites 
 

27Al MAS NMR spectra were measured on the H- and Cu-forms of the three zeolites in 

this study, AEI (Figure E.3), CHA (Figure E4) and RTH (Figure E5), in order to estimate the 

distribution of framework (Alf) and extra-framework (Alex) Al species. NMR lines centered at 60 

ppm were present for tetrahedral Al for RTH, and a small shoulder for penta-coordinated Al1,2 

was present for CHA and AEI.  The tetrahedral along with distorted tetrahedral and penta-

coordinated Al NMR lines were integrated together to estimate the total number of Alf species, 

although we recognize difficulties in quantifying Alf content from NMR spectra, because some 

species can reversibly change between tetrahedral and octahedral coordination depending on the 

conditions of the measurement3–5, and some extraframework alumina may also contain 

tetrahedrally-coordinated Al.1,6 The Al NMR lines centered at 0 ppm for octahedral Al were 

taken to reflect Alex species. Spectra of H- and Cu- form zeolites show Al incorporated 

predominantly into tetrahedral framework positions, with Alf/Altot values given in Table 7.2 of 

the main text.  
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Figure E3. 27Al MAS NMR spectra of H-AEI and Cu-AEI. 
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Figure E4. 27Al MAS NMR spectra of H-CHA and Cu-CHA. 
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Figure E5. 27Al MAS NMR spectra of Cu-RTH. 
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E4. IR Spectra of H-RTH Before and After NH3 Exposure 
 

 In situ IR experiments were performed to monitor interactions of H+ sites with NH3 in H-

RTH (Si/Al = 15) with NH3. H-RTH was pressed into a self-supporting wafer (~0.40 g) and 

placed within an operando FTIR cell, using a procedure that has been described elsewhere.7  The 

sample was heated to 723 K and held for 2 h under 50 mL min-1 of 10% O2 (99.5%, Indiana 

Oxygen) and balance N2 (99.999% UHP, Indiana Oxygen), and then cooled to 433 K under flow 

(10% O2 and balance N2) to give the dark black spectrum in Figure E6. This IR spectrum shows 

OH bands for Brønsted acid sites in the 3600 cm-1 region. The H-RTH wafer was then saturated 

in flowing NH3 (350 ppm, 3 h, 433 K), to give the light black spectrum in Figure E6. Brønsted 

OH bands disappeared completely, and new IR bands for NH4
+ bending vibrations at 1425 cm-1 

appeared concomitantly (not shown). These data indicate that all H+ sites in H-RTH were titrated 

by NH3, and that the H+/Alf value of 0.61 measured in NH3 TPD experiments do not reflect a 

fraction of H+ sites that were inaccessible to NH3. 
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Figure E6. IR spectra of H-RTH at 433 K before (dark) and after (light) NH3 saturation. 
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E5. NH3 TPD on Cu-zeolites 
 
 

 

Figure E7. NH3 desorption rates as a function of temperature on fresh Cu-form after SCR (solid), 
aged Cu-form before SCR (dashed) and aged Cu-form after SCR (dotted) on CHA, RTH, and 
AEI zeolites.  
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APPENDIX F. SUPPLEMENTARY MATERIALS TO CHAPTER 9 

For the sake of brevity, supplementary material is not inserted here. Refer to supplementary 

information of my original coauthored article published in Applied Catalysis A: General, 574, 

122-131, 2019, titled “Spectroscopic and kinetic responses of Cu-SSZ-13 to SO2 exposure and 

implications for NOx selective catalytic reduction”. 
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APPENDIX G. SUPPLEMENTARY MATERIALS TO CHAPTER 10 

For the sake of brevity, supplementary material is not inserted here. Refer to supplementary 

information of my original coauthored article published in Chemical Science, 10, 2373-2384, 

2019, titled “Consequences of exchange-site heterogeneity and dynamics on the UV-visible 

spectrum of Cu-exchanged SSZ-13” 
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APPENDIX H. SUPPLEMENTARY MATERIALS TO CHAPTER 11 
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