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Abstract 

The molecular-level understanding of surface sites and reaction mechanisms is key 

for the development of the field of heterogeneous catalysis. Infrared spectroscopy, 

studying molecular vibrations, is widely used to investigate the structures of surface-

bound species in heterogeneous catalysts. Heterogeneous catalytic reactions proceed 

via adsorption of the reagent(s), surface reaction, and desorption of the product(s), 

leading to complex in-situ or operando IR spectra. However, the information of active 

species is usually concealed by spectator species which do not participate in the catalytic 

cycle. Modulation excitation spectroscopy serves as a tool to increase the signal-to-noise 

level and to differentiate between the active species and spectator species during a 

catalytic reaction. In Chapter 2, we report on the use of diffuse reflectance FT-IR 

spectroscopy (DRIFTS) with a modulation excitation (ME) approach followed by mass 

spectrometry (MS) to investigate the reaction of ethanol to n-butanol over hydroxyapatite 

(HAP). The approach allows for a vibrational characterization of the active surface 

species and the formulation of a consistent mechanism. Based on our experimental 

observations, Ca2+/OH- can be put forward as the main active site for the aldol 

condensation. POH/OH- acid-base pair is proposed as the active site for the Meerwein-

Ponndorf-Verley (MPV) direct hydrogen transfer for the n-butanol formation. 

In Chapter 3, we describe the use of NO as a probe molecule in low-temperature IR 

spectroscopy to identify and quantify copper species in the state-of-the-art commercial 

NOx abatement catalyst, Cu ion-exchanged chabazite zeolite. While bulk analysis can 

reveal the total concentration of copper in the catalyst, the amount of ion-exchanged 

copper is more difficult to determine due to the appearance of non-exchanged Cu 

species, CuOx. Molecules such as carbon monoxide (CO) and nitric oxide (NO) are 

routinely used as a probe to investigate the copper speciation in order to draw structure-
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activity correlations. However, NO is easy to decompose and reacts with copper species 

at ambient temperature, causing complexity in IR spectra. Here, we develop NO 

adsorption IR spectroscopy at cryogenic conditions to avoid the undesired reactions. The 

observed IR peaks for Cu+(NO)2 and Cu2+(NO) species can be used to quantify the 

amount of exchanged copper species in a broad range of samples, including a 

commercial wash-coated honeycomb. Calibration curves for Cu+(NO)2 and Cu2+(NO) are 

determined for copper loadings up to 3.99 wt% with silica to alumina ratio of 16-22 and 

quantitative agreement with complementary hydrogen temperature-programmed 

reduction (H2-TPR) results is established. Our methodology allows us to identify different 

Cu species in Cu-CHA, such as Z2Cu(II), Z1Cu(II)OH and Cu dimers, based on their 

distinct IR signatures. In addition, the perturbed T-O-T framework vibration – 

characterized at 400 oC – can also be used as a complementary method to quantify 

Z2Cu(II) species. This work demonstrates that cryogenic NO-IR is a facile technique to 

identify and quantify the exchanged copper species in Cu-CHA to accelerate catalyst 

development. 

In chapter 4, we extend the NO-IR method to characterize the ion-exchanged 

species in Cu-ZSM-5 and Fe-CHA. The adsorbed NO shows distinct IR characteristics 

for exchanged copper species at 1914 cm-1 and the calibration curve for Cu2+ species for 

estimating high Cu-loading Cu-ZSM-5 is determined. In the case of Fe-CHA, the NO-IR 

is not efficient due to the formation of NO monomer and trimer on copper species, 

causing complexity in the IR spectra. Carbon monoxide (CO) is then applied as an 

alternative probe molecule. The results of CO-IR for Fe-CHA showed more defined IR 

features for Fe2+(CO) than in NO-IR. With this toolbox in hand, the calibration curve for 

the concentration of Fe2+ in Fe-CHA by CO-IR is then established. 

Perspectives for future research are outlined in Chapter 5, the preliminary results for 
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a Cu-Ga binary catalyst for methanol production from CO2 hydrogenation was tested by 

using the DRIFTS cell with ambient pressure. However, due to thermodynamic limitation, 

the reaction favors reverse water gas shift under ambient pressure. The newly designed 

operando DRIFTS cell allows to minimize the exchange time of concentration modulation 

and have the capability of holding at high pressure (> 25 bar) and high temperature (> 

250 oC) which is suitable for investigating the heterogeneous catalysts for CO2 

hydrogenation. With the well-establish tool, we will be able to investigate surface-bound 

species and reaction mechanisms under working conditions by IR spectroscopy. 

Not only can gas phase catalytic reactions be studied by DRIFTS, but 

heterogeneous catalytic reactions in liquid phase can also be investigated by attenuation 

total reflection IR spectroscopy (ATR-IR). Competitive adsorption with reactants and 

solvents is especially important in the case of (micro-) porous catalysts where the 

composition inside the pores can be very different from the bulk due to size exclusion 

and confinement effects. ATR-IR with the ME approach can shed light on mechanistic 

insights for liquid phase reactions. 

Lastly, with the success of low temperature NO and CO-IR method development, 

characterizing different metal ion-exchanged zeolites for various applications such as 

methane to methanol, syngas to dimethyl ether, and NOx abatement is crucial for 

structure-reactivity correlation. Ultimately, low temperature NO and CO-IR can be 

established as facile techniques to identify and quantify metal ion species located in 

different types of zeolites. 
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Chapter 1: Introduction 

1.1 Heterogeneous Catalysis 

Heterogeneous catalysis is the core technology for many industrial processes, due 

to the enhancement of reaction rate with low cost, high conversion, and high product 

selectivity. Over 85% of chemical production is produced by using heterogeneous 

catalysts.1-2 The catalyst market is evaluated to be USD 33.9 billion with an anticipated 

annual growth rate of 4.4% from 2020 to 2027.3 With the increased attention to 

renewable energy, environment protection, and waste upcycling, the demand for 

heterogeneous catalysts with low cost and high efficiency is rising. For example, carbon 

dioxide (CO2), one of the key greenhouse gases, can be hydrogenated to valuable 

chemical products, such as methanol to mitigate the CO2 concentration in the 

atmosphere.4-8 In order to enhance and improve the activity and selectivity of the 

heterogeneous catalyst, understanding the structures and active sites of heterogeneous 

catalysts with the attempt to elucidate the reactivity is the key for catalysis research. 

The signature feature of heterogeneous catalysis is that the phase of reactants and 

products differ from the phase of a catalyst. The main advantage of heterogeneous 

catalysts is efficiently in product separations with catalysts. In addition, heterogeneous 

catalysts can be easily recycled and regenerated after several rounds of reaction cycles 

compared to homogeneous catalysts in which reactants, products, and catalysts are all 

in the same phase. The heterogeneous catalytic reactions are mostly solid-gas and solid-

liquid phase interactions. In other words, gas or liquid reactants contact the active sites 

on the solid catalyst to lower the activation barrier of the reaction. A heterogeneous 

catalytic reaction involves adsorption, surface reaction, and desorption.9 During a 

catalytic reaction, the interaction of reactant(s) and active sites, formation of 
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intermediate(s), and product(s) desorption from active sites are key steps to 

heterogeneous catalysts.10 

The active sites can be metals, acids, or bases.11-15 For example, catalysts with 

platinum-group metals are used for hydrogenation reactions due to the ability to activate 

molecular hydrogen into the atomic hydrogen.16-17 Acid catalysts such as zeolites are 

applied for catalytic cracking18-19 and methanol to hydrocarbons20-21 because of the 

appearance of Brønsted acid sites and high surface area to promote the dehydration 

reactivity. Base catalysts such as metal oxides,22-23 such as magnesium oxide (MgO),24-26 

are often used as the catalyst support to enhance the capability of dehydrogenation due 

to the enhanced ability to abstract proton to the oxide. Structure-activity relationships 

drive the understanding of the underlying reaction mechanisms, allowing the design of 

more active and selective heterogeneous catalysts. However, establishing the 

mechanisms of chemical reactions in heterogeneous catalysis is challenging due to the 

complexity of the catalysts. For instance, different solid supports for metals can alter the 

catalytic efficiency because of the appearance of other surface species or changing the 

oxidation state of the metal.27-30 In addition, porous materials such as zeolite as a support 

can also enhance the catalyst reactivity due to the enhanced surface area.31-32 Some 

studies even pointed out that the synergistic effect of acid-base pairs is important for 

catalysts with different sites or supports, which can further increase the catalytic 

efficiency.33-37 To address these complexities, a technique capable of probing surface 

sites on catalysts and the interactions between active sites and reactants is the key. 

Several different techniques have been developed, and this thesis focuses on the 

implementation of such as approach for vibrational spectroscopy. 
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1.2 Fourier Transform Infrared Spectroscopy (FT-IR) in Heterogeneous Catalysis 

Fourier Transform Infrared Spectroscopy (FT-IR), a vibrational spectroscopy, is 

widely used to investigate the structures of surface-bound species in heterogeneous 

catalysts.38-40 Because different chemical species have distinct IR absorption features, IR 

spectroscopy can reveal fingerprints of a catalytic reaction. This powerful tool can also 

be applied to in-situ or operando spectroscopy to explore the key intermediates under 

reaction conditions.40-42 This technique can be extended by using probe molecules to 

reveal the surface sites by investigating the interactions between adsorbates.43-45 The 

changes in the vibrational frequency of probe molecules depend on how probe 

molecules geometrically and electronically interact with the surface sites in 

heterogeneous catalysts. Therefore, the spectral information is sensitive to the structures 

of surface sites, which may provide a valuable connection to the catalysts’ performance. 

      In order to characterize the details of surface sites on solid catalysts, some essential 

factors need to be considered for the probe molecules: 1) the size of the molecule in 

order to enter porous catalysts and monitor all accessible surface sites, 2) detectable by 

infrared and show distinct IR features for different surface sites, 3) high molar extinction 

coefficients to ensure sensitivity, 4) the capability for quantitative determinations and, 5) 

background signal with the catalyst support should be insignificant to avoid the 

interference.45 Some examples of probe molecules are provided below. 

Probe molecule I: Pyridine 

Pyridine has been a well-established probe molecule for decades to study acidic 

heterogeneous catalysts. The Lewis acid and Brønsted acid sites in catalysts can be 

identified and quantified by the adsorbed pyridine. While the adsorbed pyridine behaves 

as a pyridinium ion on Brønsted acid site at 1540 cm-1, the nitrogen atom on pyridine acts 
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as an electron donating group to coordinate with the electron deficient Lewis acid site, 

which shows a different IR feature at 1455 cm-1 (Figure 1.1).46-47 The extinction 

coefficients for both Brønsted acid sites and Lewis acid sites could be determined by 

carefully performing controll experiments.48-52 In short, zeolite samples were pelletized 

into self-supported IR wafers and pretreated at 450 oC under vacuum to remove 

adsorbed water on the sample surface. Pyridine was then added stepwise with the 

amount of 2 mol at 150 oC to prevent any pyridine physisorption, whereas IR spectra 

were collected after each 2 mol pyridine dosage. As a result, the intensity of the IR peak 

for pyridine chemisorption increased until the surface acid sites were staurated.48 The 

amount of the adsorbed pyridine can then be recorded. The extinction coefficients for IR 

feature at both Brønsted acid sites and Lewis acid sites at 1540, and 1455 cm-1, 

respectively, can be obtained by applying Beer’s law.53 A = bc, where A is the 

absorbance from transmitted IR, b is path length, c is the concentration, and  is the 

molar extinction coefficient. Therefore, the estimated Lewis acid and Brønsted acid site 

density can then be correlated with its catalytic reactivity to benefit catalyst development. 

 

 

Figure 1.1. Schematic of adsorbed pyridine on Brønsted acid site and Lewis acid site. 
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In previous literature, the amount of the adsorbed pyridine was obtained from the 

partial pressure change by sequential pyridine dosage into the IR cell.48 In this case, the 

pyridine can also adsorb on the wall of the IR cell or tubing, which is taken into account 

for the pressure change for the concentration calculation, leading to imprecise results. In 

responding to this issue, introducing high-precision thermogravimetry as a 

complementary method has been reported.54 By combing pyridine adsorption IR with 

thermogravimetry, the systematic error in extinction coefficients can be resolved, 

establishing more precise extinction coefficients, especially for individual acid catalysts 

such as ZSM-5, BEA, and FAU zeolites.54 In this technique, there is an incorporative 

microbalance in the in-situ IR cell which gives high accuracy to correlate with the weight 

change and pyridine adsorbed IR peaks. With this tool in hand, it has been observed that 

the molar extinction coefficients for Brønsted acid sites are dependent on the types of 

zeolite structures, such as ZSM-5, BEA, MOR, and FAU. Especially, FAU showed more 

than 40% difference in extinction coefficient than the value of ZSM-5. In contrast, the 

molar extinction coefficients for Lewis acid sites are independent to the structure. 

Therefore, gravimetric analysis and IR (AGIR) can be a precise benchmark for further 

pyridine adsorption IR investigations in comparing for different types of catalysts. 

Pyridine can also assess and compare the surface acidity among various transition 

metal impregnated catalysts.55-60 The strength of the acid site can be revealed by 

stepwise increased temperature in the IR cell. In other words, based on the pyridine 

desorption temperature on the surface, we can benchmark the strength of the acid site. 

However, the disadvantage of using pyridine as a probe is that it has a kinetic diameter 

size of 0.533 nm which means pyridine will encounter difficulties when investigating 

catalysts with microporous structures, because it may not be able to access the acid 

sites in the pore.61-62 
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Probe molecule II: Carbon Monoxide (CO) 

The formation of carbonyl species on the surface from carbon monoxide (CO) 

adsorption has been studied for decades.63-67 CO can interact with metal sites on 

catalysts’ surfaces with different IR features, indicating the nature of the metal sites. The 

metal sites can be formed by using transition-metal or alkaline cations. Below are the 

three main factors that can alter the vibrational frequency of the carbon-oxygen (C-O) 

bond (Figure 1.2).45 1) The local electric field determined by the types of metal cations 

can affect the polarization of CO molecules. The C-O stretching frequency of affected 

CO molecules shifts to higher wavenumbers (blueshift) compared to the gas-phase CO 

at 2143 cm-1. The blueshift of the C-O stretching frequency is attributed to the increased 

force constant and the shortened bond length of the C-O bond. 2) The lone electron pair 

in CO donates to the acceptors, such as a metal cation with empty orbitals (i.e., Lewis 

acid site). In this case, a formation of -coordination from CO to metal cation leads the C-

O bond order to increase due to the loss of electrons from * orbital.68 The outcome of -

coordination drives the C-O stretching frequency higher than gas-phase CO, which is 

also a blueshift. In addition, the higher blueshift observed, the stronger the  interaction, 

which can provide insights into the Lewis acid strength of the metal sites.67, 69 3) With the 

partially filled d-orbitals in some transition-metal cations or metal nanoparticles, the -

donation from metal sites to CO can occur. This leads to the increased electronic density 

in the CO anti-bonding orbitals, resulting in decreased C-O bond energy and elongated 

bond length of C-O bond, which cause the redshift of C-O stretching frequency as 

compared to gas-phase CO. The -donation from metal sites is pronounced in platinum-

group metals, and has been well-characterized by single crystals, such as Pt, Pd and 

Rh.70-71 Three possible C-O stretching modes has been observed and reported 

elsewhere: a) linear carbonyls (on-top sites) at 2130-2000 cm-1, b) 2-fold bridged 



7 

 

 

carbonyls at 2000-1850 cm-1, and c) 3-fold bridged carbonyls (on hollow sites) can be 

found at 1920-1800 cm-1.72-73 

 

 

Figure 1.2. Three different interactions between CO and metal center: (a) electrostatic interaction, 

causing (CO) to blue-shift, (b) * electron donation from CO to empty orbital of metal center, 

leading (CO) to blue-shift, and (c) * electron donation from metal center to CO, leading (CO) to 

red-shift. Adapted from ref 45. 

 

Probe Molecule III: Nitric Oxide (NO) 

Nitric oxide (NO) is a similar probe to CO, but with one extra electron in the * 

orbital.63, 74-76 The adsorption of NO to alkaline cations causes the blueshift of N-O 

stretching frequency due to the electrostatic interaction which is the same case of CO 

adsorption. Although NO can adsorb on metal sites with the formation of nitrosyl species 

similar to the carbonyl in CO adsorption, the interaction energy of NO on the surface is 

weaker than CO due to NO as a radical character and tendency to dimerize to form a 

more stable N2O2 species.77 As a result, the adsorbed NO species on metal sites are 
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mostly dimeric or even trimeric which makes the IR spectra more complex. In addition, 

NO is more reactive than CO at room temperature on metal sites, leading to 

decomposition or reaction which increases the complexity to interpret the spectral 

features. In order to eliminate the NO decomposition or reaction, operating NO 

adsorption at a low temperature (~100 K) environment can avoid the undesired 

reaction.78 

      The most significant difference of the extra electron in * orbital in NO is that NO can 

establish a stronger bonding character on metal sites with respect to CO. The * back 

donation from NO to metal center enhance the bond order in NO, resulting in a 

pronounced blueshift of NO stretching frequency. This effect gives distinct IR feature 

when metal sites with several oxidation states.45 For example, when NO adsorbs on Cu 

ion-exchanged zeolite such as Cu-CHA, the IR feature of NO adsorption on Cu2+ ion at 

1887-1950 cm-1 differs from NO adsorption on Cu+ ion at 1807 cm-1, showing the 

capability to clearly distinguish different oxidation states of copper on the same surface.79 

Operando (in-situ) IR spectroscopy 

Besides of the applied probe molecules to characterize the catalysts’ surface by IR 

spectroscopy, operando IR spectroscopy can provide a direct investigation to probe 

catalytic systems during reaction conditions.42, 80-83 The strength of the IR spectroscopy 

for catalyst characterization is that it can provide the details about an active catalyst and 

mechanistic insight in a reaction process. Therefore, expanding the IR spectroscopy to 

monitor the reaction process under a given condition may elucidate key intermediates 

that determine the catalytic activity and selectivity. The operando spectroscopy is critical 

because of the dynamic nature of the catalysts under reaction conditions. This type of 

spectral information contrasts with the standard spectroscopy protocol without operating 
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under working conditions, which can be less relevant for probing reaction mechanisms 

directly associated with the catalytic performance. Thus, collecting IR spectroscopy 

under catalyst’s working conditions is an important way to compare with the 

characterization of fresh and spent catalysts. 

Modulation excitation spectroscopy (MES) 

Although operando IR spectroscopy can reproduce surface interaction under 

reaction conditions, the interpretation of the experimental spectra quickly becomes 

challenging due to the occurrence of various physical and chemical phenomena at the 

same time. In heterogeneous catalytic systems, the adsorption/desorption of different 

species and the formation of the products take place simultaneously, resulting complex 

IR spectra for relatively simple systems in operando spectroscopy. One of the main 

challenges is to differentiate between actual intermediates, so-called active species, and 

species that adsorb but do not play an essential role in the reaction mechanism, so-

called spectator species. Unfortunately, signals from spectator species usually 

overshadow the experimental spectra making it challenging to draw reliable mechanistic 

conclusions. 

Modulation excitation spectroscopy (MES) combine with IR spectroscopy has shown 

potential to detangle signals from the active species and spectator species.84-89 MES 

works similarly to a lock-in amplifier and makes use of the orthogonality of sinusoidal 

functions.90 The basic concept is to stimulate a system with an external parameter such 

as temperature, reagent concentration, pressure, pH, or radiation in a periodic manner.91 

In most of the heterogeneous catalytic system, concentration modulation is widely used 

and easy to apply. The system will then be perturbed by a concentration change with the 

frequency ω and the response of the signal will oscillate with the same frequency ω, but 
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with a specific time delay t (Figure 1.3). After several modulations to reach a quasi-

steady state, the random noise and spectator species which are not involved in the 

catalytic reaction mechanism will not be affected by the perturbation. In other words, the 

signals coming from active species can be isolated from the bulk. In addition, phase-

sensitive detection (PSD), the mathematical treatment that converts spectra from the 

time domain into the phase domain indicating a phase delay  for active species.92 The 

equation for phase-sensitive detection is described as follow: 

𝐴𝑘(φ𝑘
𝑃𝑆𝐷) =

2

𝑇
∫ 𝐴(𝑡) sin(𝑘𝜔𝑡 + φ𝑘

𝑃𝑆𝐷)𝑑𝑡
𝑇

0
                    (1.1) 

During the catalytic reaction, each different active species (i.e., intermediates) could 

reveal distinct phase delays in its IR signal which are the hints for micro-kinetic analysis. 

For example, in the ideal case of a two-step reaction A → B → C, the IR signals of the 

different species will show distinct phase delay as A < B < C. The consecutive 

appearance of the reactive species and the correlation of the phase delay allows for 

investigating the reaction pathway. The PSD spectra can also be able to differentiate the 

heavily overlapped IR peaks, assuming the species exhibit different kinetics during 

modulation. In addition, with averaging the spectra over several periods, the results lead 

to enhanced signal-to-noise in which we can observe some weak signals that we usually 

won’t find in operando spectroscopy. Although the MES and PSD are based on 

mathematical sine-wave stimulation, square-wave modulations are commonly used in 

concentration modulations due to the ease of the setup. 
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Figure 1.3. Working principle of MES. PSD yields micro-kinetic information while filtering out 

unwanted signals originating from spectator species or noise. Adapted from ref 84. 

Attenuated total reflection FT-IR spectroscopy (ATR-IR) 

Attenuated total reflection FT-IR (ATR-IR) spectroscopy is an appropriate sampling 

technique to detect the solid-liquid interactions in liquid phase heterogeneous catalytic 

reactions.93-96 The solid catalysts can be deposited on IR internal reflection elements 

(IRE) such as ZeSe, Si, or ZnS and the liquid containing reactants can be flowed through 

the IRE to make contact with the surface site on the deposited catalysts. The IR beam 

will pass through the bottom of the IRE and generate a single or multiple total reflections 

from the surface of IRE (Figure 1.4). The IR absorbance signals will then be collected by 

an MCT detector. The important factors for investigating solid-liquid interactions in ATR-

IR are the penetration depth of IR beam and thickness of the solid catalyst’s layer. In fact, 

the evanescent wave for the penetration depth which can be calculated by the 

equation:97-98 

𝑑𝑝 =


2𝜋√(𝑛1
2𝑠𝑖𝑛2()−𝑛2

2)

                  (1.2) 

Where λ is the wavelength, n1 and n2 are the refractive indices of the IRE and 

sample, respectively, and θ is the angle of incidence of IR beam. For our case, n1 = 2.4 
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for ZnSe, n2 = 1.2 for the catalyst/solvent mixture,96 and the angle of incidence θ is 45°. 

The choice of λ depends on the wavenumber of interest in the IR spectrum. Therefore, 

the solid thickness needs to be carefully considered. If the thickness of the catalyst layer 

is bigger than the penetration depth, the ATR-IR spectrum would not include the 

information from bulk solution which can ensure the observed vibrational absorbance is 

either the adsorbed species on the surface sites or the diffusion of the solvent molecule 

into catalyst’s structure. In contrast, if the catalyst layer is smaller than the penetration 

depth, the ATR-IR spectrum would contain vibrational information from both surface 

interactions and bulk solution which usually cause complexity in the spectra. 

 

 

Figure 1.4. Catalyst coated on an Internal Reflection Element (IRE) and the formation of the 

evanescent wave. 

 

Diffuse reflectance Infrared Fourier Transform spectroscopy (DRIFTS) 

The diffuse reflectance Infrared Fourier Transform spectroscopy (DRIFTS) is a 

sampling technique to monitor the vibration of solid-gas interactions in gas phase 

heterogeneously catalytic reaction.99-101 The solid catalysts can be placed into a porous 

ceramic cup without any sample preparation compared to ATR-IR and the conventional 

transmission IR. The gas phase reactant can flow through the catalyst to contact with the 

surface sites while the IR beam focuses on catalyst’s surface and the diffuse reflection IR 
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signal is collected by MCT detector. (Figure 1.5) In addition, other than the advantage 

for simple sample preparation of this technique, the sample can be easily raised to high 

temperature or high pressure due to the design of the IR cell which can simulate the 

working condition of the catalyst. Although the technique seems suitable for studying the 

IR vibrations of gas-solid interactions, the IR signal intensities are relatively weak 

comparing to ATR-IR and transmission IR because of the intensity loss from diffuse 

reflection. In addition, the particle size of catalyst and packing of the bed might influence 

the results of the measurement which make quantitative study more difficult by using 

DRIFTS.102-104 The IR signals contributions from gas phase molecule can sometimes 

overwhelm the gas-solid interaction IR features which appropriate reference spectrum is 

needed. Therefore, combing MES with DRIFTS can improve and eliminate the unwanted 

signal from the catalytic system which we will discuss in the next chapter. 

 

Figure 1.5. Schematic of DRIFTS cell. Adapted from ref 105. 

1.3 Scope of the Thesis 

This thesis includes the case study of an in-situ (operando) and ex-situ FT-IR 

research. In chapter 2, we applied MES to DRIFTS in order to discern a reaction 
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pathway with several consecutive reaction steps of bio-ethanol to n-butanol via 

hydroxyapatite (HAP) as a catalyst. In chapter 3, we showcase the power of NO as 

probe molecule in transmission IR spectroscopy and develop a low temperature FT-IR 

methodology to identify and quantify the copper species in a commercialized NOx 

abatement catalyst, Cu-CHA. In chapter 4, we further applied the low temperature FT-IR 

technique in Cu-ZSM-5 and Fe-CHA, indicating the wide opportunity for this method. 

Finally, perspectives for the mechanistic IR study by using operando MES in other 

undiscovered system to benefit fundamental research and catalyst development. 
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Chapter 2: Insights into Ethanol Coupling over Hydroxyapatite Using Modulation 

Excitation Operando Infrared Spectroscopy 

 

 

    This chapter showcases the capability of MES-DRIFTS-MS to investigate the ethanol 

upgrading reaction via hydroxyapatite (HAP). The reaction mechanism and possible 

acid-base pairs for each reaction step were elucidated. This work was published in 

ChemCatChem.105 

2.1 Introduction 

With the increased corn-based bio-ethanol production in the United States, the 

catalytic upgrading of ethanol to more valuable chemicals such as higher alcohols and 

alkenes has drawn renewed interest. Special attention is geared towards n-butanol – the 

simplest upgrading product, formed from condensation of two ethanol molecules – 

because of its wide range of applications such as a fuel additive, a solvent, and additive 

in perfumes, amongst others.106 When used as a fuel additive, n-butanol is superior to 

ethanol because of its higher energy density, and the fact that it is less corrosive and 

less water soluble.107 The conventional petrochemical route for synthesizing n-butanol is 

hydroformylation of propylene to butanal, and the subsequent hydrogenation of butanal 

to n-butanol. The hydroformylation process to synthesize n-butanol requires high 

pressures and uses homogeneous cobalt, rhodium, palladium, or ruthenium catalysts,108-



16 

 

 

109 which are expensive and create separation issues. Hence, there exists an interest to 

explore alternative approaches to produce n-butanol under milder conditions using 

heterogeneous catalysts, and preferably starting from a biomass-derived feedstock. The 

Guerbet reaction offers one attractive alternative route for producing n-butanol from 

ethanol through C-C bond formation and hydrogenation.110-113 

      Several heterogeneous catalysts have been investigated for the Guerbet reaction 

including metal oxides, zeolites, hydroxyapatite, and supported metals.114-115 Those 

studies indicate that hydroxyapatite (Ca10(PO4)6(OH)2, HAP) shows promising conversion 

(10%) and selectivity toward n-butanol (75%) under atmospheric condition because of its 

favorable acid-base properties.116-119 The widely accepted description of the reaction 

involves four main steps as depicted in Scheme 2.1.111, 114, 117, 120-121 Ethanol first 

dehydrogenates/oxidizes into acetaldehyde, followed by acetaldehyde self-aldol 

condensation. Under the reaction conditions, the aldol addition product dehydrates very 

rapidly to form crotonaldehyde. Crotonaldehyde is then transformed to crotyl alcohol in a 

first hydrogenation. Finally, crotyl alcohol is converted to n-butanol through a second 

hydrogenation. This reaction pathway has been established using conventional kinetics 

and steady-state isotopic transient kinetic analysis (SSITKA). The latter revealed that 

acetaldehyde, obtained from ethanol dehydrogenation, remains on the surface to 

undergo consecutive reactions to generate n-butanol.122 However, there is still a debate 

on the second hydrogenation step from crotyl alcohol to n-butanol. Two different 

hydrogenation pathways have been suggested in the literature and are summarized in 

Scheme 1. The first pathway is a surface-mediated hydrogenation of the C=C bond of 

crotyl alcohol, where the surface hydrogen comes from ethanol dehydrogenation in the 

first step.123 In an alternative mechanism, crotyl alcohol first isomerizes and tautomerizes 

to butanal. The C=O can then be directly hydrogenated by ethanol via the Meerwein-
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Ponndorf-Verley (MPV) reaction to form n-butanol.124-125 We propose to take another 

approach to investigate ethanol coupling over HAP to clarify the second hydrogenation 

step and gain a deeper understanding of the reaction mechanism in general that could 

potentially benefit future catalyst design. 

Ho et al. reported Ca-O species to be responsible for ethanol dehydrogenation and 

direct hydrogen transfer, while the self-aldol condensation of acetaldehyde is proposed 

to occur on CaO/PO4
3- as an acid-base pair as identified in CO2 titration experiments.124 

On the other hand, the OH-/POH acid-base pair was suggested to be the active site for 

ethanol coupling over HAP by applying the amphoteric probe molecule, acetylene, using 

IR spectroscopy.126 Hill et al. also investigated the surface sites on HAP using CO2, 

pyridine, acetylene, and glycine adsorption, and found that it is possible to have Ca2+ and 

POH as acid sites and OH- as a basic site on HAP.127 Recently, Ca2+/OH- and POH/OH- 

were reported as acid-base pairs responsible for ethanol dehydrogenation and aldol 

condensation, respectively, by using operando DRIFTS measurement.128 Although there 

are already various studies that point out the importance of the acid-base pair on HAP 

during ethanol coupling to n-butanol, the role of the specific sites on HAP during each 

step, including hydrogenation, is still unclear. Therefore, direct spectroscopic evidence 

from operando experiments is needed to elucidate the relationship between each step 

and surface site. 
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Scheme 2.1. Generally accepted pathways of ethanol coupling to n-butanol over hydroxyapatite 

(HAP), MPV stands for Meerwein-Ponndorf-Verley reaction. 

Here, we investigate ethanol coupling to n-butanol over hydroxyapatite (HAP) using 

diffuse reflectance infrared Fourier transform spectroscopy coupled with mass 

spectrometry (DRIFTS-MS) to simultaneously monitor the surface species and the 

product distribution in the gas phase.87, 129 In addition, we use modulation excitation (ME) 

to intensify the signal for active species and enhance the signal-to-noise ratio.84-85 

Moreover, by operating with phase-sensitive detection (PSD), the spectroscopic 

signatures of consecutive reaction intermediates can be revealed in the phase-domain, 

providing micro-kinetic information.91 Our operando DRIFTS-MS with ME experiments 

show spectroscopic evidence to support the generally accepted reaction mechanism of 
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ethanol coupling over HAP via the Guerbet pathway. In addition, Ca2+/OH- pair sites are 

proposed as main active site for aldol condensation and POH/OH- pair sites are 

proposed to be responsible for Meerwein-Ponndorf-Verley (MPV) direct hydrogen 

transfer for hydrogenation. Spectroscopic evidence for the isomerization of crotyl alcohol 

that we observed supports direct hydrogen transfer as the second hydrogenation step 

during ethanol coupling. Interactions between surface species and different reaction 

intermediates are discussed to guide further catalyst design for ethanol upgrading. 

2.2 Results and Discussion 

In this work we use modulation excitation (ME) with diffuse reflectance infrared Fourier 

Transform spectroscopy coupled with mass spectrometry (DRIFTS-MS). Modulation 

excitation spectroscopy works similarly to a lock-in amplifier which is used to enhance 

the signal-to-noise ratio and extract the desired signals from noisy condition.91, 130-131 The 

same concept can also apply to a spectroscopic technique by periodically perturbing the 

system with one variable such as reactant concentration, temperature, pressure, or 

radiation.84  When a catalytic system is perturbed under quasi steady-state conditions, 

reaction intermediates will oscillate with the same frequency. After averaging several 

periods, the signal from active species will be enhanced while the spectator species will 

not respond to the stimulation and can thus be easily distinguished. In addition, the 

signal-to-noise ratio will increase because of the averaging. Moreover, by operating with 

phase sensitive detection (PSD) to transform from time-domain to phase-domain, 

different active species will show distinct phase-delays compared to the starting reactant 

and these different phase shifts contain kinetic information. 

The transmission IR spectrum of HAP from Sigma-Aldrich is shown in Figure S2.1. 

The peak at 3572 cm-1 corresponds to the columnar hydroxyl group (OH-) on HAP. The 
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band at 3648 cm-1 is attributed to bulk POH group; 3674 and 3706 cm-1 correspond to 

surface POH site which coincide with previous report. The combination bands and 

overtone of P-O feature can also be observed at 2200-1900 cm-1. The bands between 

1550 and 1250 cm-1 are attributed to carbonate species.124, 132-133 The wavenumbers from 

POH we discovered here are slightly higher than in the literature due to the higher 

dehydration temperature (600 oC) in this study. The X-ray diffraction pattern is presented 

in Figure S2.2 which is identical to previous literature.124 

Modulation experiments with ethanol 

We first introduce the starting reactant, ethanol, to the system to understand the 

formation of reaction intermediates. Before starting the modulation experiment, HAP was 

treated under pure Ar flow and heated to 330 °C, followed by periodic switching between 

ethanol and pure Ar. The reaction downstream is monitored by mass spectrometry. The 

chosen m/z values correspond to unique mass fragments of each intermediate and 

product. We would also like to point out that some m/z signals are scaled for better 

reading (Figure 2.1a). When ethanol is introduced into the system, the signals from the 

reaction intermediates and product such as acetaldehyde (m/z = 44), crotyl alcohol (m/z 

= 57), and n-butanol (m/z = 56) can be observed. During ethanol coupling, 1,3-butadiene 

(m/z = 54) occurs as the side product obtained via the dehydration of crotyl alcohol by 

Lewis acid site on HAP.127 Only trace amounts of butanal (m/z = 72) and crotonaldehyde 

(m/z = 70) are observed, implying that hydrogenation of the carbonyl group on both 

species occurs rapidly. 

In the first half period of the experiment, the surface is covered by ethanol as 

indicated by the features at 3666, 2972, 2933 and 2903 cm-1 for (O-H), (CH3, 

asymmetric), (CH2), and (CH3, symmetric), respectively (Figure 2.1b). This 
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observation corroborates the conclusion of a previous study that shows high ethanol 

coverage on HAP comparing to MgO at reaction temperature by using steady-state 

isotopic kinetic transient analysis (SSITKA).122 Aside from the intense ethanol signals in 

the IR spectra, a small band at 1758 cm-1 indicates the formation of acetaldehyde, an 

intermediate in ethanol coupling following the Guerbet pathway. In contrast, a band at 

1577 cm-1 corresponds to aromatic coke acting as spectator species that does not 

respond to the modulation, showing the capability of modulation excitation to discriminate 

active and spectator species. Moreover, to the best of our knowledge, acetaldehyde has 

not been directly observed before in ethanol coupling using in-situ spectroscopy. The 

intensity of columnar hydroxyl group (OH-) at 3572 cm-1 on HAP133-134 (Figure S2.2) 

decreases during the reaction (Figure 2.1b) suggesting an interaction of ethanol with the 

OH-. The importance of the columnar hydroxyl group is supported by a previous kinetic 

study which shows that HAP (Ca10(PO4)6(OH)2) with OH- is more selective to n-butanol 

than beta-tricalcium phosphate (-Ca3(PO4)2) and fluoride-substituted phosphate 

(Ca10(PO4)6F2),
135 since the OH- group could be responsible for base-catalyzed aldol 

condensation. 
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Figure 2.1. Modulation experiment between ethanol (5.0%) in Ar and pure Ar (20 mL min
-1

) over 5 

mg hydroxyapatite (HAP) at 330 
o
C, the total flow rate for both channel are 20 mL min

-1
 which Ar 

behaves as balance gas (a) selected m/z signals from mass spectrometry response (b) Time-

domain DRIFT spectra and the line at 122 sec. indicates gas channels switch. 

Modulation experiment with ethanol/acetaldehyde and ethanol 

To investigate the aldol condensation reaction, we added acetaldehyde to the 

reagent stream while keeping the ethanol concentration constant at 2.5%. The HAP 

surface was first saturated with 2.5% ethanol in Ar and the background was taken before 

starting periodic modulation in which the first half period was ethanol/acetaldehyde with 

3:1 molar ratio and ethanol was maintained at 2.5% in the feed. After averaging and 

operating phase sensitive detection (PSD) for five periods of MS responses and DRIFT 

spectra, the changing signals are attributed to the perturbation by acetaldehyde. The 

response MS signals show an enhancement for the aldol condensation product, 

crotonaldehyde (m/z = 70) (Figure 2.2a). The result is in line with previous observations 

that the rate of C-C bond formation increases linearly with co-fed acetaldehyde.123 In 

addition to the increase of crotonaldehyde, other intermediates and side products 

including butanal (m/z = 72), crotyl alcohol (m/z = 57) and 1,3-butadiene (m/z = 54) are 

observed. The final product, n-butanol (m/z = 56), appears with 17 seconds time-delay in 
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the gas phase compared to acetaldehyde and other intermediates, suggesting that 

desorption of product may be slow over hydroxyapatite. 

The time-domain infrared spectra show a negative peak at 2980 cm-1 indicating 

partial desorption and/or reaction of surface-bound ethanol. The other significant peaks 

in the C-H region at 2736, 3026, and 2960 cm-1 correspond to acetaldehyde, crotyl 

alcohol, and n-butanol, respectively, showing a sequential time-delay in each species, 

which is in line with the proposed Guerbet pathway (Figure 2.2b). Notably, the co-fed 

acetaldehyde (2736 cm-1) can be first seen at 8 sec. and the consecutive intermediate 

crotyl alcohol (3026 cm-1) appears at 25 sec. suggesting aldol condensation and direct 

hydrogen transfer from ethanol via Meerwein-Ponndorf-Verley (MPV) pathway proceed 

rapidly. The strong signal at 1761-1720 cm-1 is due to (C=O) from gas phase 

acetaldehyde. The emergence of a feature at 1645 cm-1 corresponding to (C=C) from 

the aldol product, crotonaldehyde, shows a time-delay compared to (C=O) from 

acetaldehyde. The features from the other intermediate butanal are barely observed in 

the IR spectrum, which could be attributed to the fast desorption and/or reaction, or they 

are hindered by peaks from acetaldehyde, as there is a notable amount of 

crotonaldehyde (m/z = 70) and butanal (m/z = 72) in the MS response (Figure 2.2a). The 

decreasing signal of columnar hydroxyl group at 3572 cm-1 indicates that the OH- group 

may behave as basic site to abstract -hydrogen on acetaldehyde to form the enolate for 

aldol condensation. 

By using phase-sensitive detection (PSD), phase-domain IR spectra show three 

distinct species in the C-H region: acetaldehyde with a phase delay of 10o (or 7 s) at 

2736 cm-1, crotyl alcohol with a phase delay of 40o (or 28 s) at 3026 cm-1, and n-butanol 

with a phase delay of 70o (or 49 s) at 2960 cm-1 (Figure 2.3). We emphasize that the 

inherent dead volume of the DRIFTS cell increases the apparent phase delay by ~10o 



24 

 

 

and that phase delays of various species should therefore only be used relative to one 

another. The observed consecutive reaction intermediates and product agree with the 

generally accepted hypothesis that ethanol coupling to n-butanol on HAP at 330 oC 

proceeds via the Guerbet pathway. 

 

Figure 2.2. Modulation experiment between ethanol (2.5%)/AA with 3:1 molar mixture in Ar as 

carrier gas and ethanol in Ar over 5 mg hydroxyapatite (HAP) at 330 
o
C, the total flow rate for both 

channel are 20 mL min
-1

 which Ar behaves as balance gas. (a) selected m/z signals from mass 

spectrometry response (b) Time-domain DRIFT spectra and the line at 122 sec. indicates gas 

channels switch. 

Modulation experiment with ethanol/crotonaldehyde and ethanol 

To study the role of crotonaldehyde and hydrogenation products such as crotyl 

alcohol, butanal, and n-butanol, we co-fed crotonaldehyde with ethanol as described 

previously for acetaldehyde. In the experiment shown in Figure 2.4a, HAP was first 

equilibrated in ethanol feed, followed by periodically switching to a 3:1 molar ratio 

ethanol/crotonaldehyde flow. In the gas phase, acetaldehyde (m/z = 44) increases 

dramatically when crotonaldehyde is co-fed. Crotyl alcohol (m/z = 57), butanal (m/z = 72) 

and n-butanol (m/z = 56) are enhanced as well. The increased production of 
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acetaldehyde in the beginning of first half period indicates that direct hydrogen transfer 

from ethanol to crotonaldehyde occurs rapidly. An undesired side product, 1,3-butadiene 

(m/z = 54) also increases with co-fed crotonaldehyde, suggesting dehydration of crotyl 

alcohol may compete with the further hydrogenation step. Moreover, n-butanol (m/z = 56) 

and water (m/z = 18) appear with 11 seconds time-delay in the MS response, implying 

slow desorption from the HAP surface. 

A similar result can also be seen in the time-domain IR spectra, (Figure 2.4b) where 

(C=O) from acetaldehyde emerges as a side band at 1758 cm-1 at the beginning, along 

with the (C-H) for crotyl alcohol at 3026 cm-1 with co-fed crotonaldehyde, indicating 

MPV hydrogen transfer is fast. More importantly, the n-butanol signal at 2960 cm-1 

persists into the second half period when crotonaldehyde is removed from the feed, 

which is in line with MS response that the desorption rate of n-butanol is slow. In the 

phase-domain IR spectra, the co-fed crotonaldehyde can be observed at 2730 and 2815 

cm-1 with 10o (7 s) phase delay, while crotyl alcohol appears at 3026 cm-1 with 40o (28 s) 

phase delay. The final product, n-butanol, can be seen at 2960 cm-1 with 70o (49 s) 

phase delay (Figure S2.7). 
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Figure 2.3. Phase-sensitive detection (PSD) DRIFT spectra in C-H region with modulation 

experiment between ethanol (2.5%)/AA with 3:1 molar mixture in Ar as carrier gas and ethanol in 

Ar flow, the total flow rate for both channel are 20 mL min
-1

 which Ar behaves as balance gas. The 

phase-delay at 10
o
 corresponds to acetaldehyde, 40

o
 correlates to crotyl alcohol, and 70

o
 

indicates n-butanol. A full period (250 s) is identical to 360
o
. 

This result mirrors the behavior we observed earlier when modulating between 

ethanol/acetaldehyde and ethanol. The phase-domain IR spectra demonstrate that the 

aldol condensation product subsequently undergoes hydrogenation to form n-butanol. 

Although several studies show that the C=O on crotonaldehyde will be hydrogenated by 

MPV direct hydrogen transfer from ethanol to form crotyl alcohol, the mechanism of the 

second hydrogenation step is still not well understood. Indeed, the hydrogenation can 

occur either to the C=C bond of crotyl alcohol through a surface-mediated pathway123 or 

it can occur at the C=O bond of butanal, which is isomerized from crotyl alcohol, through 

the MPV direct hydrogen transfer from ethanol to obtain n-butanol124-125 (Scheme 2.1). In 
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a subsequent ME experiment, we perturbed the system with crotyl alcohol and butanal in 

order to obtain insights into this second hydrogenation step. 

 

Figure 2.4. Modulation experiment between ethanol (2.5%)/CA with 3:1 molar mixture in Ar as 

carrier gas and ethanol in Ar over 5 mg hydroxyapatite (HAP) at 330 
o
C, the total flow rate for both 

channel are 20 mL min
-1

 which Ar behaves as balance gas. (a) selected m/z signals from mass 

spectrometry response (b) Time-domain DRIFT spectra and the line at 122 sec. indicates gas 

channels switch. 

Modulation experiment with ethanol/crotyl alcohol and ethanol 

When crotyl alcohol is co-fed into the system during ethanol coupling, the 

dehydration side products, 1,3-butadiene (m/z = 54) and water (m/z = 18), increase 

directly in MS response. On the other hand, the desired product, n-butanol (m/z = 56), 

increases slightly compared to 1,3-butadiene when co-feeding crotyl alcohol (m/z = 57) 

into the system (Figure S2.8a). The enhancement of 1,3-butadiene could be due to the 

moderate Lewis acidic site on HAP126-127 which favors the dehydration pathway under 

crotyl alcohol co-feed condition. Interestingly, while 1,3-butadiene seems to increase with 

crotyl alcohol addition, the final product, n-butanol, does not increase substantially. This 

difference in response suggests that, n-butanol could predominately come from MPV 
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direct hydrogenation of C=O on butanal, obtained from crotyl alcohol isomerization; 

hydrogenation on C=C of crotyl alcohol through surface mediated hydrogen seems 

unlikely. 

In the time-domain IR spectra (Figure S2.8b), crotyl alcohol becomes the dominant 

surface species on HAP with several significant features at 3026, 2923, 2879, 1676 cm-1, 

in-line with the MS response that the increased ethanol in the first half period is due to 

competitive adsorption with crotyl alcohol (viz, ethanol desorbs from HAP surface 

because of the addition of crotyl alcohol). The competitive adsorption can explain the 

inhibition of direct hydrogen transfer due to a lower abundance of ethanol on the HAP 

surface, therefore enhancing the dehydration on Lewis acidic sites. The evidence for 1,3-

butadiene from dehydration of crotyl alcohol can also be observed at 1802 and 1817 cm-1. 

As a result, ethanol coupling over HAP at high crotyl alcohol concentration tends to 

undergo the dehydration pathway due to Lewis acidity on HAP135 and competitive 

adsorption with ethanol. 

Modulation experiment with ethanol/butanal and ethanol 

When co-feeding butanal during ethanol coupling over HAP, the MS responses 

show that n-butanol (m/z = 56) increases dramatically as a main product and the ethanol 

(m/z = 46) signal decreases in the first half period, indicating that direct hydrogen transfer 

from ethanol to butanal occurs rapidly (Figure 2.5a). The result implies that n-butanol 

stems from butanal as the last reactive intermediate by direct hydrogen transfer. The 

sacrificial ethanol will then dehydrogenate to acetaldehyde and subsequently undergo 

self-aldol condensation to crotonaldehyde which can be further hydrogenated by direct 

hydrogen transfer to finish the autocatalytic cycle. This finding supports a previous study 

which stated that acetaldehyde is generated mainly from direct hydrogen transfer and 
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ethanol is mainly a hydrogen source for direct hydrogen transfer.125 Furthermore, there is 

no significant increase in crotonaldehyde (m/z = 70), rendering further support for the fast 

hydrogenation of C=O to crotyl alcohol (m/z = 57) which we can clearly observe in MS 

response. 

 

Figure 2.5. Modulation experiment between ethanol (2.5%)/butanal with 3:1 molar mixture in Ar 

as carrier gas and ethanol in Ar over 5 mg hydroxyapatite (HAP) at 330 
o
C, the total flow rate for 

both channel are 20 mL min
-1

 which Ar behaves as balance gas. (a) selected m/z signals from 

mass spectrometry response (b) Time-domain DRIFT spectra and the line at 122 sec. indicates 

gas channels switch. 

In the time-domain IR spectra, the peaks at 2960 cm-1 correspond to (C-H) from n-

butanol which remains on the surface into the second half period compared to butanal at 

2707 and 1743 cm-1 ((C-H) and (C=O), respectively) (Figure 2.5b). The slow 

desorption of n-butanol can also be observed in the MS response, where n-butanol (m/z 

= 56) shows a time-delay of 6 seconds relative to the introduction of butanal. Although 

there is only a trace amount of crotonaldehyde observed in MS response, the evidence 

of (C=C) in crotonaldehyde surface species from self-aldol condensation of 

acetaldehyde coming from direct hydrogen transfer can also be found at 1653 cm-1. 
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Interestingly, a peak appears at 3059 cm-1 during the butanal co-feed experiment with a 

25 seconds time-delay compared to the signal from butanal. This vibrational feature is 

too high with a frequency for (=C-H) in crotyl alcohol, but similar to the terminal alkene 

(=CH2) signal in 1-butene.136 Thus, the emergence of the peak at 3059 cm-1 could 

correspond to 3-buten-1-ol having terminal alkene feature from crotyl alcohol 

isomerization (Scheme 2.2). Indeed, the dehydration of 3-buten-1-ol is the side product, 

1,3-butadiene, which we also observed in the ethanol to n-butanol reaction. The 

formation of 3-buten-1-ol shows that isomerization can occur on the HAP surface. 

However, the other isomer, 1-buten-1-ol, cannot be found in the IR spectra. The possible 

reason is that the less stable isomer, 1-buten-1-ol, will most likely undergo fast 

tautomerization to butanal. In other words, the rate of tautormerization of 1-buten-1-ol is 

a fast step compared to the dehydration of 3-buten-1-ol which can explain the absent of 

spectroscopic evidence for 1-buten-1-ol. Although it has been suggested that the 

isomerization can occur on basic sites or Ca-O sites on HAP surface,124 there has been 

no spectroscopic support for the hypothesis. Here, we first provide an evidence for the 

isomerization on HAP surface with the IR peak at 3059 cm-1 for a terminal alkene (=CH2) 

which is attributed to 3-buten-1-ol, an isomer from crotyl alcohol. Furthermore, because 

of the poor dehydrogenation ability of HAP,125 the main source of acetaldehyde may 

come from direct hydrogen transfer (Scheme 2.1); thus, the second hydrogenation most 

likely proceeds via the MPV direct hydrogenation pathway. Besides dehydrogenation of 

ethanol to obtain the very first acetaldehyde to proceed the reaction, the trace amount of 

dissolved O2 in ethanol may also cause oxidation of ethanol to acetaldehyde, since there 

are barely redox properties on HAP compared to transition metal catalysts. 
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Scheme 2.2. Isomerization pathway for crotyl alcohol to butanal and dehydration to 1,3-butadiene. 

Modulation experiment with crotonaldehyde and ethanol 

To better understand the hydrogenation process, we first saturated the HAP surface 

and reached steady state in an ethanol feed and subsequently switched to 

crotonaldehyde feed without ethanol. Before switching to the crotonaldehyde flow, 

ethanol is the predominant surface species on HAP. After switching to crotonaldehyde 

flow, acetaldehyde and C4 intermediates such as crotyl alcohol and butanal increase 

immediately as well as n-butanol, indicating that direct hydrogen transfer from ethanol 

occurs rapidly (Figure 2.6a). More importantly, once the adsorbed ethanol on HAP 

surface is fully consumed by direct hydrogen transfer, the reaction stops at crotyl alcohol 

and butanal. The final hydrogenation products, n-butanol and acetaldehyde stop 

producing at 30 seconds after switching to the crotonaldehyde feed. Crotyl alcohol 

formation also reaches its maximum around 40 seconds because of a lack of surface 

ethanol to hydrogenate crotonaldehyde. It is worth noting that after consuming surface 

ethanol species, butanal increases slightly until the end of the first half period, while 

crotyl alcohol slightly decreases at the same time. This finding also indicates that 

isomerization from crotyl alcohol to butanal takes place on HAP surface. 

In the time-domain IR spectra, the negative peaks at 2977 and 2903 cm-1 

correspond to surface ethanol consumption which corroborates the finding that ethanol 
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mostly behaves as a hydrogen donor (Figure 2.6b). The features from crotonaldehyde at 

2815, 2730, 1720, 1697, 1643 cm-1 gradually dominate the HAP surface, indicating the 

reaction stops without adding ethanol. While the bands at 1720 and 1643 cm-1 

correspond to (C=O) and (C=C), respectively, from gas phase crotonaldehyde, the 

emergence of 1697 cm-1 could be adsorption of carbonyl group on acid site such as Ca2+ 

or POH. Notably, a band emerges at 3059 cm-1 which is similar to the feature in butanal 

co-feed IR spectra above (Figure 2.5b), suggesting a terminal alkene-like species which 

could form from crotyl alcohol isomerization. This inference is supported by the MS 

responses, as butanal increases while crotyl alcohol decreases once the sacrificial 

ethanol is consumed. The decreased peaks at 3572 and 3674 cm-1 correspond to OH- 

and POH on HAP which are likely responsible for direct hydrogen transfer and 

isomerization. The same decreasing IR peaks for OH- and POH can also be found in the 

butanal co-feed experiment (Figure 2.5b). 

 

Figure 2.6. Modulation experiment between CA (0.8%) and ethanol (2.5%) in Ar as carrier gas 

over 5 mg hydroxyapatite (HAP) at 330 
o
C, the total flow rate for both channel are 20 mL min

-1
 

which Ar behaves as balance gas. (a) selected m/z signals from mass spectrometry response (b) 

Time-domain DRIFT spectra and the line at 122 sec. indicates gas channels switch. 



33 

 

 

The possible acid and base sites on HAP have been characterized by using pyridine, 

CO2, acetylene, and glycine as probe molecules.126-127 The proposed acid sites are Ca2+ 

and protonated phosphate groups, POH, while the columnar OH- group is the most 

significant basic site on the HAP surface. Therefore, Ca2+/OH- and POH/OH- acid-base 

pairs are potential active sites for ethanol coupling over HAP surface. The significant 

decreased IR band at 3572 cm-1 corresponding to OH- group on HAP surface in 

acetaldehyde co-feed experiment, indicates that OH- is one of the active sites for base-

catalyzed aldol condensation (Figure 2.2b). The importance of OH- for C-C coupling is 

further supported by the increased selectivity towards n-butanol for HAP compared to 

calcium phosphate (Ca3(PO4)2) without OH- group.135 Since we do not observe a 

significant signal corresponding to the POH group in acetaldehyde co-feed IR spectra, 

Ca2+/OH- may likely act as acid-base pair for aldol condensation over HAP. When co-

feeding butanal and modulating between crotonaldehyde and ethanol, (Figure 2.5b and 

Figure 2.6b) there is a decrease in the POH/OH- acid-base pair signal. This suggests 

that POH/OH- is the active site for Meerwein-Ponndorf-Verley (MPV) direct hydrogen 

transfer. (Scheme 2.3) The findings corroborate the work by Osman et al. where they 

found no production of n-butanol if the POH site has been poisoned.128 

The isomerization of crotyl alcohol to 1-butene-1-ol can occur on both acid and base 

site, since Bronsted acid site such as POH can protonate to C=C and subsequently, the 

adjacent carbon releases a proton to form a new C=C bond to finish isomerization.136 

The basic OH- site can also isomerize crotyl alcohol to form 1-butene-1-ol which is a 

facile reaction over metal oxide catalysts like MgO and CaO.124, 137 In the experiment 

where we feed crotonaldehyde over an ethanol-saturated system, a decreased IR peak 

of POH at 3674 cm-1 may indicate deprotonation of POH group and a decrease peak at 

3572 cm-1 suggests the abstraction of hydrogen by the OH- group to eliminate the 
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columnar hydroxyl group signal (Figure 2.6b). Therefore, both POH and OH- sites are 

possible to catalyze crotyl alcohol isomerization and the isomer, 1-butene-1-ol, will 

subsequently tautomerize to butanal and be hydrogenated via direct hydrogen transfer to 

n-butanol. 

 

Scheme 2.3. Meerwin-Ponndorf-Verley (MPV) direct hydrogen transfer on POH/OH
-
 acid-base 

pair. 

2.3 Conclusion 

In this study, the mechanism for ethanol coupling to n-butanol over HAP is 

investigated using operando DRIFTS-MS with modulation excitation (ME) and phase 

sensitive detection (PSD). The enhanced signal-to-noise ratio allows us to observe the 

IR features from intermediates and help to elucidate the mechanism. MS results and the 

phase-domain spectra show the consecutive formation of reaction intermediates, 

supporting the Guerbet pathway as the overall mechanism for ethanol coupling over HAP. 

The phase-domain IR spectra from acetaldehyde co-feed experiments demonstrate 

consecutive reaction intermediates during ethanol coupling. The first hydrogenation step 

in which crotonaldehyde converts to crotyl alcohol is attributed to direct hydrogen transfer 

from ethanol by the result of crotonaldehyde co-feed experiment. From the result of 

modulating between crotonaldehyde and ethanol experiment, the emergence of the peak 

at 3059 cm-1 corresponds to terminal-like alkene (=CH2) indicating the appearance of 3-

butene-1-ol, the isomer of crotyl alcohol. This finding implies that crotyl alcohol 
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undergoes isomerization and tautomerization to butanal over the HAP surface and the 

second hydrogenation subsequently occurs on butanal by direct hydrogen transfer to 

produce n-butanol. 

We also show that the Ca2+/OH- acid-base pair is mainly responsible for aldol 

condensation based on acetaldehyde co-feed experiment. In addition, direct hydrogen 

transfer occurs on POH/OH- acid-base pair, since hydrogen donor, ethanol, can be 

stabilized on HAP surface on both sites based on ethanol adsorption IR spectrum and 

operando DRIFT spectra. Finally, the active site for isomerization can be either POH or 

OH-, because both sites show interaction in modulation DRIFT spectra between 

crotonaldehyde and ethanol. The competitive adsorption between ethanol and crotyl 

alcohol suggests that isomerization may be critical for the overall performance, since 

direct hydrogen transfer occurs rapidly. This puts forward the hypothesis that eliminating 

the Lewis acid site could avoid the undesired dehydration side-reaction, while increasing 

the POH and OH- site density could enhance the isomerization. 

2.4 Experimental Details 

Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) was purchased from Sigma-Aldrich and was 

calcined at 600 oC with 5 oC/min ramp rate for 2 hours under dry air before operating 

ethanol coupling reaction. Ethanol was dehydrated by molecule sieves (3 Å ) before using 

to eliminate the interference in IR spectra. 

The modulation excitation DRIFTS-MS setup allows for the introduction and 

vaporization of liquid substrates, and switching between two different flows, effectively 

modulating the concentration of reactants during experiment. In short, argon was used 

as carrier gas and connected to two different mass flow controllers to generate two 

independent feed. Besides of Ar as carrier gas, Ar is also a balance gas to maintain total 
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flow rate at 20 mL min-1.Two syringe pumps were used to introduce liquids that are 

evaporated in a heated spiral before reaching an electronically controlled two-position-

four-way valve. Depending on the position of this valve, either flow A or B enters into the 

DRIFTS accessory. The catalyst, HAP, is filled in ta ceramic cup in DRIFTS cell with 

approx. 5 mg. Finally, the gas-phase composition is monitored with an online mass 

spectrometer. By periodically switching between flow A and B, the influence of either 

component on the reaction can be analyzed in a transient manner. A single period of the 

complete modulation is 250 seconds in this study, unless further mentioned. The detail 

for MES-DRIFTS-MS setup can be found in previous study.87, 129 

All IR measurements are collected by a Bruker Vertex 70 spectrometer with mercury 

cadmium telluride (MCT) detector. Each spectrum is obtained from 64 scans with 8 cm-1 

resolution and 4 seconds as temporal resolution in modulation experiment. The DRIFTS 

accessory was purchased from PIKE Technologies (DiffusIR) and approximately 5 mg 

HAP can be loaded in the ceramic crucible. The m/z responses are obtained from 

ThermoStar mass spectrometer, Pfeiffer Vacuum, attached on the outlet of DRIFTS 

accessory. The phase sensitive detection (PSD) transforms the DRIFT spectra from 

time-domain to phase domain by using the equations as follow: 

𝐴𝑘(φ𝑘
𝑃𝑆𝐷) =

2

𝑇
∫ 𝐴(𝑡) sin(𝑘𝜔𝑡 + φ𝑘

𝑃𝑆𝐷)𝑑𝑡
𝑇

0
      (2.1) 

Where T is the length of a period,  is the stimulation frequency, k is the phase 

delay, k is the demodulation index (k = 1 in the study), A(t) is the active species response 

in the time-domain, and Ak is the response in the phase-domain. The transformation to 

the phase-domain leads to a dependence of the vibrational signals on the phase angle  

instead of the time. For example, 250 sec period can be converted to 360o. The analysis 

of the spectra was processed using MATLAB codes. 
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Chapter 3: Quantification of Exchanged Copper Species in Cu-Chabazite Zeolite 

Using Cryogenic Probe Infrared Spectroscopy 

 

This chapter was collaborated with BASF to develop a facile methodology for 

identifying and quantifying the exchanged copper species in Cu-CHA. We successfully 

established a low temperature NO-IR technique to not only applicable to powder Cu-CHA 

samples, but also industrially relevant honeycomb Cu-CHA samples. This work was 

submitted for publication. 

3.1 Introduction 

NOx (NO, NO2) emissions from lean-burning and diesel engines are known to cause 

health problems, as well as acid rain.138-139 Current vehicle technologies use selective 

catalytic reduction (SCR) with ammonia or urea to decompose NOx into N2 and water.140-

141 

Small pore copper ion-exchanged chabazite zeolites (Cu-CHA) have been 

industrially implemented because of their reliable activity in the removal of nitric oxide 

(NO) via ammonia selective catalytic reduction (NH3-SCR).142-143 The generally accepted 

active sites are Cu ions (both Cu2+, Cu+) located at the exchange sites in the CHA 

framework (created upon substitution of Al3+ for Si4+ in the SiO2 matrix), as opposed to 

extra framework CuOx species.144-150 To understand the structure-reactivity relations and 
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to further characterize the nature of copper speciation, several spectroscopic techniques 

have been utilized such as X-ray absorption spectroscopy (XAS),146, 151-153 X-ray emission 

spectroscopy (XES),146, 151 UV-vis spectroscopy,154-155 diffuse reflectance Infrared 

spectroscopy (DRIFTS),156-157 Raman spectroscopy,155, 158 and electron paramagnetic 

resonance (EPR).159-160 Two Cu species have been proposed to exist after oxidative 

pretreatment: Z2Cu(II) and Z1Cu(II)OH (Scheme 3.1).161 Due to varying Al3+ distributions 

in the zeolite framework, paired and isolated Al can both occur in the double six ring (d6r) 

of CHA (see Scheme 3.1). Z2Cu(II) can be found at d6r of CHA with paired Al 

configuration, while Z1Cu(II)OH is formed in d6r and 8-rings (8r) with isolated Al species. 

In addition to the Al distribution, the silica-to-alumina ratio (SAR) and Cu-loading in the 

CHA framework also affect the population of Z2Cu(II) and Z1Cu(II)OH. The Al distribution 

in CHA is controlled by different Si/Al ratio and synthesis procedures, it has been 

observed that CHA with low SAR can have more paired Al sites than isolated Al sites. In 

contrast, CHA with high SAR showed mainly isolated Al sites.162 For example, Cu-CHA 

with a SAR = 35 was observed to have a majority of isolated Al-configuration in the 

zeolite rings, resulting in a lower concentration of Z2Cu(II) as compared to Cu-CHA with 

SAR = 6. More importantly – based on previous experimental and computational results 

– Z2Cu(II) has been found to be more energetically favorable than Z1Cu(II)OH, implying 

that the formation of Z2Cu(II) will occur first when increasing the Cu-loading.152 

 

Scheme 3.1. Possible Cu species (Z1Cu(II)OH, Z2Cu(II)) in Cu-CHA with different Al distribution. 
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Although the possible Cu species in Cu-CHA have been identified, connecting their 

structure with deNOx reactivity remains elusive because it requires precise determination 

of the amount of exchanged Cu in CHA. While inductively coupled plasma optical 

emission spectroscopy (ICP-OES) can determine the bulk Cu amount in CHA, it cannot 

distinguish between exchanged Cu species in the CHA framework and the surface CuOx 

species that is out of the framework. The ability to differentiate between exchanged and 

non-exchanged Cu is especially important for industrially relevant high Cu-loading 

samples because of abundant non-exchanged CuOx.
163-164 In fact, multiple steps of 

exchange procedure were used to minimize the formation of non-exchanged CuOx. In 

contrast, one-step ion exchange is more common in industry, resulting in the formation of 

CuOx. Therefore, a convenient method for identifying and quantifying Cu+ and Cu2+ in 

Cu-CHA is needed. Recently, NO + NH3 temperature programmed reaction (NO + NH3 

TPR) has been applied to quantify reducible exchanged Cu in CHA by measuring the 

consumption of NO and production of N2.
165 Similarly, hydrogen temperature 

programmed reduction (H2-TPR) has also been performed to assess the ratio of Z2Cu(II) 

and Z1Cu(II)OH, which have different reduction temperatures.156, 166-167 However, the TPR 

methods cannot provide a comprehensive analysis of the Cu speciation in Cu-CHA 

because it only shows Z2Cu(II) and Z1Cu(II)OH species. Other Cu species, such as Cu 

dimers, have also been suggested to exist.154, 158, 168-173 Thus, a methodology that would 

quantify all Cu species would be beneficial for the derivation of structure-deNOx reactivity 

relationship. 

In-situ IR spectroscopy, with an appropriate probe molecule, is a widely applied 

approach to investigate the nature of a catalyst’s active sites. Nitric oxide (NO) is 

reported to serve as a useful probe molecule for discerning the oxidation state of Cu 

cations in zeolites.45, 78, 174 The formation of Cu+-NO and Cu2+-NO mononitrosyl species 
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show distinct peaks in an FT-IR spectrum (i.e. at 1826 and 1887-1970 cm-1, respectively), 

allowing discrimination between the +1 and +2 oxidation states of the copper cations. 

However, the challenge of the NO-IR method is that already at ambient conditions, NO 

will disproportionate or reduce to N2O by Cu ion in Cu-CHA.79 The reaction of NO 

prevents proper quantification and interferes with the Cu+-NO and Cu2+-NO signals. 

Hence, low temperatures (-160 oC) are necessary to suppress this undesirable side 

reaction.78 With low temperature NO-IR detection, the quantities and types of different Cu 

species can be identified across various Cu-loadings in Cu-CHA. When a reactive and 

desired Cu-exchanged CHA zeolite is discovered, the NO adsorption FT-IR method 

could be used to quickly assess the copper species distribution in the CHA framework 

and, thus, enhance the development of future catalysts through the correlation of copper 

speciation with catalytic activity. This methodology will also quantify the exchanged 

copper species, excluding non-exchanged copper species. In addition, the results from 

an NO-IR fingerprint study on Cu-exchanged CHA zeolites can be extended to other 

transition metal-exchanged zeolite catalysts as demonstrated herein. 

3.2 Results and Discussion 

Exchanged Cu ion signals from T-O-T framework vibrational IR spectra 

Both paired Al and isolated Al can occur in the d6r in CHA. Under oxidative 

pretreatment conditions, the Cu ion located at a paired Al site is denoted as Z2Cu(II) and 

Cu ion at an isolated Al site is denoted as Z1Cu(II)OH (Scheme 3.1). Based on the 

literature, FT-IR spectroscopy can differentiate between these two Cu species. The 

Z2Cu(II) species exhibits a feature at 900 cm-1, which is associated with a perturbed T-O-

T zeolite framework vibration, and Z1Cu(II)OH shows other perturbed T-O-T IR feature at 

945 cm-1.156, 175 According to Di Iorio et al., the Al distribution in CHA can be modified by 
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the ratio of the structure directing agent, viz. trimethyladamantylammonium hydroxide 

(TMAdaOH), to Na+ during the CHA synthesis.176 Thus, in order to assess the nature of 

the Cu-CHA perturbed T-O-T framework vibration, two parent CHA zeolites of different 

Al-configurations with a similar SAR were analyzed to differentiate between Z2Cu(II) and 

Z1Cu(II)OH. CHA(20) (SAR = 20) features mainly paired Al sites, whereas CHA(23) (SAR 

= 23) consists mainly of isolated Al configurations. Cu-CHA with different Cu-loadings 

were synthesized by aqueous phase ion exchange143 and the amount of Cu-loading was 

measured by ICP-OES. To mimic the typical oxidative condition used in activation of Cu-

CHA,151 Cu-CHA samples were treated under dry air at 400 oC for 30 minutes prior to 

collecting the IR spectra. In the two sets of Cu-CHA samples, the Z2Cu(II) perturbed T-O-

T vibration was observed at 892 cm-1, but the signal of Z1Cu(II)OH perturbed T-O-T 

framework at 945 cm-1 overlaps with strong Si-O stretching modes (Figure 3.1). The 

Z2Cu(II) signal at 892 cm-1 was slightly lower in wavenumber than previously reported 

(900 cm-1),156 likely due to the difference in the operating temperature (400 oC vs. room 

temperature). In line with the high abundance of paired Al sites, the IR feature at 892 cm-

1 – attributed to Z2Cu(II) – is more pronounced in Cu-CHA(20) than in Cu-CHA(23). 
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Figure 3.1. Transmission IR spectra of (a) Cu-CHA (SAR = 23, mostly isolated Al) and (b) Cu-

CHA (SAR = 20, mostly paired Al) with various Cu-loading at 400 
o
C after flowing 40 mL min

-1
 dry 

air for 30 min. 

To quantitatively investigate the connection between Cu speciation and Cu-loading 

on Cu-CHA, the Z2Cu(II) perturbed T-O-T feature at 892 cm-1 was integrated. Below a 

Cu-loading of 0.2 wt%, both sets of Cu-CHA show the same trend of Z2Cu(II) (Figure 

3.2). The observation is in line with previous DFT calculations that Z2Cu(II) species are 

energetically favored for paired Al sites.152 At Cu-loadings > 0.2 wt%, the quantity of 

Z2Cu(II) species plateaus for Cu-CHA(23), while the amount of Z2Cu(II) species 

continues to increase for Cu-CHA(20) up to 1.92 wt% Cu-loading. These observations 

agree with previous claims that the paired Al site will be saturated with Cu prior to filling 

of isolated Al sites.152, 177 The Si-O stretching band strongly interferes with the Z1Cu(II)OH 

perturbed T-O-T framework vibration at 946 cm-1, resulting in the appearance of a slight 

shoulder in higher Cu-loading Cu-CHA samples. Unfortunately, the interference makes 

the quantification of Z1Cu(II)OH species more challenging. Therefore, transmission IR 

spectra for Cu-CHA can only be applied for the quantification of Z2Cu(II) species based 

on perturbed T-O-T framework vibration at 892 cm-1. Assuming that the sole species in < 

0.2 wt% Cu-CHA(20) is Z2Cu(II) (IR band for Z1Cu(II)OH only emerges at loadings > 0.4 
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wt%), a calibration curve for Z2Cu(II) can be obtained and used for the quantification of 

Z2Cu(II) species (Figure 3.2). 

 

Figure 3.2. Z2Cu(II) perturbed T-O-T framework vibration IR peak area as a function of the 

corresponding Cu-loading. The calibration curve was fitted based on the Cu-CHA with Cu-loading 

below 0.2 wt%. Peak areas were normalized by the Si-O peak overtone from 1931 to 1768 cm
-1

 

for each Cu-CHA IR spectrum at 400 
o
C under oxidative pretreatment. 

Nitric oxide (NO) as a probe for Cu species in Cu-CHA 

In addition to collecting the IR spectra of Cu-CHA under dry air to investigate Cu 

speciation, the use of probe molecules such as NO could help differentiate between Cu 

species. NO as a probe molecule shows enhanced sensitivity to Cu ions due to the extra 

electron in the 2* orbital. The extra electron in the 2* orbital of NO can be back 

donated to Cu2+ 3d orbital ; in contrast, Cu+ ions do not encounter the back donation from 

NO. This leads to notable vibrational changes when NO adsorbs on Cu2+ and Cu+, which 

appear at 1850-1970 and 1809 cm-1, respectively.79 Although NO adsorption on Cu-CHA 

has been mentioned elsewhere,78-79, 160, 178 identification and quantification of different Cu 
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species in Cu-CHA by IR spectroscopy has been limited due to the low stability of 

adsorbed NO on exchanged Cu species at room temperature and ambient pressure, 

which results in its decomposition to N2O as well as the formation of NO+ that could 

change the copper speciation.174 This stability issue at ambient conditions makes the 

application of NO probes for Cu quantification challenging. Therefore, we investigated 

NO adsorption at cryogenic temperatures to avoid the undesired N2O and NO+ formation. 

FT-IR NO adsorption was conducted at -160 oC on Cu-CHA by flowing 1000 ppm NO/N2 

for 30 minutes. N2O formation from NO decomposition was not observed (Figure S3.1). 

NO adsorption shows IR peaks for symmetric and asymmetric stretching of the Cu+(NO)2 

dinitrosyl species at 1826 and 1726 cm-1, respectively.78 A sharp peak at 1785 cm-1 

emerges between the Cu+(NO)2 IR signals and is attributed to liquefied NO at -160 oC. 

The peak at 1785 cm-1 – as well as gas phase NO features at 1872 and 1850 cm-1 – was 

observed in the reference NO adsorption spectra on the parent CHA samples at the 

same conditions (Figure S3.2). The IR feature in the 1887 - 1915 cm-1 range can be 

attributed to Cu2+(NO) complexes from Z1Cu(II)OH.79 

NO adsorption IR spectra on Cu-CHA(20) and Cu-CHA(23) with Cu-loading ranging 

from 0 to 1.19 wt % were collected at -160 oC after flowing 1000 ppm NO/N2 for 30 

minutes (Figure 3.3). We note that the Cu-CHA samples were pretreated at 400 oC 

under dry air for 30 minutes before cooling down to -160 oC and initiating the NO 

adsorption IR experiments. The signal at 1887 cm-1 grew in intensity with increasing Cu-

loading for both Cu-CHA types and was attributed to Cu(II)OH species.79 In Cu-CHA(23), 

a side band emerged at 1904 cm-1 on 0.19 wt% Cu-CHA spectra and gradually shifted to 

1909 cm-1 on 1.19 wt% Cu-CHA spectra (Figure 3.3a). The IR features appearing 

between 1887 and 1909 cm-1 provide insight into Cu(II)OH in different environments, but 

the specific IR assignments for Cu(II)OH in d6r and 8r remain unknown.79, 154, 179 The 



45 

 

 

evidence for NO adsorbed on Z2Cu(II) appearing at 1956 cm-1 is qualitatively insignificant, 

indicating only a minor presence of Z2Cu(II) species.79 A peak at 1826 cm-1 appears for 

copper loading  0.54 wt% Cu-CHA, attributed to a Cu+(NO)2 species. Although Cu-CHA 

is expected to contain mostly Cu2+ after air pretreatment, the presence of Cu+ species 

has been attributed to the auto-reduction of Cu2+ while dehydration under high 

temperatures.78, 180 

Cu-CHA(20) NO adsorption IR spectra exhibited more NO adsorption IR peaks than Cu-

CHA(23) (Figure 3.3b). Other than the Cu(II)OH IR peaks at 1887 and 1902 cm-1, a side 

band appears at 1915 cm-1. The signal at 1915 cm-1 may be attributed to a Z1Cu(II)OH 

species or a pair of proximal Cu(II)OH species in adjacent d6r and 8r.181-183 With 

increased Cu-loading larger than 0.45 wt%, a feature at 1936 cm-1 appeared, which may 

be attributed to Cu dimer species.181 Indeed, due to the paired Al configuration in Cu-

CHA(20), Cu-oxo dimers formation from the dehydration of two Cu(II)OH species in the 

same 8r cages is more facile than the dehydration from isolated Al Cu-CHA. This is 

evidenced by the lack of a 1936 cm-1 IR peak in the Cu-CHA(23) NO adsorption spectra 

(Figure 3.3a). Notably, this is the first Cu-CHA experimental study to report an IR peak 

assignment for a Cu dimer species at 1936 cm-1. Yet, there are still debates for the 

occurrence of Cu-oxo or/and Cu-hydoxyl dimers.154, 170-173 Based on our NO-IR results, 

the IR feature at 1936 cm-1 was attributed to Cu dimer including the possibility of Cu-oxo 

or/and Cu-hydoxyl dimers. Similar to Cu-CHA(23), the IR peak for Cu+ from auto-

reduction and Z2Cu(II) were also observed at 1826 and 1956 cm-1, respectively. 
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Figure 3.3. NO adsorption IR spectra of (a) Cu-CHA (SAR = 23) and (b) Cu-CHA (SAR = 20) at -

160 
o
C with various Cu-loadings and were pretreated at 400 

o
C under dry air for 30 min with 1000 

ppm NO/N2 at 40 mL min
-1

. 

Quantitative analysis of Cu species by NO-IR 

The integration of IR peaks for NO adsorbed on Cu+ and Cu2+ is used to 

quantitatively determine the amount of exchanged Cu in the CHA framework. The band 

for Cu+(NO)2 symmetric stretching at 1826 cm-1 represents the concentration of Cu+ 

species, while the asymmetric stretching band at 1726 cm-1 is not considered due to 

interference from the overlapping liquefied NO signal. The entire band for the Cu2+(NO) 

complexes was deconvoluted to several Cu2+ contributions: 1887, 1901, 1914, 1936, and 

1956 cm-1 (Figure S3.3-S3.4). The assumption we made here is that the extinction 

coefficient for those NO adsorbed Cu2+ IR features are the same. Hence, the 

quantification results from every Cu2+(NO) IR peaks show that Cu-CHA(23) and Cu-

CHA(20) share the same linear relation between the Cu2+(NO) IR peak area and Cu-

loading, indicating that low temperature NO adsorption IR spectroscopy is a useful 

method for convenient Cu2+ quantification (Figure 3.4a). However, when the Cu-loading 

was larger than 0.40 wt%, the Cu+(NO)2 IR peak at 1826 cm-1 emerged, breaking the 
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linear correlation of Cu2+ to Cu-loading (Figure 3.3). In addition, Cu2+(NO) and Cu+(NO)2 

do not have the same extinction coefficient; therefore, only Cu-CHA samples with Cu-

loading below 0.40 wt% are used to derive the Cu2+ calibration curve from the oxidative 

pretreated Cu-CHA samples. The IR feature for non-exchanged copper species, viz. 

CuOx,
184-185 was at 1874 cm-1 in Cu-CHA(23) and appeared for Cu-loadings  0.92 wt%, 

in agreement with the nonlinear correlation of Cu2+(NO) at high Cu weight loadings. 

 

Figure 3.4. The correlation between (a) Cu
2+

(NO) (b) Cu
+
(NO)2 and various Cu-loadings on Cu-

CHA(20) and Cu-CHA(23) at -160 
o
C. Peak areas were normalized by the Si-O peak overtone 

from 1931 to 1768 cm
-1

 for each Cu-CHA IR spectrum at 400 
o
C under oxidative or reductive 

pretreatment. 

Since the auto-reduction of Cu2+ to Cu+ was difficult to avoid under oxidative 

pretreatment – especially at high Cu-loadings78, 180 – an additional calibration curve for 

Cu+ species was required. H2 reduction pretreatment was utilized to differentiate between 

the Cu2+ and Cu+ species in NO adsorption IR spectra. Previous studies have shown that 

the exchanged Cu2+ ion in CHA cages can be reduced at different temperatures. For 

example, the Z1Cu(II)OH species is reduced to Cu+ between 205 and 220 oC, the Z2Cu(II) 

is reduced to Cu+ between 300 and 350 oC,165-167 and the non-exchanged Cu species 

(CuOx) is reduced to Cu(0) below 200 oC.186 Because of the stability of exchanged 
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copper species in CHA, exchanged Cu+ is not reduced to Cu(0) until a temperature > 450 

oC.166 Thus, we used a H2 pretreatment at 400 oC to ensure that all the exchanged Cu 

species were reduced to Cu+ ions in order to establish the calibration curve for Cu+ 

species from NO-IR. 

 

Figure 3.5. NO adsorption IR spectra of (a) Cu-CHA (SAR=23) and (b) Cu-CHA (SAR=20) at -

160 
o
C with various Cu-loadings and were pretreated at 400 

o
C under 4% H2/N2 for 30 min with 

1000 ppm NO/N2 at 40 mL min
-1

. 

Compared to the oxidative pretreatment, the reductive pretreatment exhibited fewer 

IR peaks for NO adsorption (Figure 3.5). The main Cu+(NO)2 IR features appeared at 

1826 and 1726 cm-1 for symmetric and asymmetric stretching, respectively. The gas 

phase NO, liquefied NO, and NO adsorbed on Brønsted acid sites were also observed at 

1850, 1785, and 1892 cm-1, respectively, which are consistent with previous literature 

findings and NO-IR spectra of the parent CHA.79 For the quantification of Cu+ species, 

the peak area for Cu+(NO)2 symmetric stretching at 1826 cm-1 was used, since the peak 

at 1726 cm-1 overlapped with IR features in the parent CHA. The results showed a linear 

correlation between Cu+(NO)2 and Cu-loading in each set of Cu-CHA (Figure 3.4b). The 

deviation from the linear correlation occurred above 0.40 wt% Cu and was attributed to 

the existence of a small amount of non-exchanged Cu species, CuOx, on CHA. The non-
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exchanged Cu species was detected in the NO-IR at 1874 cm-1 in samples with a Cu-

loading above 0.40 wt% in the oxidative pretreatment NO-IR spectrum (Figure 3.3). 

Therefore, only Cu-CHA samples with Cu-loading below 0.40 wt% were used to create 

the calibration curve for Cu+ and Cu2+ species (Figure 3.4, Figure S3.7). 

Application of Cu2+ and Cu+ calibration curves to high Cu-loading Cu-CHA samples 

High Cu-loading samples – 2.96 to 3.99 wt% – were tested to examine the validity of 

the Cu+ and Cu2+ calibration curves. The powder Cu-CHA samples were pelletized into a 

wafer and pretreated at 400 oC under dry air or 4% H2/N2 for 30 minutes prior to NO 

adsorption IR measurements conducted at -160 oC. The NO-IR spectra of oxidatively 

pretreated Cu-CHA (Figure 3.6a) showed significant IR peaks for the Cu2+(NO) and 

Cu+(NO)2 species. The IR peaks were deconvoluted to 1887, 1911, 1936, and 1956 cm-1, 

which were attributed to Cu2+(NO) species (Figure S3.8). Additionally, gas phase NO 

features appeared at 1872 and 1850 cm-1. The IR peak at 1826 cm-1 was attributed to 

Cu+(NO)2 species formed from auto-reduction. The IR peak area for Cu2+(NO) at 1887, 

1911, 1936 and 1956 cm-1 were summed and applied to the Cu2+ calibration curve. Here, 

we assumed that the extinction coefficients were the same for all Cu2+(NO) species used 

in the determination of the calibration curve. In addition, Cu+(NO)2 species were also 

integrated and applied for Cu+ calibration curve to estimate the amount of exchanged Cu 

in CHA. Figure 3.6b shows NO-IR of reduced powder Cu-CHA samples. Compared to 

the air pretreatment, only Cu+(NO)2 species appeared at 1826 cm-1, which simplified the 

quantification. 
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Figure 3.6. NO adsorption IR spectra of Cu-CHA samples pretreated at 400 
o
C under (a) dry air 

and (b) 4% H2/N2 for 30 min at 40 mL min
-1

. The split or inverse peak shape at 1726 cm
-1

 in (b) is 

due to the saturation of MCT detector 

The total Cu-loading was measured by ICP-OES, and compared with the results 

obtained by NO-IR (only detecting exchanged Cu), in Table 3.1. The quantity of 

exchanged Cu species in each sample, independent of pretreatment, were very similar 

(discrepancy < 5%). The small discrepancy proved that the calibration curves from low 

Cu-loading Cu-CHA can be applied to estimating high Cu-loading Cu-CHA samples, as 

well as Cu-CHA with different SAR. In addition, the amount of non-exchanged Cu, 

obtained from the difference between ICP and NO-IR value, was less than 0.3 wt%. The 

quantity of non-exchanged Cu indicates that CuOx was difficult to avoid in the aqueous 

phase ion exchanged synthetic method for high Cu-loading Cu-CHA. Additionally, the 

result for Cu-CHA (SAR = 22) with 3.20 wt% indicates that the sample contains more 

CuOx species, because the discrepancy between the ICP and NO-IR values is 1.03 and 

0.69 wt% with dry air and H2 pretreatment, respectively. 
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Table 3.1. The amount of Cu species obtained from ICP-OES, NO-IR, H2-TPR 

Cu-CHA 

SAR 
ICP Cu wt% IR (Air) wt% IR (H2) wt% 

Calculated H2 

(mL/g) 

H2-TPR 

(mL/g) 

16 2.96 2.82 2.72 3.96 4.15 

16 3.28 3.19 3.12 4.06 4.50 

19 3.52 3.34 3.42 4.98 4.49 

19 3.99 3.67 3.53 6.13 5.13 

22 3.20 2.17 2.51 3.33 3.41 

 

We further validate our results with hydrogen temperature-programmed reduction 

(H2-TPR) which was used for investigating exchanged Cu species in Cu-CHA.165-167 

Based on previous reports,165-166 the reduction of Z1Cu(II)OH to Cu+ occurred at 200 oC 

and Z2Cu(II) to Cu+ reduced at 300 oC. The increased reduction temperature for Z2Cu(II) 

was attributed to a more stable species. In contrast, the non-exchanged Cu species 

(CuOx) reduced to Cu(0) below 200 oC under hydrogen gas. For the H2-TPR of high Cu-

loading Cu-CHA samples, two reduction peaks were observed at 210 oC and 320 oC, 

corresponding to the reduction of Z1Cu(II)OH and Z2Cu(II) species, respectively, to Cu+ 

(Figure S3.10). Therefore, we estimated the H2 consumption from the oxidative 

pretreatment NO-IR results. The reduction of Z1Cu(II)OH and Z2Cu(II) required half the 

amount of H2, while CuOx takes a full equivalent of H2 to reduce to Cu(0). The amount of 

exchanged Cu was obtained from NO-IR results, and CuOx wt% was obtained from the 

difference between ICP and NO-IR results. Cu-CHA samples were first treated at 400 oC 

under dry air for 30 minutes before conducting the H2-TPR. Thus, the predicted H2 

consumption volume was based on NO-IR results from dry air pretreatment. The 

differences between NO-IR and H2-TPR results in all samples are within 5%, which 

demonstrates the reliability of the NO-IR methodology to quantify exchanged Cu species 
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in Cu-CHA. The advantage of the NO-IR method over H2-TPR is that it both determines 

the amount of exchanged Cu species and identifies the different Cu speciation, such as 

Z1Cu(II)OH, Z2Cu(II) and Cu dimers, in the parent CHA with different SARs and Al 

distributions. The information of Cu speciation in Cu-CHA can be correlated to deNOx-

SCR or methane to methanol reactivity, which enables future catalyst development. 

 

Figure 3.7. (a) NO adsorption IR spectra of Cu-CHA honeycomb samples at -160 
o
C after 

pretreated at 400 
o
C under dry air for 30 min with 1000 ppm NO/N

2
 at 40 mL min

-1
. (b) The 

amount of exchanged Cu species derived from ICP-OES, NO adsorption IR at -160 
o
C 

After validating the NO-IR results with H2-TPR method for high Cu-loading Cu-CHA 

samples, we applied the NO-IR technique to Cu-CHA coated honeycomb samples 

commercially used for the treatment of diesel engine exhaust. The Cu-CHA honeycomb 

washcoat samples were crushed and ground into powder prior to pressing into an IR 

wafer and ICP measurement. The NO adsorption IR spectra for Cu-CHA honeycomb 

samples at -160 oC showed distinct IR peaks for Cu2+(NO) species (1887, 1911, 1956 

cm-1) and Cu+(NO)2 species (1826 cm-1) (Figure 3.7a). The NO adsorption IR spectra 

were deconvoluted (Figure S3.11) and the IR peaks corresponds to exchanged Cu 

species were calculated by using calibration curves (Figure 3.4). Similarly, the NO 

adsorption IR spectra of the Cu-CHA honeycomb samples with reductive pretreatment 
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were also performed and deconvoluted (Figure S3.12). The estimated amount of 

exchanged Cu species for the tested Cu-CHA honeycomb samples were obtained from 

NO-IR and compared to the ICP results (Figure 3.7b). We noted that sample 1 was 

heavily aged at 800 oC for 16 hours under oxidative condition with moisture, while 

sample 2 was aged at 600 oC for 50 hours under oxidative condition with moisture. 

Additionally, sample 3 was a fresh Cu-CHA honeycomb sample. The amount of 

exchanged Cu obtained from NO-IR of sample 2 and 3 showed reasonable results 

compared to Cu wt% from ICP, whereas the discrepancy of NO-IR and ICP Cu wt% 

values were the amount of non-exchanged Cu species. However, the amount of 

exchanged Cu species derived from NO-IR of sample 2 and 3 with reductive 

pretreatment showed slightly higher values, 0.14 and 0.20 wt%, respectively, than NO-IR 

with dry air pretreatment. Furthermore, the NO-IR result after reductive pretreatment in 

sample 3 was even higher than the ICP value which was abnormal. Indeed, the quality of 

IR peak fitting of NO-IR with reductive pretreatment was not performed well compared to 

NO-IR with dry air pretreatment and it may be attributed to the unevenness of the 

baseline (Figure S3.12). Therefore, the estimated exchanged Cu wt% from NO-IR with 

dry air pretreatment would be more reliable in wash-coated samples. In addition, the 

estimated exchanged Cu wt% from NO-IR of sample 1 showed much less exchanged Cu 

species indicating that there was more non-exchanged Cu species (CuOx) appearance 

on Cu-CHA. Since sample 1 was heavily aged at 800 oC for 16 hours before 

measurement, NO-IR results actually matched that exchanged Cu species can migrate 

out of the framework as CuOx at 800 oC. Although NO-IR with reductive pretreatment 

showed inconsistent values compared to ICP results in Cu-CHA honeycomb samples, 

the estimated exchanged Cu wt% from NO-IR with dry air pretreatment appeared to be 

the better method for quantifying exchanged Cu species in Cu-CHA honeycombs. 
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3.3 Conclusion 

In this work, we established a facile way to determine the quantity of Cu species and 

the different Cu speciation in Cu-CHA, as compared to the conventional ICP-OES 

method that does not differentiate between exchanged and non-exchanged Cu species. 

We also demonstrated that Z2Cu(II) species can be quantified using the perturbed T-O-T 

vibration at 892 cm-1. Two Cu-CHA catalysts were tested, one consisting of mostly 

isolated Al sites while the other consisting of mostly paired Al sites in the CHA cages. A 

linear correlation between the Z2Cu(II) species and the Cu-loading was observed when 

the Cu-loading was below 0.3 wt%, which is consistent with previous reports showing 

that the Cu ion located at paired Al sites is more favorable than isolated Al sites. The NO 

adsorption IR experiments were performed at cryogenic temperatures (-160 oC) to 

eliminate the decomposition of NO to N2O over Cu-CHA. The IR features of Cu+(NO)2 

and Cu2+(NO) at 1826 and 1887-1956 cm-1 were evaluated for Cu-CHA catalysts with 

Cu-loadings of less than 0.40 wt% to obtain calibration curves for Cu+ and Cu2+ ions. 

Various peaks were assigned for Cu2+(NO) at 1887, 1902, 1909, 1914, 1936, and 1956 

cm-1, which corresponded to Cu2+ ions in different CHA cage environments. Based on 

our experimental results and previous literature, the peaks from 1887 to 1915 cm-1 were 

attributed to Z1Cu(II)OH species in d6r and 8r and NO adsorption on Z2Cu(II) sites 

appeared at 1956 cm-1. In addition, the IR peak at 1936 cm-1 only appeared in the IR 

spectra of Cu-CHA(20) samples that consisted mostly of paired Al configurations. The 

1936 cm-1 IR feature was predicted to correspond to Cu dimers, such as Cu-oxo species 

- a result that is first reported here. 

    The calibration curves for Cu+ and Cu2+ ions were established from NO-IR by using 

both reductive and oxidative pretreatment. Then, the calibration curves were applied for 

high Cu-loading Cu-CHA samples to investigate the amount of exchanged Cu species in 
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Cu-CHA. In addition, H2-TPR was performed as a complementary technique to verify the 

consistency and accuracy of NO-IR method for exchanged Cu quantification. The 

estimated Cu+ and Cu2+ amount from NO-IR and H2-TPR results were consistent 

indicating that the NO-IR methodology is a promising way to determine the amount of 

exchanged Cu species in Cu-CHA. NO-IR can access the nature of the Cu speciation 

such as Z2Cu(II), Z1Cu(II)OH, and Cu dimers. The information of Cu speciation in Cu-

CHA can then be correlated with the deNOx-SCR reactivity to accelerate catalyst 

development. Lastly, we applied NO-IR method to coated Cu-CHA honeycomb samples 

and demonstrated the success for facile quantification of exchanged Cu species even in 

different type of samples. 

3.4 Experimental details 

Cu-CHA synthesis 

Two sets of Cu-CHA samples were synthesized for spectroscopic measurements. 

The first set of Cu-CHA (SAR=23, parent CHA provided by BASF) samples with 

predominantly isolated Al sites contains Cu-loadings of 0.067-1.19 wt%. The second set 

of Cu-CHA (SAR=20, parent CHA provided by BASF) samples with mostly paired Al sites 

contains Cu-loadings of 0.082-0.96 wt%. The exact Cu-loading in the CHA samples was 

measured by inductively coupled plasma optical emission spectroscopy (ICP-OES) 

analysis. 

To prepare the Cu-CHA samples, 150 mg of parent CHA powder is well-dispersed in 

10 mL of Cu(NO3)2 solution (18.2 M water) at concentrations of 0.5-20 mM, stirred at 

300 rpm for 4 hours at room temperature, and maintained at a pH of 4.8-5.0 by dropwise 

addition of 0.1 M NH4OH(aq). The various Cu-CHA samples are then centrifuged and 

washed 3 times with DI water to remove excess Cu ions on the samples. To achieve 
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higher Cu-loadings, the samples already treated in a 20 mM Cu2+ solution are dispersed 

again in 20 mM Cu(NO3)2 solutions, repeating the same procedure to increase the ion 

exchange level. The washed Cu-CHA samples are dried in an oven at 110 oC for 24 

hours. The dry Cu-CHA samples are then calcined in a muffle furnace under air flow at 

500 oC for 4 hours with a ramp rate of 1 oC/min. 

NO adsorption FT-IR spectroscopy 

For FT-IR analysis, 5 mg Cu-CHA sample is pressed into a self-supported thin wafer 

that is placed in a homemade in-situ transmission IR flow cell which can be heated to 

400 oC and cooled to -170 oC. The Cu-CHA honeycomb samples were taken from a 

small portion of the washcoat and ground to fine powder prior to IR pellet preparation. All 

FT-IR measurements were performed in a Bruker Vertex 70 spectrometer equipped with 

a liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT) detector. Typically, 128 

scans with a resolution of 4 cm-1 were averaged to give one spectrum. Prior to a low 

temperature NO adsorption measurement, the cell is heated at 5 oC/min to 400 oC and 

held for 30 min under 40 mL/min dry air or 4 % H2/N2 to have oxidative and reductive 

pretreatments. After oxidative pretreatment, the cell is cooled down to 200 oC with 

flowing dry air to avoid auto-reduction, and then evacuated by a turbo pump (pressure < 

1x10-5 Torr). In contrast, after the reductive pretreatment, the cell is then evacuated by a 

turbo pump (pressure < 1x10-5 Torr) at 400 oC. To begin low temperature NO adsorption, 

the cell is first cooled to room temperature before it is further cooled to -160 oC by liquid 

nitrogen. 

    A background FT-IR spectrum is collected at -160 oC under vacuum before feeding 

NO. 1000 ppm NO diluted in N2 is then fed into the cell for 40 min, and the spectra – 

referred to as NO adsorption FT-IR spectra – are collected at 1 min intervals. All 
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adsorption FT-IR spectra are collected under low temperature (-160 oC) conditions 

maintained by constantly adding liquid nitrogen to the transmission IR cell. To compare 

and quantify the Cu+ and Cu2+ IR band integrals in different Cu-CHA, all IR spectra are 

first normalized by using Si-O overtone with the area, 6.588, from 1931 to 1768 cm-1 for 

each Cu-CHA IR spectrum at 400 oC under oxidative or reductive pretreatment before 

cooling down and feeding NO to serve as an internal standard. 

H2 Temperature-Programmed Reduction (H2-TPR) 

Hydrogen temperature programmed reduction (H2-TPR) is performed in 

Micromeritics Autochem II. Cu-CHA samples were first oxidized by flowing 50 mL/min dry 

air with 5 oC/min to 400 oC. After holding at 400 oC with dry air for 30 min, Cu-CHA 

samples were cool down to room temperature prior to H2-TPR. Cu-CHA samples with 

oxidative pretreatment are then reduced by flowing 50 mL/min 10% H2/Ar with 5oC/min to 

400 oC and the H2 consumption was monitored by a TCD detector. 
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Chapter 4: Low Temperature NO and CO-IR Methodology for Identifying and 

Quantifying Exchanged Metal Ion in Cu-ZSM-5 and Fe-CHA 

    This work is the extension of NO as a probe in low temperature IR methodology 

mentioned in previous chapter. The identification and quantification of ion-exchanged 

species in Cu-ZSM-5 and Fe-CHA were investigated by NO and CO-IR. The study 

pointed out the potential of low temperature technique to characterize other metal ion-

exchanged zeolites. 

4.1 Introduction 

After successfully quantifying and identifying exchanged Cu species in Cu-CHA, we 

further extend this methodology to another zeolite, Cu-ZSM-5, which has also been 

studied for the conversion of methane to methanol for decades.187-191 With the availability  

of shale gas, methane, has been replacing crude oil as a feedstock for value added 

chemicals in the United States.192 Methanol, one of the products derived from methane, 

serves as an important feedstock for many valuable chemicals such as formaldehyde, 

dimethyl ether, olefins, and acetic acid.1, 193 The conventional route for producing 

methanol is a two-step process: 1) syngas (CO + H2) production from natural gas or coal, 

2) syngas conversion to methanol using a Cu-ZnO-Al2O3 catalyst. Although the two-step 

process has been widely applied for methanol production, the direct one-step conversion 

from methane-to-methanol would be more desired.194-197 

The ion-exchanged Cu-ZSM-5 shows activity for partial oxidation of methane-to-

methanol after activation under O2 and N2O condition.191 In order to establish structure-

reactivity correlations and to further characterize the nature of Cu species in Cu-ZSM-5, 

X-ray absorption spectroscopy (XAS),198-200 UV-vis spectroscopy,188, 190 diffused 

reflectance Infrared spectroscopy (DRIFTS),201 Raman spectroscopy,202-204 and electron 
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paramagnetic resonance (EPR)205 have been implemented. The possible active sites for 

methane to methanol are the Cu-oxo species including mono--oxo dicopper, tris--oxo-

tricopper, trans--1,2-peroxo dicopper, cis--1,2-peroxo dicopper, copper hydroxyl, and 

m-(2:2)-peroxo dicopper species (Figure 4.1).199 Although there are still some debates 

about the responsible copper species for methane to methanol, it is almost undeniable 

that the exchanged copper in Cu-ZSM-5 acts as a crucial role for methane conversion.  

 

Figure 4.1. The possible structure of copper-oxygen species proposed as active site for methane 

to methanol in Cu-exchanged zeolites. Adapted from ref 199.  

Other than methane to methanol conversion, Cu-ZSM-5 is also an alternative 

catalyst for the direct conversion of syngas to dimethyl ether.206 In fact, Cu-ZnO-

Al2O3/ZSM-5 is being studied as a bifunctional catalyst for the tandem conversion of 

syngas (Figure 4.2).5-6, 207-208 Syngas is first converted into methanol over Cu/ZnO sites, 

and then acid sites on ZSM-5 further dehydrate the methanol into dimethyl ether. In this 

application, Cu(0), reduced from CuOx on Cu-ZSM-5, behaves as an active site for the 

syngas to methanol step. However, when impregnating copper into ZSM-5 zeolite, the 

ion-exchange sites can also accommodate some Cu species and the exchanged copper 

species which is the unwanted surface site for syngas to methanol is less active than the 

Cu(0). In order to build the structure-reactivity correlation with Cu-ZSM-5 and syngas 

conversion, a quantitative method is required to estimate the two types of copper species. 
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Herein, we expand the application of NO-IR to include quantifying and identifying copper 

species in Cu-ZSM-5. 

 

Figure 4.2. Direct synthesis from syngas to dimethyl ether on bifunctional catalyst. Adapted from 

ref 206.  

Cu-CHA is already a successful commercial catalyst for exhaust treatment from lean 

burn diesel engines, and the catalyst shows a good hydrothermal stability with a full 

conversion of NOx (NO, NO2).
143 Although Cu-CHA appears full conversion for the deNOx 

treatment at 400-600 oC, there are still some unwanted side products, such as nitrous 

oxide N2O (~0.2 %).209-211 Indeed, N2O is another greenhouse gas, which shows ~300 

times higher impact than CO2 on global warming. N2O is also known to deplete the ozone 

layer in the stratosphere.212-215 With the increasing emission regulations in the 

foreseeable future, Fe-CHA has drawn attention in recent years due to its ability to fully 

convert NOx to N2 and H2O at above 400 oC, avoiding the formation of N2O, despite 

being less reactive compared to Cu-CHA.216 
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      Unlike the synthesis of Cu-exchanged CHA at room temperature and ambient 

conditions, Fe-CHA synthesis involves an Fe2+/Fe3+ ion exchange at 80 oC under inert 

conditions. Due to the formation of bulky Fe-containing moieties (FeOOH) or clusters 

(Fe2O3), the Fe species are difficult to diffuse into CHA pores.217 In addition, by using an 

Fe3+ solution during synthesis, agglomeration typically occurs due to the formation of an 

iron aqueous complex, Fe(H2O)6
3+, which cannot easily diffuse into zeolite pores, 

resulting in mainly iron oxide (Fe2O3) formation out of the zeolite framework.218-219 

Therefore, in order to avoid the bulky Fe species formation by O2 and Fe2O3 formation 

during synthesis, the Fe-exchange needs to operate under N2 and using Fe2+ as the 

precursor. 

Compared to the copper speciation in Cu-CHA, there is less literature focusing on 

the speciation of iron in Fe-CHA due to its inferior deNOx activity compared to Cu-CHA. 

From the results of UV-vis and EPR, there are several species in Fe-CHA such as 

isolated Fe3+ ions, dinuclear [HO—Fe—O—Fe—OH]2+, and Fe2O3 particles.218, 220-221 Yet, 

the speciation of those Fe3+ species in CHA cages are still unclear at the time. In contrast, 

Fe2+ species has been observed in d6r and 8r of CHA cages by using NO and CO 

adsorption in IR spectroscopy.222 A possible reason is that the pretreatment condition 

heavily impacts the Fe species in Fe-CHA, which is also similar to the case of Cu-CHA. 

The Fe3+ species have been observed without calcination or high temperature treatment 

(> 350 oC), while Fe2+ species were discovered with either vacuum treatment or air 

calcination at 400 oC. Nonetheless, it is still unclear what the mechanism of auto-

reduction from Fe3+ to Fe2+ is at high temperatures. In order to be consistent with the 

previous FT-IR study, we chose air calcination at 400 oC as the pretreatment prior to IR 

spectra collection. Here, we extend the application of NO and CO as probe molecules to 

identify and quantify Fe species in Fe-CHA using IR spectroscopy. 
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4.2 Results and Discussion 

Extending the NO-IR method to Cu-ZSM-5 

We first treated Cu-exchanged ZSM-5 (SAR = 30) with different Cu-loadings at 

400oC for 30 minutes under dry air prior to collecting the IR spectra. Similar to the case 

of Cu-CHA, an IR feature at 924 cm-1 emerged due to perturbed T-O-T framework 

vibration in Cu-ZSM-5 compared to the original framework vibration at 1040 cm-1 (Figure 

4.3). Since the Cu speciation in Cu-ZSM-5 was mostly considered as mono--oxo 

dicopper species in 10-membered rings (10r),199 the perturbed framework vibration here 

can be attributed to Cu dimer species. In addition, the intensity of 924 cm-1 peak 

enhanced with increasing Cu-loading in Cu-ZSM-5. However, the IR peak at 924 cm-1 

was overlapped by the huge IR contribution from Si-O stretching in ZSM-5. Thus, we did 

not continue to use the IR spectra at 400 oC for quantification purposes. 

 

Figure 4.3. Transmission IR spectra of Cu-ZSM-5 (SAR = 30) with various Cu-loadings at 400 
o
C 

after flowing 40 mL min
-1

 dry air for 30 min. 
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Subsequently, the NO adsorption IR spectra of Cu-ZSM-5 were collected at -160 oC 

under 1000 ppm NO/N2 after an oxidative or reductive pretreatment, and the spectra 

showed no N2O or NO+ formation, which indicates NO is still an appropriate probe 

molecule for investigating Cu speciation in Cu-ZSM-5 in addition to Cu-CHA (Figure 

S4.1). NO adsorption IR spectra of Cu-ZSM-5 after oxidative pretreatment showed an IR 

signal at 1914 cm-1, which can be attributed to Cu2+(NO) species (Figure 4.4a). In 

addition, the IR feature of liquefied NO appeared at 1785 cm-1, consistent with the finding 

in NO adsorption IR spectra of Cu-CHA and NO reference spectra as well as the NO gas 

phase IR signals at 1856 and 1865 cm-1. The peak intensity at 1914 cm-1 grew in 

intensity with increasing Cu-loading in Cu-ZSM-5. When operating an NO adsorption IR 

experiment of Cu-ZSM-5 after the reductive pretreatment, both Cu2+(NO) and Cu+(NO)2 

emerged at 1914 and 1820 cm-1, respectively (Figure 4.4b), indicating Cu2+ species is 

not fully reduced to Cu+ species by using 4% H2/N2 at 400 oC for 30 min. Thus, we only 

used the NO adsorption IR spectra after the oxidative pretreatment to quantify Cu2+ 

species in Cu-ZSM-5, because it seems that reductive pretreatment cannot separate 

Cu2+ and Cu+ species in Cu-ZSM-5. The linear calibration curve for Cu2+ species as a 

function of the Cu loading is shown in Figure 4.5. We noticed that the amount of 

Cu2+(NO) in the Cu-ZSM-5 sample with the largest Cu loading (0.401 wt%) deviated from 

the calibration curve, which could indicate the appearance of non-exchanged Cu species, 

CuOx. 
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Figure 4.4. NO adsorption IR spectra of Cu-ZSM-5 (SAR = 30) samples pretreated at 400 
o
C 

under (a) air and (b) 4% H2/N2 after flowing 1000 ppm NO/N2 for 30 min at -160 
o
C. 

 

Figure 4.5. Calibration curve for Cu
2+

 species as a function of the Cu loading in Cu-ZSM-5 using 

NO-IR at -160 
o
C. 

In the application of Cu-ZSM-5 for syngas conversion to dimethyl ether, the active 

site for the step of syngas to methanol was proposed to be CuOx, which is non-

exchanged Cu species. We thereby examined a high silica content Cu-ZSM-5 (SAR = 

400), which does not contain abundant exchanged Cu species due to the limited number 

of Brønsted acid sites. The Cu-ZSM-5 samples were prepared using a liquid phase ion 

exchange procedure to synthesize Cu-ZSM-5 with various Cu-loadings. The NO 
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adsorption IR spectra of Cu-ZSM-5 (SAR = 400) showed a broad IR band from 1930 to 

1855 cm-1 (Figure 4.6a). Compared to the low SAR Cu-ZSM-5 (SAR = 30) (Figure 4.4a), 

the IR peak for Cu2+(NO) at 1914 cm-1 is insignificant and could be buried in the broad 

band at 1896 cm-1 in high SAR Cu-ZSM-5 (SAR = 400). In addition, the deconvoluted NO 

adsorption IR spectrum of Cu-ZSM-5 (SAR = 400) with 0.549 Cu wt% indicated four main 

contributions for the broad band (Figure S4.2). The IR peak at 1914 cm-1 corresponded 

to Cu2+(NO) species, 1896 cm-1 could be attributed to adsorbed NO on CuOx species, 

and the contribution of NO gas phase IR signal appeared at 1872 and 1860 cm-1. 

Because of the limited number of Brønsted acid sites on ZSM-5 with high SAR (SAR = 

400), the exchanged Cu species was rare, suggesting that the Cu speciation was mostly 

non-exchanged CuOx on Cu-ZSM-5 (SAR = 400). In this case, we can deconvolute the 

NO adsorption IR spectra of each Cu-ZSM-5 (SAR = 400) with different Cu-loadings and 

apply the calibration curve of Cu2+ that we obtained above to calculate the amount of 

exchanged Cu species (Figure 4.5). Furthermore, the difference between the exchanged 

Cu species and bulk Cu content could be used to estimate the amount of CuOx on Cu-

ZSM-5 (Figure 4.6b). Based on the NO-IR results, the exchange sites in Cu-ZSM-5 

(SAR = 400) are restricted, and they can only accommodate 0.04-0.05 wt% of 

exchanged copper species, because the exchanged copper species seems to plateau 

around these values despite increasing the Cu loading. 
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Figure 4.6. (a) NO adsorption IR spectra of Cu-ZSM-5 (SAR = 400) samples pretreated at 400 
o
C 

under dry air after flowing 1000 ppm NO/N2 for 30 min at -160 
o
C. (b) The amount of Cu species 

derived from ICP-OES and NO-IR. 

Extending the NO and CO-IR method to Fe-CHA 

We later investigated the Fe-exchanged CHA, which is another active catalyst for 

deNOx-SCR. The Fe-CHA (SAR = 20) with various Fe-loadings were treated at 400 oC 

under dry air to remove the moisture and activate the catalyst prior to IR spectra 

collection. An IR peak at 901 cm-1 similar to the one attributed to the perturbed T-O-T 

framework vibration of Z2Cu(II)156 was observed in every Fe-CHA sample (Figure 4.7), 

implying that Z2Fe(II) is also the favorable site for Fe ions in low Fe-loadings, which is 

similar to the copper speciation in Cu-CHA. In addition, the intensity of the Z2Fe(II) IR 

feature enhanced with increasing the Fe-loading. However, the Z2Fe(II) IR peak was 

overlapped with the intense and broad Si-O IR signal which makes the IR peak 

integration at 901 cm-1 more difficult. In order to further identify and quantify Fe species 

in Fe-CHA, we extend our low temperature (-160 oC) NO and CO-IR methodology to 

investigate Fe-CHA. 
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Figure 4.7. Transmission IR spectra of Fe-CHA with various Fe-loadings at 400 
o
C after flowing 

40 mL min
-1

 dry air for 30 min. 

FT-IR NO adsorption was conducted at -160 oC on Fe-CHA by flowing 1000 ppm 

NO/N2 for 50 minutes. The IR peak for Fe2+(NO) appeared at 1897 cm-1 in NO-IR 

spectrum at 20 minutes NO adsorption (Figure 4.8).220, 222 When NO adsorption of Fe-

CHA (1.15 wt%, SAR = 20) reached 30 minutes, other IR features such as NO+ and 

Fe2+(NO)3 emerged at 2176 and 1815 cm-1, respectively.222 After flowing 1000 ppm 

NO/N2 for 50 minutes, the IR peak for Fe2+(NO) gradually decreased and the IR signal for 

Fe2+(NO)3 enhanced at 1920 and 1815 cm-1, indicating that NO can form trimer on Fe2+ 

than monomer at -160 oC when increasing NO partial pressure. Although the separation 

of Fe2+(NO) and Fe2+(NO)3 is challenging for quantification purposes, we selected the 

NO-IR spectrum when the intensity of Fe2+(NO) signal at 1897 cm-1 reached its maximum 

(Figure 4.9a). It should be noted that even the chosen NO-IR spectra with the maximum 

intensity at 1897 cm-1 for Fe-CHA already contained some of the IR feature for Fe2+(NO)3 

at 1815 cm-1, which made the calculated Fe2+(NO) peak area to Fe-loading off the 

linearity (Figure 4.9b). In addition, based on previous literature, there were two distinct 
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IR peaks reported for Fe2+(NO) species: Fe2+ located at d6r and 8r would show IR peaks 

at 1884 and 1899 cm-1, respectively.222 In our case, the deconvoluted NO-IR of Fe-CHA 

did show both of the 1884 and 1899 cm-1 peaks (Figure S4.3), indicating that both d6r 

and 8r accommodate Fe2+ species. Although a DFT study predicted the IR peak 

positions for Fe2+(NO), Fe2+(NO)2, and Fe2+(NO)3, the discrepancy of the IR peak 

assignments were off by ~50 cm-1 compared to our experimental results.223 

 

Figure 4.8. Time-resolved NO adsorption IR spectra of Fe-CHA (1.15 wt%, SAR = 20) at -160 
o
C 

after dry air pretreatment at 400 
o
C. 
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Figure 4.9. (a) NO adsorption IR of Fe-CHA (SAR = 20) with various Fe-loadings at -160 
o
C after 

dry air pretreatment at 400 
o
C. (b) Fe

2+
(NO) IR peak area at 1899 and 1884 cm

-1
 as a function of 

the corresponding Fe-loading in Fe-CHA. 

In order to avoid the NO trimer formation on Fe2+ species causing quantification 

issues, another probe molecule, CO, was applied to detect and quantify Fe2+ species in 

Fe-CHA. In CO-IR adsorption experiments, 5% CO/He was dosed into the IR cell until 

the pressure was equilibrated at 5 Torr. As shown in Figure 4.10a, the first IR peak 

occurred at 2196 cm-1, which is attributed to Fe2+(CO) species at d6r. Another IR signal 

appeared later at 2175 cm-1, which correspond to CO adsorbed on Brønsted acid sites 

(H+(CO)) in Fe-CHA.222 The IR feature for gas phase CO emerged at 2139 cm-1 when the 

pressure reached 5 Torr.222 Yet, the IR peak at 2207 cm-1 assigned for Fe2+(CO) species 

at 8r was not discovered in our CO-IR spectra, which contradicts the results from the 

NO-IR experiments above since we did observe the NO-IR peaks at 1899 and 1884 cm-1 

corresponding to Fe2+ species at 8r and d6r, respectively. It was not clear at the time why 

there was a difference between NO-IR and CO-IR results for the Fe2+ location in CHA. 

Due to the lack of CO and NO-IR literature on Fe-CHA, there is still room to improve the 

IR signal assignments for the different Fe2+ species. After equilibrating the pressure at 5 

Torr of 5% CO/He, the IR cell was then evacuated using a turbo pump until the pressure 
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reached < 1x10-5 Torr, throughout which IR spectra were being collected (Figure 4.10b). 

The contribution of gas phase CO IR signal disappeared when evacuating the IR cell for 

5 minutes, whereas the intensity of the IR feature for H+(CO) gradually decreased and 

finally fully desorbed after evacuating the IR cell for 25 minutes. The CO adsorbed on 

Fe2+ species IR signal at 2196 cm-1 stayed even after 30 minutes of evacuation, 

suggesting CO adsorbed strongly on Fe2+ species compared to Brønsted acid sites. 

However, after all CO desorbed from Brønsted acid sites, the IR peak for Fe2+(CO) at 

2196 cm-1 started decreasing, showing the importance of performing CO-IR at -160 oC to 

enhance CO chemisorption on Fe-CHA. As a result, the CO-IR spectra for Fe2+ 

quantification purposes were chosen when the intensity of IR signal for Fe2+(CO) still 

showed its maximum, but the intensity of the IR peak for H+(CO) reached close to 

minimum (Figure 4.11a). Based on previous CO-IR study, the adsorbed CO on non-

exchanged Fe species, FeOx, showed IR features at 2177, 2148, and 2129 cm-1 which 

were not observed in our CO-IR spectra.222 Therefore, assuming there were no formation 

of non-exchanged Fe species, the correlation between the Fe-loading from ICP-OES and 

the IR peak areas of Fe2+(CO) in Fe-CHA can be further applied for exchanged Fe2+ 

quantification in Fe-CHA (Figure 4.11b). 
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Figure 4.10. Time resolved CO-IR spectra of Fe-CHA (0.99 wt%, SAR = 20) at -160 
o
C 

performing (a) CO adsorption and (b) CO desorption (5 min interval for each spectrum). 

 

Figure 4.11. (a) CO adsorption IR of Fe-CHA (SAR = 20) with various Fe-loadings at -160 
o
C 

after dry air pretreatment at 400 
o
C. (b) Fe

2+
(CO) IR peak area at 2196 cm

-1
 as a function of the 

corresponding Fe-loading in Fe-CHA.  

4.3 Conclusion 

We successfully extended the NO-IR method for the detection and quantification of 

Cu species to another Cu-zeolite, Cu-ZSM-5. The results showed that NO-IR can be 

useful not only for estimating the amount of exchanged Cu species, but also the out of 
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framework Cu species, CuOx. This technique can benefit catalyst development in both 

methane to methanol and syngas to dimethyl ether reactions, the active sites of which 

are exchanged Cu and non-exchanged Cu species, respectively. Not only can the NO-IR 

be extended to other Cu-zeolites, a different transition metal ion-exchanged CHA, Fe-

CHA, was also tested. In the case of Fe-CHA, NO adsorption on Fe2+ species at -160 oC 

tends to form NO trimers, causing difficulties to quantify the exchanged Fe species, 

because Fe2+(NO) and Fe2+(NO)3 coexisted in the IR spectra. By using CO as a probe for 

Fe-CHA in the IR spectroscopy, Fe2+(CO) and H+(CO) showed IR peaks at 2196 and 

2175 cm-1, respectively. The integrated peak areas of Fe2+(CO) correspond linearly to the 

Fe-loadings in Fe-CHA, allowing for the establishment of a calibration curve for Fe2+ 

species. 

4.4 Experimental Details 

Cu-ZSM-5 synthesis 

Parent ZSM-5 (SAR = 30) zeolite was purchased from Zeolyst. To synthesize the 

Cu-ZSM-5 samples, 150 mg of parent ZSM-5 powder is well-dispersed in 10 mL of 

Cu(NO3)2 solution (18.2 M water) at concentrations of 0.5-20 mM, stirred at 300 rpm for 

4 hours at room temperature, and maintained at a pH of 4.8-5.0 by dropwise addition of 

0.1 M NH4OH(aq). The various Cu-ZSM-5 samples are then centrifuged and washed 3 

times with DI water to remove excess Cu ions on the samples. The washed Cu-ZSM-5 

samples are dried in an oven at 110 oC for 24 hours. The dry Cu-ZSM-5 samples are 

then calcined in a muffle furnace under air flow at 500 oC for 4 hours with a ramp rate of 

1 oC/min. The exact Cu-loading in the Cu-ZSM-5 samples was measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) analysis. 
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Fe-CHA synthesis 

Parent CHA (SAR = 20) zeolite was provided by BASF. To synthesize the Fe-CHA 

samples, 200 mg of parent CHA powder is well-dispersed in 20 mL 18.2 M water, 

adjusted at a pH of 3.0 by dropwise addition of 0.1 M HNO3(aq),and stirred at 300 rpm to 

80 oC under N2 condition. After the solution reached 80 oC, the desired amount of 

Fe(SO4)7H2O was added into well-dispersed CHA solution and stirred at 300 rpm, 80 oC 

for 1 hour under N2 condition. The various Fe-CHA samples are then centrifuged and 

washed 3 times with DI water to remove excess Fe ions on the samples. The washed 

Fe-CHA samples are dried in an oven at 120 oC for 24 hours. The dry Fe-CHA samples 

are then calcined in a muffle furnace under air flow at 550 oC for 5 hours with a ramp rate 

of 2 oC/min. The exact Fe-loading in the CHA samples was measured by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) analysis. 

NO adsorption FT-IR spectroscopy 

For FT-IR analysis, 5 mg Cu-ZSM-5 or Fe-CHA sample is pressed into a self-

supported thin wafer that is placed in a homemade in-situ transmission IR flow cell which 

can be heated to 400 oC and cooled to -170 oC. All FT-IR measurements were performed 

in a Bruker Vertex 70 spectrometer equipped with a liquid nitrogen cooled Mercury-

Cadmium-Telluride (MCT) detector. Typically, 128 scans with a resolution of 4 cm-1 were 

averaged to give one spectrum. Prior to a low temperature NO adsorption measurement, 

the cell is heated at 5 oC/min to 400 oC and held for 30 min under 40 mL/min dry air or 4 

% H2/N2 to have oxidative and reductive pretreatments. After oxidative pretreatment, the 

cell is cooled down to 200 oC with flowing dry air to avoid auto-reduction, and then 

evacuated by a turbo pump (pressure < 1x10-5 Torr). In contrast, after the reductive 

pretreatment, the cell is then evacuated by a turbo pump (pressure < 1x10-5 Torr) at 400 
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oC. To begin low temperature NO adsorption, the cell is first cooled to room temperature 

before it is further cooled to -160 oC by liquid nitrogen. 

      A background FT-IR spectrum is collected at -160 oC under vacuum before feeding 

NO. 1000 ppm NO diluted in N2 is then fed into the cell for 40 min, and the spectra – 

referred to as NO adsorption FT-IR spectra – are collected at 1 min intervals. All 

adsorption FT-IR spectra are collected under low temperature (-160 oC) conditions 

maintained by constantly adding liquid nitrogen to the transmission IR cell. To compare 

and quantify the Cu2+ IR band integrals in different Cu-ZSM-5, all IR spectra are first 

normalized by using Si-O overtone with the area, 8.846, from 1934 to 1734 cm-1 for each 

Cu-ZSM-5 IR spectrum at 400 oC under oxidative or reductive pretreatment before 

cooling down and feeding NO to serve as an internal standard, whereas Fe-CHA IR 

spectra are normalized by Si-O overtone with the area, 6.588, from 1931 to 1768 cm-1 as 

internal standard. 

CO adsorption FT-IR spectroscopy 

      A background FT-IR spectrum of Fe-CHA after dry air pretreatment is collected at -

160 oC under vacuum before CO adsorption. 5% CO/H2 was then dosed into IR cell and 

equilibrated at 5 Torr for 5 min or until no change for the CO adsorption IR spectrum. 

After CO adsorption at 5 Torr, the IR cell was evacuated by a turbo pump until the 

pressure < 1x10-5 Torr, while collecting CO desorption IR spectra at 1 min intervals. The 

internal standard for Fe2+ quantification of Fe2+(CO) IR peak was the Si-O overtone from 

1931 to 1768 cm-1 with the area, 6.588, at 400 oC under dry air condition. 
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Chapter 5: Conclusions and Perspectives 

5.1 Conclusions 

In chapter 2, we showcase that operando MES-DRIFTS-MS is a powerful technique 

to study a catalytic reactions with multiple steps. The hypothesized reaction pathway of 

ethanol to n-butanol via hydroxyapatite (HAP) was evidenced by modulating different 

reactive intermediates and also showed the reason why hydrogenation on C=C bond to 

form n-butanol is unlikely. The possible active on HAP surface were Ca2+/OH- and 

POH/OH- as acid-base pairs which are responsible for aldol condensation and direct 

hydrogen transfer, respectively. 

      In chapter 3, we developed a low temperature IR methodology that can characterize 

the copper speciation and exchanged copper quantities in a commercial NOx abatement 

catalyst, Cu-CHA. By using nitric oxide (NO) as a probe molecule in low temperature (-

160 oC) IR spectroscopy, the NO adsorbed on different copper species showed distinct 

IR features for Z1CuOH, Cu dimers, and Z2Cu which can establish a structure-reactivity 

correlation to benefit the catalyst development. In addition, we were able to quantify the 

exchanged copper species in Cu-CHA via low temperature NO-IR, which the information 

cannot obtain from the conventional elemental analysis, such as ICP-OES. The 

industrial-relevant washcoat Cu-CHA catalysts were also tested and showed the 

consistent estimated quantities of exchanged copper species with the low temperature 

NO-IR technology. 

      In chapter 4, with the success of the NO-IR method development for Cu-CHA, we 

further extended the characterized material to Cu-ZSM-5 and Fe-CHA. The outcome of 

NO-IR for Cu-ZSM-5 showed distinct IR peak for exchanged copper species at 1914 cm-1 

and the calibration curve for Cu2+ species was provided. In the case of Fe-CHA, the NO-
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IR was not efficient due to the formation of NO monomer and trimer on copper species, 

causing complexity in the IR spectra. Carbon monoxide (CO) was then applied as an 

alternative probe molecule. The results of CO-IR for Fe-CHA showed clearer IR peaks 

for Fe2+(CO) than in NO-IR and the calibration curved for Fe2+ by CO-IR was then 

established. 

5.2 Perspectives 

Our achievements in this thesis establish two fundamental toolboxes to study 

heterogeneous catalysis: operando IR spectroscopy to elucidate the reaction profile at 

the molecular level, and site-sensitive IR spectroscopy to probe the metal sites in 

industrial-relevant catalysts Building on these toolboxes, we envision four potential 

research directions. Firstly, the sensitivity of operando spectroscopy can be promoted by 

optimizing the configuration of the DRIFTS cell, making it possible to reveal more 

molecular information. The main characteristic of the operando spectroscopy with 

modulation excitation is the introduction of a rapid perturbation in the system. A shorter 

exchange time for concentration modulation during perturbation can allow better control 

of the modulation excitation. To be more specific, we are aware of delay times at around 

25 sec between the excitation and the spectra during the modulation excitation. The type 

of spectral delay can be attributed to the large void space in the DRIFTS cell. In order to 

enhance the exchange time for concentration modulation, a design for a small dead 

volume DRIFTS cell is required. Furthermore, the design of the DRIFTS cell can be 

expanded to hold a high pressure (> 30 bar) and high temperature (> 200 oC). Optimizing 

the ambient reaction cell into a high-pressure/high-temperature reaction cell with a 

reduced dead volume can impact a wide range of heterogeneous catalytic systems. 
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Secondly, we envision that the optimized toolbox of operando IR spectroscopy can 

reveal reaction profiles that are challenging to study in working conditions, such as CO2 

hydrogenations demand high reaction temperature (> 250 °C) and pressure (> 25 bar).6 

The prototype of the DRIFTS micro-reactor design has been shown the capability for 

investigating CO oxidation over gold catalyst.224 With the emergence of the concept of a 

carbon-neutral environment, CO2 can be hydrogenated to methanol or olefins as an 

alternative pathway for important chemical feedstock. However, the thermodynamics of 

CO2 hydrogenation favors reverse water gas shift (RWGS) than methanol under ambient 

pressure. In our preliminary MES-DRIFTS results of CO2 hydrogenation on a Cu-Ga/SiO2 

catalyst (Figure S5.1) at ambient pressure, the reaction tends to mostly undergo RWGS 

to form CO instead of methoxy species. In addition, the observed formate species at 

3003 and 1594 cm-1 indicated that some insights of the catalytic reaction can be revealed. 

With the newly designed high-pressure DRIFTS cell, the newer generation of CO2 to 

methanol catalysts can be studied by operando DRIFTS-MS. Furthermore, the same 

DRIFTS cell design can also apply to other characterization techniques such as Raman 

and UV-vis spectroscopy to add as a complementary method to investigate the catalysts 

under working conditions. 

Besides of heterogeneous catalytic reactions in the gas phase, the liquid phase 

heterogeneously catalytic reaction is also an important part in industrial processes such 

as propylene epoxidation. Unlike the catalytic reactions in the gas phase, solvent usually 

plays a role in liquid phase reactions because of the competitive adsorption with 

reactants, and this phenomenon is especially more pronounced in the case of (micro-) 

porous catalysts where the composition inside the pores can be very different from the 

bulk due to size exclusion and confinement effects.225 Moreover, such systems are prone 

to diffusion limitations as the dimensions of the molecules are of the same order-of-
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magnitude as the pore size. In that case, it is likely that the solvent also strongly controls 

the rate of mass-transfer. A notorious example of a microporous catalytic system with 

pronounced solvent effects that are not well understood is the TS-1 catalyzed 

epoxidation of propylene with H2O2,
226 the so-called HPPO process which was co-

developed by BASF and Dow Chemical. For this system, methanol was experimentally 

found to be the optimal solvent. Interestingly, acetonitrile – a solvent with a very similar 

dielectric constant – performs significantly worse than methanol. Until today, the 

H2O2/solvent ratio and their influence near the active titanium sites inside the micro-pores 

are still under debated,227-229 as well as the influence of competitive adsorption. Given the 

fact that methanol reacts with the epoxide product in downstream rectification columns, 

using a less nucleophilic solvent like acetonitrile would offer significant practical 

advantages, not in the least as also the vaporization enthalpy of acetonitrile is lower than 

that of methanol and could hence reduce energy consumption in the thermal separation. 

With the MES-ATR-IR technique, we will be able to discern the solvent effects and the 

nature of the Ti active site under reaction conditions. The results from MES-ATR-IR 

provide the potential to differentiate the contribution from bulk and the solvents in the 

pore as well as the interaction with H2O2. In addition, after phase-sensitive detection 

(PSD), the consecutive signals from intermediates and adsorbed species can be 

observed to compare with the working hypothesis of TS-1 catalyzed HPPO process. 

In chapters 3 and 4, we show that low-temperature NO-IR and CO-IR are powerful 

tools to investigate and quantify the nature of the copper and iron ion in CHA and ZSM-5 

zeolites. However, there is still some unknown speciation of Fe species in Fe-CHA which 

is a better deNOx abatement catalyst in N2O selectivity. The controlled Al distribution Fe-

CHA such as mostly paired and isolated Al configuration with similar Si/Al ratio need to 

be synthesized. By using low-temperature CO-IR, the differences of the CO adsorbed IR 



79 

 

 

features between mostly paired and isolated Al Fe-CHA could shed light on the 

speciation of iron ion in the CHA cages. In addition, X-ray photoelectron spectroscopy 

(XPS) and X-ray diffraction (XRD) can provide insights of the oxidation states of iron or 

possibly its location in cages and the information for FeOx species. Ultimately, the low 

temperature NO and CO-IR can behave as a facile and reliable technique for identifying 

and quantifying the metal ion in various ion-exchange zeolites. 
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Appendices 

 

Chapter 2: Insights into Ethanol Coupling over Hydroxyapatite Using Modulation 

Excitation Operando Infrared Spectroscopy 

Table S2.1. Chosen m/z signals and some IR vibrational frequencies
a
 for the most important 

chemicals. 

Molecule m/z (C-H) cm
-1

 (C=O) cm
-1

 (C=C) cm
-1

 (O-H) cm
-1

 

Ethanol 46 2977, 2903 - - 3666 

Acetaldehyde 44 2820, 2733, 2705 1758 - - 

Crotonladehyde 70 2995, 2936, 2813, 2730 1720 1645 - 

Crotyl alcohol 57 3026, 2939, 2879 - 1676 3661 

Butanal 72 2971, 2896, 2807, 2712 1748 - - 

n-butanol 

1,3-butadiene
b
 

56 

54 

2964, 2941, 2890 

3111, 3090 

- - 

1830, 1813 

3669 

a
 Gas-phase infrared reference spectra from Figure S2.3 

b
 1,3-butadiene infrared reference spectrum from NIST Chemistry WebBook. 

 

Table S2.2. Chosen m/z signals
 
and some IR vibrational frequencies

c
 for the most important 

chemicals adsorbed HAP. 

Molecule m/z (C-H) cm
-1

 

Ethanol 46 2977, 2933, 2903 

Acetaldehyde 44 2975, 2921, 2757 

Crotonladehyde 70 3004, 2923, 2855, 2764 

Crotyl alcohol 57 2950, 2927, 2894 

Butanal 72 2967, 2940, 2879 

n-butanol 56 2960, 2940, 2881 
c
 Adsorbed intermediate molecules infrared spectra from Figure S2.4 
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Figure S2.1. Transmission FT-IR spectrum for self-supported wafer for hydroxyapatite (HAP) at 

room temperature after calcination in 600 
o
C for 2 hrs, (a) full range of spectrum, (b) zoom in from 

(a) for clarity of POH features. 

 

Figure S2.2. X-ray diffraction pattern for hydroxyapatite (HAP) under ambient conditions on a 

Bruker D8 advance diffractometer with Cu Kα radiation (λ = 1.5406 Å). 
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Figure S2.3. N2 adsorption and desorption isotherm were performed on a Micromeritics 3-flex 

apparatus. BET surface area: 21 m
2
/g 

  

Figure S2.4. Transmission FT-IR spectra for comparison. Hydroxyapatite (HAP) is collected by a 

self-supported wafer. Gas phase ethanol is record by dosing liquid ethanol into a vacuum 

transmission cell. Ethanol adsorption IR spectrum is taken after evacuation for the transmission IR 

cell which doses liquid ethanol into vacuum transmission cell with self-supported HAP wafer and 

the background of the adsorption spectrum is taken before dosing ethanol. All measurements are 

operated at room temperature. 
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Figure S2.5. Transmission gas phase reference FT-IR spectra for each intermediates, reactant, 

and product at room temperature. Each gas phase species IR spectrum is collected by dosing 

liquid chemical into a vacuum transmission cell until the pressure reaches 100 Torr at room 

temperature. 
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Figure S2.6. Adsorption reference IR spectra are taken after evacuation for the transmission IR 

cell which doses specific intermediates such as acetaldehyde, crotonaldehyde, crotyl alcohol, 

butanal and product, n-butanol, into vacuum transmission cell with self-supported HAP wafer and 

the background of the adsorption spectrum is taken before dosing each species. All 

measurements are operated at room temperature. 
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Figure S2.7. Phase-sensitive detection (PSD) DRIFT spectra in C-H region with modulation 

experiment between ethanol (2.5%)/CA with 3:1 molar mixture in 20 mL min
-1

 Ar as carrier gas 

and ethanol in Ar flow, the phase-delay at 10
o
 corresponds to acetaldehyde, 40

o
 correlates to 

crotyl alcohol, and 70
o
 indicates n-butanol 

 

Figure S2.8. Modulation experiment between ethanol (2.5%)/crotyl alcohol with 3:1 molar mixture 

in 20 mL min
-1

 Ar as carrier gas and ethanol in Ar over 5 mg hydroxyapatite (HAP) at 330 
o
C (a) 

selected m/z signals from mass spectrometry response (b) Time-domain DRIFT spectra and the 

line at 122 sec. indicates gas channels switch. 
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Chapter 3: Quantification of Exchanged Copper Species in Cu-Chabazite Zeolite 

Using Cryogenic Probe Infrared Spectroscopy 

 

Figure S3.1. Time-resolved 1000 ppm NO/N2 adsorption IR spectra of Cu-CHA (2.96 wt%, SAR = 

16) at -160 
o
C and pretreated at 400 

o
C with (a) dry air and (b) 4% H2/N2 at 40 mL min

-1
. The split 

and flat peak shape at 1785 cm
-1

 in (a) is due to the saturation of MCT detector 

 

 

Figure S3.2. Transmission IR spectra of the parent CHA collected at room temperature and -160 

o
C while flowing 1000 ppm NO/N2 at 40 mL min

-1
. 
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Figure S3.3. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA(20) at -160 
o
C after 

dry air pretreatment at 400 
o
C. 
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Figure S3.4. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA(23) at -160 
o
C after 

dry air pretreatment at 400 
o
C. 
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Figure S3.4. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA(23) at -160 
o
C after 

dry air pretreatment at 400 
o
C. 
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Figure S3.5. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA(20) at -160 
o
C after 

H2 pretreatment at 400 
o
C.  
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Figure S3.6. Deconvoluted IR peaks for NO adsorption Cu-CHA(23) IR spectra at -160 
o
C after 

H2 pretreatment at 400 
o
C 
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Figure S3.6. Deconvoluted IR peaks for NO adsorption Cu-CHA(23) IR spectra at -160 
o
C after 

H2 pretreatment at 400 
o
C 

 



93 

 

 

 

Figure S3.7. Calibration curve for Cu
2+

 and Cu
+
 species from NO-IR at -160 

o
C 
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Figure S3.8. Deconvoluted IR peaks for NO adsorption IR spectra of high Cu-loading Cu-CHA 

samples at -160 
o
C by using dry air pretreatment at 400 

o
C. The split and flat peak shape at 1785 

cm
-1

 is due to the saturation of MCT detector 
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Figure S3.9. Deconvoluted IR peaks for NO adsorption IR spectra of high Cu-loading Cu-CHA 

samples at -160 
o
C by using H2 pretreatment at 400 

o
C. The split and flat peak shape at 1726 cm

-1
 

in is due to the saturation of MCT detector 
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Figure S3.10. Hydrogen temperature-programmed reduction (H2-TPR) on high Cu-loading Cu-

CHA powder samples 
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Figure S3.11. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA honeycomb 

samples at -160 
o
C by using dry air pretreatment at 400 

o
C. 
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Figure S3.12. Deconvoluted IR peaks for NO adsorption IR spectra of Cu-CHA honeycomb 

samples at -160 
o
C by using H2 pretreatment at 400 

o
C. 
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Chapter 4: Low Temperature NO and CO-IR Methodology for Identifying and 

Quantifying Exchanged Metal Ion in Cu-ZSM-5 and Fe-CHA 

 

Figure S4.1. Time-resolved 1000 ppm NO/N2 adsorption IR spectra at -160 
o
C of Cu-ZSM-5 (SAR 

= 30) with 0.401 wt% Cu-loading pretreated by (a) dry air and (b) 4% H2/N2 

 

 

Figure S4.2. Deconvoluted IR peaks for NO adsorption Cu-ZSM-5 (0.549 wt%, SAR = 400) at -

160 
o
C after dry air pretreatment 
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Figure S4.3. Deconvoluted IR peaks for NO-IR of Fe-CHA (SAR = 20) at -160 
o
C after dry air 

pretreatment at 400 
o
C 
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Figure S4.4. Deconvoluted IR peaks for CO-IR of Fe-CHA (SAR = 20) at -160 
o
C after dry air 

pretreatment at 400 
o
C 
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Chapter 5: Conclusions and Perspectives 

 

Figure S5.1. Preliminary DRIFTS spectra of CO2/H2 (1:3) over 10%Cu-20%Ga/SiO2 catalyst at 

230 
o
C 

 

Figure S5.2. Newly designed high pressure operando DRIFTS cell with the capability to 300 
o
C, 

30 bar. Refer to the literature.
224
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