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Abstract 

 Nanoparticles have received much attention due to their unique structure and physical 
and chemical properties compared to their bulk material counterparts, which allow them to be 
used in a variety of applications, such as imaging, medical applications, and catalysis.  As such, 
close examination of the structure and electronic properties of various nanoparticles is of 
incredibly high interest.   

 In this work, X-ray absorption spectroscopy (XAS), supported by other characterization 
techniques, was used to study the structure and bonding properties of a number of different 
nanoparticle catalysts.  First, a series of W-doped TiO2 nanoparticles was examined, in order to 
determine the changes in atomic structure that allowed for the W-TiO2 4% doping to exhibit 
greater photothermalcatalytic activity than the other samples.  Extended X-ray Absorption Fine 
Structure (EXAFS) fittings results showed that the dopant W atoms replaced Ti atoms within the 
lattice, creating Ti vacancies.  As the W doping concentration increased to 4%, the Ti vacancies 
also increased, as did the number of dangling oxygen and oxygen vacancies, which could act as 
catalytic sites.  Formation of WO3 outside of the lattice at 10% doping was also seen in the 
fitting results, showing why the 4% sample exhibited greater catalytic activity.           

Next, a series of manganese cobalt oxides supported on carbon nanotubes were 
studied, with XAS results allowing for a clearer picture of the phase transition from a cubic 
structure to a tetragonal structure as the amount of manganese in the samples increased and 
the amount of cobalt decreased.  Mn1.5Co1.5O4, which contains an equal ratio of Co and Mn, 
was found to have a dual-phase structure, based on both EXAFS fitting results and linear 
combination X-ray absorption near-edge structure (LC XANES) fitting.  This was unlike the other 
samples studied, which were either completely cubic phase or tetragonal phase structures, and 
further understanding of the dual-phase structure would potentially allow for better fine-tuning 
of the structure of the sample, and as such, its catalytic applications.         

Finally, a number of ruthenium nanoparticle samples, both monometallic and bimetallic, 
were synthesized and supported on three different zeolite supports (Y, beta, and mordenite) 
with varying concentrations of the ruthenium ion precursor to determine the effect of 
concentration and support on the local structure and bonding properties.  It was found that 
bimetallic samples of Ru and Pd displayed strong indications of metal core formation, whereas 
Ru and Co bimetallic samples showed little metal core formation, as seen in the EXAFS fitting 
results for all samples.   

 This work highlights the importance of the relationship between the structure of 
nanoparticles and their properties.  X-ray absorption spectroscopy gives a deep understanding 
of the structure and bonding properties of representative sites of nanoparticles, and by using 
the information obtained from such studies, a clearer picture of the nanoparticle structure can 
be formed.  These results could lead to further development into tailoring the structure of 
certain nanoparticles in order to optimize their performance in relevant applications. 
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Chapter 1: Introduction 

1.1 General Background of Nanoparticles 

 The nanometer is a metric unit of length that specifies one-billionth of a meter, or 10-9 

m.  As such, nanoparticles are incredibly small particles with at least one dimension smaller 

than 100 nm; some nanoparticles display physical properties resembling those of bulk samples 

when exceeding this length.1  Nanoparticles, as well as other nanoscale materials, have 

received considerable attention due to their unique physical and chemical properties compared 

to those of their respective bulk materials.2–4  Fundamental studies into the structure, 

preparation, and properties of such materials is known as nanoscience, and the dedicated 

research of the technological applications of these materials is known as nanotechnology.1,2      

There exist many different methods in which to prepare metal nanoparticles, which can 

generally be classified as either a “top-down” approach or a “bottom-up” approach.5  Top-down 

preparation methods are typically physical in nature since they involve breaking down large, 

bulk matter into smaller pieces to reach a desired form.6  In contrast, bottom-up methods 

involve building up metal nanoparticles gradually through chemical synthesis from smaller 

atoms or molecules.7  Bottom-up synthesis methods are generally preferred when preparing 

metal nanoparticles, as such processes allow for much greater control over the size and 

structure.8     

The unique physical and chemical properties of nanoparticles can largely be attributed 

to quantum size effects9 that arise from the nano size of the particles, which confine the 

movement of electrons.1  Such properties generally allow them to improve the efficiency of 
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certain chemical reactions when acting as nanocatalysts, either by promoting faster reactions 

or by increasing the yield of product(s).  Large surface areas are another special feature of these 

materials, where the fraction of atoms at the surface is greater than that of bulk compounds, 

providing a vast amount of space for chemical reactions to take place.2,10  Furthermore, there 

are fewer neighbouring atoms at the surface; fewer neighbours decrease the binding energy of 

each atom, which affects their physical and chemical properties.11   

The optical properties of nanoparticles, such as colour, are also noticeably different than 

their bulk counterparts.12  For certain metal nanoparticles, in particular gold and silver, this is a 

result of a phenomenon known as surface plasmon resonance (SPR), which appears as a strong 

peak in the optical absorption spectra.  SPR is described as a collective oscillation of surface 

electrons and is strongly dependent on the size and shape of the particle; due to the size of the 

particle being on the nanoscale, this process causes the strong difference in optical properties 

between nanoparticles and bulk materials.13  Noble metal nanoparticles in particular have 

received considerable attention as nanocatalysts (such as Ru, Au, Pt, and Pd) due to their 

greater stability compared to other metals.7,14,15  The property control of nanomaterials by fine-

tuning their shape, size, and chemical stability allows for their applications in many fields such 

as electrocatalysis16,17 and photocatalysis.12,18  

1.2 Doping in Metal Oxide Nanoparticles 

Metal oxide nanoparticles have received notable attention as photocatalytic alternatives 

to traditional wide bandgap semiconductors due to their unique optical properties.18,19  They 

are resistant to oxidation at high temperatures because of their oxidized states and they exhibit 
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stability in a variety of chemical environments.20  As with traditional semiconductors, doping 

metal oxide nanoparticles can modify their atomic and electronic structure, allowing for control 

over their physical and chemical properties through changes in the bandgap.19  This 

modification is done by introducing a dopant into the system (either non-metallic elements 

such as nitrogen and carbon or transition metals).20  Figure 1-1 shows a transition metal dopant 

(tungsten) being introduced into the framework of titanium dioxide, wherein Ti vacancies and 

dangling oxygen atoms are generated as a result.  Some dangling oxygen atoms can escape and 

generate oxygen vacancies in the lattice upon heating, resulting in the difference between the 

initial and final structures, which consequently affects their catalytic properties.         

 The synthesis of doped metal oxide nanoparticles generally requires a wet-chemical 

method, with two of the most popular being a hydrothermal method and a solvothermal 

method.18,20  Two widely used methods used to dope metal oxide nanoparticles are 

coprecipitation and cohydrolysis of the parent metal precursor with either the dopant for metal 

dopants or with a compound such as ammonia or urea for nonmetals.19  A hydrothermal 

synthesis uses high temperature and high-pressure water conditions to obtain nanoparticles 

from precursors that are insoluble in more moderate conditions.21  An electrostatic reaction 

occurs between metal and hydroxyl ions to form the crystalline metal oxide nanoparticles at 

temperatures typically less than 300 °C.19  This technique allows for good control over the size, 

composition, and shape of the nanoparticles, but the synthesis can be complicated by water 

acting as both a stabilizing ligand and a solvent.22  As such, solvothermal synthesis methods are 

used in combination with organic solvents, which grant a better match in reactivity between 
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the metal oxide and dopant precursors while still allowing for good control over size and 

shape.23 

  

Figure 1-1:  3D models illustrating the introduction of tungsten atoms into a TiO2 atomic 

structure.24       

 Zinc oxide and titanium dioxide are two of the most commonly used metal oxides for 

photocatalytic research due to their favourable properties compared to other metal oxides, 

such as their high stability and photosensitivity.18,25  It has been reported that doping zinc oxide 

nanoparticles with magnesium causes a redshift in absorption and narrows the bandgap 

compared to pure zinc oxide, thus allowing their use in dye degradation.26  Similar results can 

be observed for many other metal nanoparticles, in which doping can often enhance visible-

light absorption by way of three main modes: a red shift of the bandgap to the visible region, an 

absorption tail extending into the visible wavelengths, and the introduction of new absorption 

peaks in the visible region.19  In addition, doping can potentially reduce electron-hole 

recombination, as the dopant can cause spatial separation of electrons and holes through its 

interactions with the bulk material, which would prevent a decrease in photocatalytic 

activity.27,28  As a result, doped metal oxide nanoparticles have seen a variety of photocatalytic 

applications such as oxygen evolution29 and carbon dioxide reduction.30    
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1.3 Metal Nanoparticles on Zeolite Supports 

Zeolites are aluminosilicate minerals that contain highly porous, uniform sites with large 

surface areas, permitting them to act as excellent supports for metal nanoparticles and 

preventing decreases in catalytic activity typically resulting from aggregation and sintering.31–33 

In addition to enhancing the stability of metal nanoparticles, zeolites can also increase their 

catalytic activities through a synergistic effect, in which they serve as an active support by 

acting as a co-catalyst.34  Over 200 unique zeolite frameworks have been synthesized ever since 

Swedish mineralogist Axel F. Cronstedt first described their unique properties in 1756.35 

Metal nanoparticles can be encapsulated inside of porous zeolites in one of two ways: 

introducing the metal nanoparticles into the already synthesized zeolite framework, or 

performing a one-step method in which the metal precursor and zeolite undergo co-

crystallization and in-situ reduction.33  For the purposes of this work, only the former method 

(called the wetness impregnation method) will be detailed.  A soluble metal precursor is used to 

diffuse a metallic species into the crystal, loading into the pores of the zeolite after solvent 

removal (such as water or ammonia).31  A reduction step is then performed to reduce the metal 

species into metal nanoparticles.36  Figure 1-2 shows a diagram detailing the steps taken in the 

process of encapsulating the metal nanoparticles into a zeolite framework.        
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Figure 1-2: General synthesis procedure of depositing metal nanoparticles onto a zeolite 

support.34 

The enhanced stability and greater catalytic activity provided by a zeolite support allows 

for the encapsulated metal nanoparticles to be used in a variety of catalytic applications.37  

Processes such as the catalytic oxidation of carbon monoxide can be performed with metal 

nanoparticles on zeolite supports, where the size of the metal nanoparticle can have an effect 

on the overall yield.38  They also display high catalytic activity in both the dehydrogenation of 

alkanols and hydrogenation of alkenes.32  As such, shape-selectivity and increased reaction 

rates can occur by avoiding using bulky substrates.32 

1.4 General Outline and Motivations 

 Chapter 2 presents the experimental details of this work, wherein the theoretical 

background of X-ray absorption spectroscopy (XAS, the main technique used to probe 

information from nanoparticles) is provided.  An in-depth look at the two main components of 

an XAS spectrum, the X-ray Absorption Near-Edge Structure (XANES) and the Extended X-ray 

Absorption Fine Structure (EXAFS), and a brief overview of some techniques used in XAS 

programs are provided.   
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 Chapter 3 details the analysis of W-doped TiO2 nanoparticles, nanomaterials that display 

excellent activity in the field of photothermal catalysis.  Various doped samples of TiO2 were 

examined using XAS, and greater understanding of the atomic structure was achieved using 

EXAFS fitting analysis.  

 Chapter 4 closely examines manganese cobalt oxides on carbon nanotube supports for 

their use as a catalyst in both the oxygen evolution and oxygen reduction reactions.  XAS was 

used to study samples made with varying ratios of manganese and cobalt, which granted a 

deeper understanding of how the atomic structure of the nanocatalyst changed as the ratio of 

manganese to cobalt changed.    

 In Chapter 5, an examination of the effect of a bimetallic ruthenium-based nanoparticle 

system compared to a monometallic Ru system was performed, where such systems were 

supported on zeolites.  Transmission electron microscopy techniques were used in addition to 

XAS to provide greater insight into the atomic structure of each sample. 

 Nanoparticles have seen much interest due to their unique properties, which allow 

them to be used in applications such as oxygen electrocatalysis.  This work focuses on 

understanding their chemical and physical properties through in-depth structural analysis, 

which can prove vital in designing efficient, high-performance nanocatalysts for various 

catalytic applications.  To this end, X-ray spectroscopy was used to study the atomic sites within 

a variety of metal nanoparticles. 
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Chapter 2: Experimental Techniques 

 2.1 Introduction to X-ray Absorption Spectroscopy 

 X-ray Absorption Spectroscopy (XAS) is a characterization technique that is useful in 

determining both the electronic properties and local bonding structure of various materials, 

among which are nanomaterials.39  It is an element-specific technique, making it especially 

useful in the analysis of samples containing multiple elements, such as multiple-element alloys, 

as well as a non-destructive technique, allowing for further use of a sample in other 

characterization methods.40,41  XAS is also an averaging technique, based on the atoms of the 

specific element being examined, which can provide information regarding the whole sample, 

unlike a characterization technique such as transmission electron microscopy, which only 

covers a small area of a sample.40  Due to requiring high-energy X-rays, the technique is 

typically performed in synchrotron radiation facilities, resulting in measurements of high 

sensitivity.40  Together with other characterization methods, such as X-ray photoelectron 

spectroscopy and powder X-ray diffraction, XAS can provide greater understanding of the 

electronic and structural properties of nanomaterials. 

 XAS experiments obtain the absorption spectrum of a single chemical element by way of 

exposing a sample (typically a metal foil or compacted powder on a surface that will not 

influence absorption readings, such as Kapton tape) to a beam of X-rays, where the energy of 

the X-ray beams is continuously modified.  When X-ray beams of sufficient energy are reached 

that can excite a core electron within the sample to a higher, unoccupied state, the core 

electrons are promoted to higher energy states, resulting in the absorption measurement 
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dramatically increasing and giving rise to a sharp, rising edge in the spectrum, referred to as the 

absorption edge.41  At the absorption edge, the X-ray energy needed to excite a core electron is 

equivalent to that of the electron binding energy, and due to such binding energies being 

element-specific, it results in XAS also being an element-specific characterization technique.42  

The transition between the initial and final state determines the type of edge under study – the 

most commonly studied edges being the K-edge and the LIII-edge, which involve a 1s electron 

transitioning to a valence p state, the p state depending on the element examined (a Pd K-edge 

studies the 1s to 5p transition), and a 2p electron to valence d-state (such as the Au LIII-edge 

being a 2p to 5d transition), respectively.41  Such transitions are determined by dipole election 

rules, in which: 

∆𝑙 =  ±1 (1) 

In equation (1), ∆𝑙 represents the difference of the final and initial electronic state angular 

momentum quantum numbers.  A list of absorption edges and their respective electronic 

transitions can be seen in Table 2-1. 

Table 2-1: The most common absorption edges and their corresponding electronic state 

transitions observed in XAS. 

Absorption Edge Initial State Final State 
K 1s p 
LI 2s p 
LII 2p1/2 s, d 
LIII 2p3/2 s, d 
MI 3s p 
MII 3p1/2 s, d 
MIII 3p3/2 s, d 
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   An X-ray beam passing through a sample typically experiences a loss in intensity, which 

is described by μ, the X-ray absorption coefficient.  μ can be determined by the following 

equation: 

𝜇(𝐸) = log (
𝐼0

𝐼
) (2) 

I0 and I represent the intensity of the X-ray beam before and after it is incident on the sample, 

respectively.  The X-ray absorption coefficient μ is strongly influenced by the local environment 

of the atom being studied, reflected in the oscillations that can be observed in a typical X-ray 

absorption spectrum.40,41 

   Continuous exposure to an increasing amount of X-ray energy results in a core electron 

becoming a “free electron” in an unbound state known as the continuum, due to being able to 

overcome the binding energy.  This results in the absorbance measurements after the 

absorption edge to give absorbance readings far above the initial ground state absorbance.  The 

XAS spectrum obtained from a synchrotron experiment can be separated into two main 

components: the X-ray Absorption Near-Edge Structure (XANES), which encompasses the pre-

edge, absorption edge, and a small amount of the post-edge region, and the Extended X-ray 

Absorption Fine Structure (EXAFS), composed of a majority of the post-edge region (Figure 2-1).   
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Figure 2-1: Normalized XAS Spectra of ruthenium foil, measured at the Ru K-edge.  XANES and 

EXAFS regions of the spectra have been identified. 

 2.2 X-ray Absorption Near-Edge Structure (XANES) 

 The XANES region of an XAS spectrum is comprised of the pre-edge and absorption edge 

regions, as stated above.  Typically, this region encompasses a range of approximately 40 eV 

behind and past the absorption edge.40,41  The XANES region can give information regarding the 

electronic properties of the sample under study.43  The XANES pre-edge region can sometimes 

exhibit what are known as “pre-edge features”, which come about as a result of electronic 

transitions that are lower in energy than the excitation energy of the core electron (the 

absorption edge energy).44  At the absorption edge region, commonly referred to as the “white 

line”, electronic transitions of the core electron to unoccupied states allow for information of 

the oxidation state to be obtained.  By measuring multiple references with known oxidation 



12 
 

states, one can compare them to an unknown sample and be able to roughly determine the 

oxidation state of the element.  Higher oxidation state elements exhibit greater intensity white 

lines, due to a greater amount of unoccupied states being present.45  Furthermore, the edge 

shift compared to the known metal foil (each element has a characteristic edge shift; for 

example, ruthenium foil has a characteristic edge energy of 22117 eV) can also provide 

information on the oxidation state: positive charge shifts the edge to a higher energy, whereas 

a negative charge shifts the edge to a lower energy.46  It should be noted, however, that the 

edge shift is far more accurate for low energy XANES.40,41 

 Multiple scattering photoelectric effects also provide information that can be observed 

in the XANES region.  Photoelectrons created as a result of the excitation of the core electron 

can travel in multiple directions, in which they can be scattered off of multiple atoms before 

returning to the original absorbing atom.47  Due to the large number of possible scattering 

paths that photoelectrons can take, the oscillations that immediately follow the absorption 

edge are produced as a result (Figure 2-2).48  These scattering paths can provide information 

concerning the structure around the absorbing atom, including the lattice type of the metal 

system.41        
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Figure 2-2: Diagram detailing multiple scattering paths, showing a triangular and linear multiple 

scattering path.  Various multiple scattering paths are possible.   

 2.3 Linear Combination (LC) XANES Fitting 

 LC XANES fitting, used in the WinXAS fitting program49, provides a simulation of an 

experimental XANES spectrum by a linear combination of known reference samples.  Used in 

analysis of multi-component samples, it can quantify each component in the samples from the 

near-edge region by comparing their normalized XANES spectra with linear combination results 

of known references.50  A least-squares procedure is used in the algorithm to refine the sum of 

a given number of reference spectra to an experimental spectrum (Figure 2-3).  Two 

parameters – c, partial concentration, which is the determined percentage of the particular 

component and E, energy correction, which corrects for differences in energy calibration, are 

determined (Figure 2-4). 
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Figure 2-3: WinXAS LC XANES fitting operation windows.  In the first step a) one inputs known 

references into the program to be compared to the unknown (Co3 Norm: Co3O4 and Co1 Norm: 

Mn2CoO4 in the example) as well as the range for which the fit is performed, and then b) guess 

parameters are used to approximate the values. 

 

Figure 2-4: WinXAS window showing a completed LC XANES fit. 
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 2.4 Extended X-ray Absorption Fine Structure (EXAFS) 

 The EXAFS region is largely encompassed by the region 40 eV after the absorption edge, 

where small oscillations are typically observed.  As stated before, an excited core electron 

promoted to the continuum becomes a free electron, or a photoelectron wave.  The 

photoelectron wave travels through the sample until it reaches a neighbouring atom, at which 

point the electron density of the neighbouring atom backscatters the photoelectron wave back 

to the original absorbing atom (Figure 2-5).51  The phase and amplitude of the backscattered 

photoelectron is dependant on both the energy of the photon and the neighbouring atom 

element.40,41  Constructive or destructive interference will then occur between the 

backscattered wave and the original photoelectron wave.  The absorption coefficient will 

increase or decrease if the two waves are in phase and out of phase, respectively.   

 

Figure 2-5: Schematic depiction of photoelectron scattering, which causes changes in the 

absorption coefficient.  It involves a) absorption of X-ray energy, which is then ejected as a 

photoelectron wave, and b) backscattering of the photoelectron wave off of neighbouring 

atoms. 
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Using the measured absorption coefficient μ, one can obtain the fine structure χ through the 

equation: 

𝜒(𝐸) =  
𝜇(𝐸) −  𝜇0(𝐸)

∆𝜇0(𝐸)
 (3) 

In the equation above, μ0 is a background function that measures the absorption of an isolated 

atom, typically contrasting the oscillations seen in a typical EXAFS region by being smooth, and 

Δμ0 is the change in the absorption coefficient before and after the absorption edge.  However, 

EXAFS is best understood in terms of the wave behaviour of the photoelectron created.  As 

such, χ is commonly depicted as function of k, the photoelectron wavenumber, which can be 

converted from the X-ray energy, defined as the following: 

𝑘 = √
2𝑚(𝐸 − 𝐸0)

ħ
 (4) 

In the above equation, m is the electron mass (9.109 × 10-31 kg), E is the energy of the incident 

photon, E0 is the binding energy of the core level electron (equivalent to that of the absorption 

edge energy), and ħ is the reduced Planck constant.  The resulting spectrum is commonly 

referred to as a k-space.  χ(k) is multiplied by kn to account for the dependence of the 

backscattering amplitude on the energy and atomic number of the neighbouring atom, where n 

is 0, 1, 2, or 3, and as such the resulting spectrum is said to have a k-weighting of n.  The 

spectrum can then be subjected to a Fourier transform to isolate certain signals based on 

distance from the absorbing atom, giving what is called an R-space, which can provide 

structural information of the local bonding environment around the absorbing atom (Figure 2-

6).   
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Figure 2-6: a) K-space of ruthenium foil with a k-weighting of 2 and b) Fourier transformed k-

space, where intense peaks represent pseudo radial bond distribution about the absorbing Ru 

atom; here, the intense peak is indicative of the first Ru-Ru coordination shell at 2.65 Å.     

 Both the peak position and peak intensity can be used in qualitative analysis; the 

position of the peak can indicate if the neighbouring atom is a metal or non-metal, and the 

intensity is typically proportional to the coordination number.40  The bond distance of the 

neighbouring atom to the absorbing atom, however, cannot be determined without proper 

fitting procedure due to phase shifting.52 

 The EXAFS equation is used to physically describe the bonding environment of the 

absorbing atom: 

𝜒(𝑘) =  ∑
𝑆0

2𝑁𝑗

𝑘𝑅2

𝑗

𝑒
−

2𝑅
𝛾(𝑘)𝑒−2𝜎2𝑘2

𝑓(𝑘) sin[2𝑘𝑅 +  𝛿(𝑘)] (5) 

The EXAFS equation has f(k) and δ(k) represent the scattering properties of neighbouring 

atoms, the backscattering amplitude and phase shift, respectively, k, the wavenumber of 

photoelectrons, N, the coordination number, R, the distance from the absorbing atom to the 

neighbouring atom, σ2, the disorder in the neighbour distance (Debye-Waller Factor), S0
2 and γ 
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as the amplitude reduction factor and mean free path, respectively, which account for losses of 

coherence of the photoelectron, and j, which accounts for different scattering paths.  By using 

an EXAFS fitting program, such as WinXAS or Artemis53, the EXAFS equation can be solved for N, 

R, and σ2, if both the scattering amplitude f(k) and the phase shift δ(k) are known, typically by 

referring to reference spectra of known compounds.     

 Using Equations 3, 4, 5, and 6 can be vastly simplified by means of an EXAFS fitting 

program.  A general fitting procedure using the EXAFS fitting program WinXAS for a palladium 

foil (a metal with a face-centered cubic crystal structure) is described herein.  The raw data 

obtained from a synchrotron experiment is first normalized using Equation 3.  In the WinXAS 

program, this is performed through a two-polynomial fit background correction, seen in Figure 

2-7. 

 

Figure 2-7: WinXAS data graph displaying both the raw data and normalized data of a Pd metal 

foil sample. 
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 The data is then converted to a k-space through Equation 4.  In the WinXAS program, 

this is done through setting the normalized data’s E0 (at the absorption edge of the element 

and studied) and processed through a mue(0)-fit.  A converted data spectrum can be seen in 

Figure 2-8. 

 

Figure 2-8: k-space of Pd metal foil with a k3 weighting. 

 As described in Figure 2-6, the k-space data is then made to undergo a Fourier 

Transformation.  For a reference metal foil, the quality of both the k-space and Fourier 

Transformed data is expected to be high.  Solving for N, R, and σ2, as described in Equation 5, is 

performed through EXAFS refinement fitting.  Using a FEFF input file, which is generated 

through a program known as FEFF854, allows for fitting of data based on approximations made 

in the FEFF8 program, where one provides data of a crystal structure that best represents the 

data.  In this case, because the sample being measured is a known metal foil, the palladium-

palladium bond length of 2.75 Å can be used in the input file for fitting, as seen in Figure 2-9. 



20 
 

  

 

Figure 2-9: WinXAS EXAFS fitting window, where parameters for fitting are inputted.  The R-

window (the range for which the fitting is performed) and the bonds fitted are both 

determined. 

 The fitting results are then obtained, and one can determine the quality of the fit both 

qualitatively (seeing how well the fit matches the experimental data) and quantitively 

(comparing the fitting results with data found in literature).  In Figure 2-10, the fittings results 

of Pd metal foil can be seen.  One can see that the coordination number, at 11.24, is incredibly 

close to that of a bulk Pd, which is known to have a coordination number of 12.55  The bond 
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distance of the Pd-Pd bond, 2.74 Å55, is also, within uncertainty, equal to that of bulk Pd.  For 

unknown samples, it is likely that many more bonds are present (such as through oxidation or 

being a multiple-element sample), and as such, the fitting process becomes more complicated.  

Due to the number of variables being greater with more bonds, it is possible for the number of 

guess variables to exceed that of the available information content of the data of the R-

window.  In such as case, the E0 and σ2 variables of each bond can be correlated to reduce the 

number of guess parameters.   

 

Figure 2-10: Fitting Results of Pd metal foil using the WinXAS program.  The blue line is the 

simulated fit, whereas the red line is the experimental Fourier Transformed data.  
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Chapter 3: X-ray Absorption Spectroscopy Analysis of W-Doped TiO2 

Nanoparticles 

Part of the results in this chapter was reproduced with permission by the RSC from Li, Y.; Walsh, 
A. G.; Li, D.; Do, D.; Ma, H.; Wang, C.; Zhang, P.; Zhang, X. W-Doped TiO 2 for 
Photothermocatalytic CO 2 Reduction. Nanoscale 2020, 17245  

Contrubutions: David Do performed the XAS data extraction, fitting analysis and analyzed the 
XAS results. All other experimental work was conducted by Yingying Li (Northeast Normal 
University, China). 

 3.1 Introduction 

 TiO2 is a widely studied catalyst that has displayed excellent activity in the field of 

photothermal catalysis.  As such, various methods to alter the structure of TiO2 have been 

reported in literature, in order to determine the possibility of enhancing its catalytic activity.56–

58  Doping the material with foreign atoms has been performed as one such method, with the 

intention of generating defects within the lattice of TiO2.  Defects in the TiO2 lattice are 

considered to be efficient catalytic sites for photothermalcatalysis, in particular the absorption 

of CO2 during the process of photothermocatalytic CO2 reduction.59  Tungsten has received 

significant attention as a dopant for TiO2 due to the radius of W6+ being similar to that of Ti4+, 

which reduces the change in the crystal structure of the doped material, while also allowing for 

noticeable changes in the catalytic properties.60,61 

 The electronic structure and bonding properties of these W-doped TiO2 nanocatalysts 

are of significant interest, as they can provide a greater understanding of the mechanism by 

which CO2 reduction is performed, as well as insight on the effect of the concentration of 

dopant introduced into the lattice.  XAS (on the titanium K-edge and tungsten LIII-edge) is a 
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powerful characterization technique that can analyze the changes, if any, in titanium-bonding 

and the presence of tungsten bonding within the lattice of the doped samples.  Additional 

characterization techniques, such as scanning electron microscopy (SEM) and X-ray powder 

diffraction (XRD), can further support findings from XAS, and allow for a clear image of the 

crystal structure of the doped TiO2 samples. 

 3.2 Experimental Methods   

 3.2.1  Synthesis of W-Doped TiO2 Samples 

 The synthesis of the one-dimensional rutile TiO2 nanostructures was performed and 

detailed in previous work62, as was the procedure in which the TiO2 samples were doped with 

tungsten.24  A brief summary of the synthesis of W-doped TiO2, important to this writing, is 

provided.  A mixture of 2 g P25 TiO2 powder, 8 g NaCL, and 2 g Na2HPO4·12H2O was ground for 

30 minutes, and was then calcinated at 825 °C for 8 hours.  Following that, impurities were 

removed from the system by boiling the mixture in deionized water and was then dried at 110 

°C for 24 hours.  (NH4)10W12O41·~XH2O was then added to four different samples of 4 grams of 

TiO2, with molar ratios of W/Ti used being 0%, 2%, 4%, and 10% (herein referred to as TW0, 

TW2, TW4, and TW10, respectively).  Finally, the samples were calcined at 750 °C for 30 seconds 

in a rapid-annealing furnace.   

3.2.2 X-ray Absorption Spectroscopy 

XAS measurements were conducted and obtained using the Sector 9-BM and Sector 20-

BM beamlines at the Advanced Photon Source (APS) at Argonne National Laboratory (Argonne 

National Laboratory, IL).  Powder samples were measured by packing powder in washers 
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supported and sealed on Kapton tape for the purpose of adequate X-ray absorption.  Tungsten 

measurements were taken in fluorescence mode, with the exception of the (NH4)10W12O41 

reference, which was taken in transmission mode alongside the titanium measurements.  At 

least five scans were performed for each sample, under ambient conditions at room 

temperature. 

3.2.3 XAS Data Analysis 

XAS data processing and fitting for the W-doped TiO2 samples was performed with data 

processing programs Athena and Artemis.53  As (NH4)10W12O41 is a known reference, its 

crystallographic data was used to determine the amplitude reduction factor, S0
2, as 0.72, by 

fixing known coordination number (CN) values.  For the Ti K-edge samples, the S0
2 was obtained 

from fittings of all four samples with no fixed parameters, resulting in values ranging from 0.14 – 

0.17; an average of 0.16 was deemed to be reasonable.  All samples had a k-weighting of 2.  A k-

range of 3.0 – 10.4 Å-1 and 3.0 – 11 Å-1 was used for the W LIII-edge and Ti K-edge, respectively.  

An R-range of 0.9 – 2.35 Å and 1 – 2 Å were also respectively used for the refinement of the W 

LIII-edge and Ti K-edge.  For the W LIII-edge, the Debye-Waller (σ2) and E0 shift values were 

correlated for samples having two tungsten-oxygen shells in order to reduce the number of free 

running parameters. 

3.2.4 Other Characterization Techniques 

XRD patterns were collected on a Rigaku, D/MAX 2500 X-ray diffractometer with Cu Kα 

radiation, all samples being measured on a quartz substrate.  SEM images were obtained on a 

Quanta 250 FEG with accelerating voltage 30.00kV to obtain morphology information of the 
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samples.  Photothermal CO2 reduction was also measured in an autoclave of 100 mL.  The 

system contained 0.05 g powder and 2 mL deionized water, and was then sealed and blown with 

99.999% CO2 for 20 minutes to ensure a pure carbon dioxide atmosphere within the system.  

The system was irradiated with a 150 W UV Hayashi UV410 lamp, with a light intensity of 20 

mW/cm2 at a wavelength of 365 nm (determined by a light intensity meter).  The temperature 

was monitored with a thermocouple and was controlled at 393 K.  CO generation was 

monitored using a gas chromatograph (GC-2014, Shimadzu Co., Ltd.), and photothermocatalytic 

activity was tested twice for each sample. 

3.3 Results and Discussion 

3.3.1 Non-XAS Characterization Method Results 

As can be seen in the SEM images displayed in Figure 3-1a, all W-doped TiO2 samples 

exhibited one-dimensional nanostructure features that could be described as nanorods or 

nanowires.  The length of each sample was determined to be mainly between 0.6 μm and 2.0 

μm, and the diameter of each sample was within the range of 60 nm and 120 nm.  No 

significant morphological change was observed upon the introduction of tungsten into the TiO2, 

nor was any obvious aggregation of tungsten on the surface of the TiO2 reflected in elemental 

mapping images.   

 All four samples analyzed showed the same main XRD peaks (shown in Figure 3-1b), 

which are characteristic of the rutile phase of TiO2.
63  Such results are an indication of tungsten 

doping not causing any significant difference in the TiO2 lattice structure; the lattice is 

maintained.  Increasing the W concentration to 10% allows for the observation of new low-
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intensity peaks at 22.7°, 24.0°, 28.2°, 33.1°, and 34.0°, which can be seen in Figure 3-1c.  These 

peaks can be attributed to WO3, which indicates that, when the tungsten dopant concentration 

is at 10%, small amounts of WO3 are formed.  The same peaks are also visible in TW4, but are 

much less intense, being barely visible.  As such, the 4% doping represents a maximum 

concentration for the bulk lattice doping of TiO2; further increases in tungsten concentration 

result in the formation of WO3 outside of the TiO2 lattice. 

 

Figure 3-1: SEM images of (a) TW0 (upper left), (b) TW2 (upper right), (c) TW4 (lower left), and 

(d) TW10 (lower right), (e) XRD patterns and (f) magnified XRD patterns of samples in region of 

20° - 35°, and (g) Photothermalcatalytic induced CO2 Conversion over TW0, TW2, TW4, and 

TW10 
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 The photothermocatalytic performance of the four samples were examined by 

measuring CO2 reduction under UV light at a constant temperature.  Results are shown in 

Figure 3-1d.  The W-doped samples showed significant improvement over the undoped sample 

with respect to CO-production.  In particular, TW4 produced 3.5 times more CO than TW0. 

Noticeably, the CO-yield for TW10 (roughly 1600 ppm) is less than that of the CO-yield of TW4 

(about 1900 ppm), which is inconsistent with the trend set by TW0, TW2, and TW4, where one 

would expect that the CO-yield would increase as the tungsten dopant concentration increased.  

This is consistent with the XRD results, in which the formation of WO3 is observed as the 

tungsten concentration is increased beyond 4%.  Further analysis on the correlation between 

these two findings is done later in this writing.     

 3.3.2 XAS Analysis of W LIII-edge 

 XAS measurements were conducted to obtain more information on the atomic structure 

and electronic properties of W and Ti in the W-doped catalysts.  Figure 3-2 shows the XANES 

spectra, in which it can be seen that all four samples exhibited similar peak shapes to one 

another, which is an indication of them sharing similar electronic properties.41  The W reference 

sample, (NH4)10W12O41, had the least intense white line amongst the four samples, which is 

indicative of the sample having the highest d electron density.64  In addition, the white line 

intensity increased as the W doping content decreased; the next most intense white line came 

from the TW10 sample, followed by the TW4 sample, with TW2 having the most intense white 

line. A clear downward trend with respect to d electron density is seen as the amount of doped 

tungsten decreased within the samples measured. A low d electron density corresponds to a 

greater positive charge of the element being measured.45  Therefore, this result indicates that 
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TW2 has the highest tungsten positive charge, followed by TW4, with TW10 having the lowest 

tungsten positive charge of the three doped samples, and the tungsten reference compound 

has the lowest W positive charge amongst all the samples.  The overall oxidation state of 

tungsten is not significantly affected, however, as the observed variations in positive charge are 

all relative to the tungsten reference compound.   

 

Figure 3-2: W LIII-edge XANES Spectra of TW2, TW4, TW10, and reference (NH4)10W12O41 

Samples 

 EXAFS measurements were performed in order to obtain details on the local structure of 

the three doped samples with respect to the W-reference.  The Fourier-Transformed EXAFS (FT-

EXAFS) spectra and their best fits are provided in Figure 3-3. Each FT-EXAFS spectrum showed an 

intense peak in the region between 1-2 Å, which corresponds to interactions between metal 

and non-metal atoms; in this case, the interactions are between tungsten and oxygen. The W-

reference CNs for the fitting results shown in Table 3-1 were obtained through analysis of the 

crystal structure of the compound. An upward trend within the first tungsten-oxygen shell CN of 

the doped samples is observed as the amount of dopant is decreased.   
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Figure 3-3: W LIII-edge FT-EXAFS Spectra of TW2, TW4, TW10, and reference (NH4)10W12O41 

Samples 

In order to understand these EXAFS fitting results, the unit cell structure of TiO2 and the 

W-reference must be considered. The TiO2 unit cell is essentially an octahedron structure 

containing one titanium atom bonded to six oxygen atoms. The six Ti-O bonds can be divided 

into two groups, four of them having a bond distance of 1.965 Å and the other two having a 

bond distance of 1.984 Å. The difference in bond distance between these groups of bonds, 

however, is very small (0.019 Å) and thus these six metal-oxygen bonds can be considered as 

one shell in the EXAFS fitting. The W-reference compound also has an octahedron structure; it 

has four of the tungsten-oxygen bonds at 1.852 Å and the other two at 2.242 Å, known values 

from averaging the crystallographic data. Compared with TiO2, these two groups of W-O bonds 

show a large difference in bond distance (0.39 Å) and therefore must be fitted with two shells in 

EXAFS fitting procedures. 
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Table 3-1: W LIII-edge EXAFS Fitting Results of W-doped TiO2 Samples Scanned in Fluorescence 

Mode 

Sample Shell CNa R (Å) σ2 E0 R-Factor 

TW2 W-O 4.8 (9) 1.78 (2) 0.009 (3) 3 (3) 0.020 

TW4 W-O 3.6 (9) 1.78 (2) 0.006 (3) 3 (3) 0.022 

TW10 W-O 
3.1 (9) 1.80 (2) 

0.005 (4) 9 (3) 0.012 
1.2 (7) 2.36 (7) 

W-

reference 
W-O 

4.33 1.81 (3) 0.011 (7) 
12 (6) 0.019 

1.67 2.22 (5) 0.009 (8) 

aCoordination Number. Reference compound values fixed from crystallographic data. 

 The fitting results show that the trend of CNs over the three doped samples is consistent 

with the results determined from XANES. The higher positive charge of the W-doped catalysts as 

observed in Figure 3-3 can be attributed to electronegative oxygen atoms withdrawing electrons 

from tungsten. A higher CN of the shortest bond distance W-O shell (i.e. more O atoms bonded 

to W) would result in more electron transfer from tungsten to oxygen, leading to a more 

positive charge on tungsten. Notably, the CN for the W-O shell of TW2 is close to 5, which is 

near that of a standard titanium atom in the TiO2 unit cell (CN = 6). Tungsten atoms inside the 

TiO2 lattice replaced titanium atoms, which increased the W-O CN with respect to W-reference. 

To keep the neutral charge of semiconductor after doping W of higher valence (6+), some 

vacancies of the Ti atom (4+) will appear.  Another possibility is to form lower valent Ti species 

in the sample.   
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 When the tungsten concentration increases from 2% to 4%, the amount of Ti vacancies 

should also increase to keep the charge neutrality of the semiconductor. Consequently, the 

amount of dangling oxygen atoms increased and more oxygen atoms became unstable. Since 

the valence of W is higher than that of Ti, the Ti vacancies should be mainly formed in the 

nearest shell around the W centre. 

 As seen in Table 3-1, the CN of the W-O shell in TW2 is higher than TW4, which indicates 

that oxygen vacancies were produced around the tungsten centre when the dopant 

concentration increased from 2% to 4%. The difference in W-O shell CN is can be attributed to 

the increased Ti vacancies. The dangling oxygen atoms between W and Ti vacancies tended to 

be unstable and easily escaped from the lattice during heating in the synthesis. This also means 

that the amount of oxygen vacancies and dangling oxygen atoms were increased from 2% to 4% 

W doping. This is consistent with the XANES result that the amount of positive charge of 

tungsten in TW4 was lower than that in TW2. As such, the unique structure of W-doped TiO2 

containing cation (Ti) and anion (O) vacancies and dangling oxygen could lead to an increase of 

photothermocatalytic activity of the catalysts as seen in the catalytic result (Figure 3-1d). The 

higher tungsten doping concentration in TW4 leads to higher amounts of these active catalytic 

sites, resulting in higher catalytic activity. Meanwhile, TW10 has two W-O shells in the EXAFS 

fitting results, with the W-O shell at a longer distance caused by the formation of WO3 outside 

of the TiO2 lattice. This result can also be seen in the XRD results (Figure 3-1c), where smaller 

peaks different than the main peaks were found as a result of the formation of WO3. The 

formation of WO3 inhibits the photocatalytic CO2 reduction, due to the conduction band of WO3 

being lower than that of TiO2, which causes electrons trapped by the O defects to flow to the 
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WO3 conduction band, as discovered in the source work.  Due to this, decreased 

photothermocatalytic properties were observed for TW10 compared to TW4. 

3.3.3 XAS Analysis of Ti K-edge 

For the XANES spectra of the Ti K-edge, as shown in Figure 3-4, there was little change in 

white line intensity of the four samples, an indication that the four samples share similar 

electronic properties. It was confirmed that the structure of Ti had a slight disturbance when W 

doping into TiO2. As such, Ti vacancies were responsible for the neutral charge, and therefore, 

dangling oxygen was produced due to bonding with Ti vacancies. 

 

Figure 3-4: Ti K-edge FT-EXAFS Spectra of TW0, TW2, TW4, and TW10 

 The Ti K-edge EXAFS spectra are shown in Figure 3-5.  The major EXAFS peak in the 

region from 1-2 Å CN comes from the first shell of the Ti-O bonds.  As shown in Table 3-2, the 

CN increases proportional to the concentration of doped tungsten.  The CN of bulk rutile TiO2 
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has an expected value of 6.  The CN of the undoped samples, TW0, is lower at 5.0, which may 

be a result of both being a nanomaterial as well as possible oxygen defects being present.  

TiW10, which shows little change in CN compared to TiW4, is an exception to the observed 

trend of CN from the three other samples.  This is in agreement with the XRD results, in which 

WO3 is shown to form and aggregate beyond a 4% W doping concentration. As the W-dopant 

concentration increased, more of such low CN Ti sites will be replaced by tungsten. As a result, 

the CNs of Ti-O increased with increased W-doping concentration.     

Table 3-2: Ti K-edge EXAFS Fitting Results of W-doped TiO2 Samples Scanned in Transmission 

Mode 

Sample Shell CN R (Å) σ2 E0 R-Factor 

TW0 Ti-O 5.0 (8) 1.95 (2) 0.003 (2) 11 (2) 0.009 

TW2 Ti-O 5.5 (9) 1.96 (2) 0.003 (3) 12 (2) 0.016 

TW4 Ti-O 6 (1) 1.95 (2) 0.003 (3) 12 (2) 0.011 

TW10 Ti-O 6.1 (6) 1.95 (1) 0.003 (1) 12 (1) 0.003 

S0
2 has been set to 0.16 based on averaging of data 
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Figure 3-5: Ti K-edge FT-EXAFS Spectra of TW0, TW2, TW4, and TW10 Samples 

 3.3.4 Mechanism of Reaction 

 Based on the results of the Ti K-edge analysis, as well as results from the W LIII-edge 

analysis, it can be determined that, when W was doped into TiO2, Ti vacancies and dangling 

oxygen atoms were generated, and the dangling oxygen atoms would either remain or escape 

to form oxygen vacancies in the lattice during heating in the synthesis.  The amount of Ti 

vacancies and defective oxygen atoms increased proportional to the W dopant concentration.  A 

mechanism for the reaction is proposed in Figure 3-6.   
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Figure 3-6: Scheme of W-doped TiO2 over (a) low and (b) high doping concentrations.  Relative 

energy level positions of TiO2 and WO3 were estimated for illustration purposes. 

 When low concentration of W was doped into TiO2, W replaced Ti in the TiO2 lattice. To 

keep the charge neutrality, Ti vacancies were generated. At the same time, the oxygen bonded 

with Ti vacancies became dangling oxygen. The dangling oxygen and related oxygen vacancies 

were beneficial for CO2 absorption and charge transfer. In addition, new energy levels were 

formed in the band gap acting as electron trapping centres to prolong the charge carrier 

lifetime (Figure 3-6a).65  Both of these two aspects improve the photothermocatalytic reaction 

of CO2 with H2O. Therefore, the catalytic activity of TW2 was significantly improved relative to 

TW0. 

Upon increasing the doping concentration from 2% to 4%, more Ti atoms were replaced 

by W atoms, which resulted in more Ti vacancies.  This can be seen from the result of the Ti-K 

edge fitting. The amount of dangling oxygen and the number of oxygen vacancies near the W 

centres also increased. Since the amount of catalytically active sites of oxygen vacancies and 

dangling oxygen increased, the catalytic activity of TW4 was further improved.  Upon increasing 
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the W doping concentration to 10%, the extra W species that were not doped into the TiO2 

lattice aggregated to form WO3. Since the conduction band of WO3 was lower than that of TiO2, 

electrons trapped by the O defects flowed to the WO3 conduction band (Figure 3-6b). 

Consequently, the catalytically active O sites cannot be used for the reaction, inhibiting the 

photocatalytic CO2 reduction. As such, the photothermocatalytic properties of TW10 decreased 

in comparison with TW4.  

 3.4 Conclusion 

 In conclusion, XANES and EXAFS were utilised to better understand the atomic structure 

and bonding properties of the W-doped catalysts.  It was shown that the replacement of 

titanium with tungsten dopant resulted in the formation of titanium vacancies to maintain the 

charge neutrality of the semiconductor.  As a result, dangling oxygen and oxygen vacancies 

were generated and acted as catalytically active sites for catalytic reduction.  TW4 was the most 

catalytically efficient catalyst, demonstrated by the formation of WO3 that occurs when 10% W 

is introduced in the system, seen in the EXAFS fitting results of the W LIII-Edge.  In addition to 

other characterization methods performed, XAS allowed for deeper analysis into the structure 

of the nanocatalysts and understand the strength of doping. 

 

  



37 
 

Chapter 4: X-ray Absorption Spectroscopy Analysis of Manganese Cobalt Oxide 

Nanocatalysts Supported on Carbon Nanotubes 

Contributions: Tingting Zhao (University College London, U.K.) performed synthesis and non-
XAS characterization of all samples. David Do collected the XAS data, conducted the XAS 
analysis and produced the XAS result discussion. 

 4.1 Introduction 

 Bimetallic transition-metal/metal oxide nanoparticles have received considerable 

attention in the area of electrocatalysis due to their high chemical and thermal stability, their 

ability to be supported on a carbon nanotube structure, and, most notably, their 

bifunctionality, allowing them to be tuned for use in both the oxygen evolution reaction (OER) 

and the oxygen reduction reaction (ORR).66–71  Bimetallic MnxCo3-xO4@NCNTs have shown 

promise for acting as a nanocatalyst for energy storage as they contain multicomponent metal 

oxides, allowing for improved electron hopping and enriched metal-ion redox couples.  In 

addition, both cobalt and manganese are abundant metals, making them an attractive choice 

for catalysis over less abundant metals.72   

In this chapter, using XAS, the hybrid structure has been studied in detail, allowing for 

further tuning of the catalyst for long-term applications in oxygen electrocatalysis.  X-ray 

analysis, supported by TEM imaging as well as PXRD data, is performed on five samples of 

varying amounts of cobalt and manganese, measuring both the cobalt and manganese K-edges.  

Close examination of the structural bonding of each sample allows for greater understanding of 

how the atomic structure changes as the ratio of manganese and cobalt changes, and, 

consequently, their practicality as nanocatalysts. 
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 4.2 Experimental Methods 

 4.2.1 Synthesis of Electrocatalysts and General Characterization Methods 

 The synthetic procedures for the development of manganese cobalt oxide/nitrogen-

doped multiwalled carbon nanotube hybrids are detailed in previous work by Zhao et al.72  The 

procedure involves dispersing pre-oxidized carbon nanotubes in ethanol uniformly, and adding 

aqueous solution precursors of the two metals used, which were (CH3COO)2Co•4H2O and 

(CH3COO)2Mn•4H2O.  The product was collected with centrifugation and freeze-dried to obtain 

the final product.  Morphology and elemental analysis of samples were conducted using TEM 

(JEOL-2100F), and phase and structure was determined using PXRD (STOE StadiP) by using MoKα 

radiation (λ = 0.71Å).   

 4.2.2 X-ray Absorption Spectroscopy and Data Analysis  

 EXAFS analysis was performed on eight of the synthesized metal carbon nanotube 

hybrids, as well as four samples of the tungsten-doped TiO2 samples.  Measurements were 

performed at the Argonne National Laboratory’s Advanced Photon Source Sector 20-BM and 

Sector 9-BM, at the manganese K-edge (6539 eV), the cobalt K-edge (7709 eV), and the 

tungsten L3-edge (10207 eV).  Powder samples of the electrocatalysts were packed on Kapton 

tape, which was folded multiple times to increase the concentration.  Samples that were low in 

powder quantity were instead packed into a washer and folded over with Kapton tape. 

 Linear combination X-ray absorption spectroscopy was performed using the WinXAS 

data analysis program.49  Both cobalt and manganese fits were performed, based on the data of 

Mn1.5Co1.5O4, using a range of 7.70 – 7.76 eV and 6.53 – 6.59 eV, respectively.  EXAFS data 
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analysis was performed using the Athena and Artemis XAS analysis programs.53  Manganese 

and cobalt foil measurements were performed simultaneously with sample measurements for 

reference.  K-ranges of 3.4-12.4 Å-1 and 3.2-11.2 Å-1, as well as R-windows of 1.2-3.5 Å and 1.2-

3.6 Å, were used for the fittings of cobalt and manganese data, respectively.   

4.3   Results and Discussion 

4.3.1 Results of Non-XAS Characterization Methods 

As can be seen in Figure 4-1, the Powder X-ray Diffraction results indicate that MnCo2O4 

has a fully cubic atomic structure, due to its pattern closely resembling that of Co3O4, which is a 

known cubic structure standard.73  The Mn/Co ratio determines the crystallographic phase 

structure of the MnxCo3-xO4  nanotubes, where x > 1.5 yields a tetragonal structure, and x < 1.5 

yields a cubic structure, resulting in different catalytic properties.74–76  Figure 4-2 depicts TEM 

images of all five samples analyzed, showing a clear increase in the nanoparticles size as the 

concentration of manganese increased within the samples.  In particular, there is a large 

increase in nanoparticle size as the ratio of manganese increases from x = 1.5 to x = 2.  This is an 

indication of a shift in the structure of the bimetallic compound, providing further evidence of 

the phase change that occurs (from cubic to tetragonal). 
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Figure 4-1: (a) PXRD Patterns of MCO@NCNTs, and TEM images of b) Co3O4@NCNT [3 – 5 nm], 

c) MnCo2O4@NCNT [3 – 5 nm], d) Mn1.5Co1.5O4@NCNT [10 – 20 nm], e) Mn2CoO4@NCNT [10 – 

20 nm], and f) Mn3O4@NCNT [50nm]. 

 4.3.2 EXAFS Results of MnxCo3-xO4 (Manganese K-Edge)  

Comparing the initial metal-oxygen shell (the peak that lies between 1 and 2 Angstroms, 

typically a region showing metal-nonmetal interactions45) shows that the determined 

coordination number of oxygen atoms to manganese, within error, sees a downward trend as 

the manganese content increases for each sample.  This indicates that, as a higher manganese 

content increases the size of manganese nanoparticles, there is a decrease in the active surface 

area of the nanocatalyst, and as such, there are weaker interactions between the nanocatalyst 
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and adsorbed oxygen.  There is also a general upward trend of the coordination number when 

compared to the Mn-Mn coordination numbers as the amount of manganese content in a 

sample increases, also indicative of an increased amount of manganese (and as such, less 

manganese-oxygen interaction). 

As the manganese content decreases within each sample, both the first and second shell 

Mn-O coordination number values also increase, rising from 3.4 and 1.3 (Mn3O4), respectively, 

to 3.8 and 1.6 (Mn2CoO4), a pattern that can also be observed in the cobalt K-edge data (Table 

4-2).   A dramatic increase in the Mn-O first shell coordination number can be observed from x 

= 2 to x = 1.5, rising from 3.8 to 5, a point at which, based on the dramatic increase mentioned, 

a transition from a tetragonal phase to a cubic phase is possible to have occured and metal-

oxygen interactions are more favourable.77–79  Also of note is the Mn-O first shell bond distance, 

which decreases as manganese content is lost (from 1.95 Å in Mn3O4 to 1.89 Å in MnCo2O4), 

due to the phase transition from a tetrahedral phase structure (longer bond length of metal-

oxygen, about 2.037 Å in bulk Mn3O4) to a cubic structure (shorter bond length of metal-

oxygen, about 1.948 Å in bulk Co3O4).  

Furthermore, the Mn-Mn first shell bond distance also sees a decrease as manganese 

content decreases, from 2.95 Å (Mn3O4) to 2.93 Å (Mn2CoO4), again due to a phase transition, 

where the metal-metal bond distance shortens due to the shift in phase, where cubic metal-

metal bond distances are shorter than the tetrahedral bond distances.  Of note are the second 

and third Mn-Mn shells, which display large discrepancies compared to the bulk reference.  This 

is likely a result of long-range order being lost as a result of the nanosize effect80 (the 
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nanoparticles are much smaller in size compared to bulk material) leading to a larger variation 

in long distance bonding relative to the reference. 

Table 4-1: EXAFS Fitting Results for MnxCo3-xO4 with respect to manganese K-Edge.  Bulk 

reference data for MnCo2O4 is derived from Co3O4 data. 

Sample Shell C.N. C.N. Bulk R (Å) R (Å) Bulk σ2 (Å2) ΔE0 (eV) R-Factor 
Mn3O4 Mn-O 3.4 (7) 4 1.95 (2) 1.962 0.007 (2) 4 (3) 0.019 

 Mn-O 1.3 (5) 4 2.33 (4) 2.074    
 Mn-Mn 2 (1) 2 2.95 (3) 2.938    
 Mn-Mn 5 (2) 4 3.18 (2) 3.172    
 Mn-Mn 5 (2) 8 3.46 (2) 3.496    

Mn2CoO4 Mn-O 3.8 (3)  1.923 (5)  0.0058 (6) 2.8 (7) 0.002 
 Mn-O 1.6 (3)  2.29 (1)     
 Mn-Mn 3.2 (3)  2.955 (8)     
 Mn-Mn 5.4 (5)  3.156 (7)     
 Mn-Mn 4.0 (5)  3.408 (7)     

Mn1.5Co1.5O4 Mn-O 5 (1)  1.89 (3)  0.008 (4) -6 (4) 0.022 
 Mn-O 1.6 (9)  2.3 (2)     
 Mn-Mn 3 (2)  2.93 (4)     
 Mn-Mn 2 (2)  3.44 (7)     
 Mn-Mn 2 (2)  3.74 (7)     

MnCo2O4 Mn-O 5 (2) 6 1.89 (2) 1.930 0.0008 (2) -6 (2) 0.003 
 Mn-O 2 (2) 4 2.10 (6) 1.953    
 Mn-Mn 4.1 (8) 6 2.91 (2) 2.877    
 Mn-Mn 1.8 (7) 12 3.43 (3) 3.374    
 Mn-Mn 1.5 (9) 4 3.77 (4) 3.524    

 

The unit cells of bulk Mn3O4, which contains a tetragonal phase structure78,81, and bulk 

Co3O4, which is a cubic phase structure, are shown in Figure 4-3.  Based on the results obtained 

from EXAFS analysis of the Mn K-edge, as the amount of Co increases, Co atoms occupy sites 

that were previously filled with Mn, with tetrahedral sites being occupied first.  More 

manganese sites are replaced by cobalt as the cobalt content increases, eventually undergoing 

a phase transition to a cubic phase material.  



43 
 

 

  

Figure 4-2: Fitted Fourier Transform EXAFS data of (a) Mn3O4, (b) Mn2CoO4, (c) Mn1.5Co1.5O4, 

and (d) MnCo2O4 with respect to manganese K-Edge  

 

Figure 4-3: Unit Cell model of bulk (a) Mn3O4 and (b) Co3O4.  
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4.3.3 EXAFS Results of MnxCo3-xO4 (Cobalt K-Edge) 

 Results obtained from the fitting of the four analyzed bifunctional nanocatalysts can be 

seen below in Table 4-2.  Similar to the trends observed within the fitting results for the 

manganese edge samples, the cobalt K-edge samples also display values indicating the strength 

of the MnCo2O4 bifunctional nanocatalyst in comparison to the others tested.  As the cobalt 

content decreases (this is equivalent to an increase in manganese content), the coordination 

number of the first shell cobalt-oxygen interaction decreases as well.  This is likely due to the 

phase transition from cubic to tetrahedral, shifting from a coordination number of about 6 

(cobalt octahedral sites) to 4 (manganese-oxygen sites).  The bond distance of the Co-O shell 

also notably increases as the manganese content increases, with a sharp jump for the Mn1Co2 

sample in particular.  This is consistent with a phase transition (cubic to tetragonal) occurring at 

that ratio.  The cubic metal-oxygen bond length is roughly 1.953 Angstroms, and the 

manganese metal-oxygen bond length is about 2.037 Angstroms, which is in agreement with 

the bond length measured for the Co1 sample (2.00 Angstroms), providing further evidence for 

a phase transition. 

The first shell Co-Co bond distance also shows a slight increase as manganese content 

increases – this may also be a result of the phase transition, as tetrahedral structures for metal-

metal bonds have noticeably longer bond lengths than cubic bond lengths.  The second and 

third-shell Co-Co values for bond distance and coordination are noticeably varied in value – as 

was the case with the Mn K-edge analysis, this is likely a result of a loss of long-range order in 

the system due to the small size of the nanoparticles (nanosize effect) and as such, large 

uncertainty is to be expected.  By looking at the fitted Fourier Transform EXAFS spectra below 
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(Figure 4-4), one can also see that a noticeable change in the shape of the metal-metal region 

occurs for the latter two samples – this is also due to the crystallographic phase shift (cubic into 

tetrahedral). 

Table 4-2: EXAFS Fitting Results for MnxCo3-xO4 with respect to Cobalt K-Edge.  Bulk reference 

data for Mn2CoO4 derived from Mn3O4. 

Sample Shell C.N. C.N. Bulk R (Å) R (Å) Bulk σ2 (Å2) ΔE0 (eV) R-Factor 
Co3O4 Co-O 4.4 (1) 4.41 1.91 (2) 1.948 0.002 (2) -7 (3) 0.011 

 Co-Co 4.3 (3) 6 2.88 (3) 2.77 0.004 (5)   
 Co-Co 3.2 (2) 12 3.20 (7) 3.374    
 Co-Co 1.7 (2) 4 3.42 (9) 3.524    

MnCo2O4 Co-O 4.2 (2)  1.93 (2)  0.003 (3) -6 (4) 0.014 
 Co-Co 5.9 (6)  2.89 (9)  0.008 (1)   
 Co-Co 4.0 (2)  3.1 (2)     
 Co-Co 3.4 (5)  3.45 (6)     

Mn1.5Co1.5O4 Co-O 3.5 (6)  1.94 (1)  0.004 (2) 5 (1) 0.011 
 Co-Co 2.7 (8)  2.91 (2)  0.008 (3)   
 Co-Co 5 (2)  3.27 (2)     
 Co-Co 1.4 (9)  3.65 (7)     

Mn2CoO4 Co-O 3.1 (9) 4 2.00 (2) 2.037 0.002 (3) 8 (2) 0.022 
 Co-Co 1.5 (8) 2 2.91 (3) 2.938 0.005 (4)   
 Co-Co 4.1 (4) 4 3.31 (3) 3.172    
 Co-Co 3.7 (5) 8 3.38 (4) 3.496    
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Figure 4-4: Fitted Fourier Transform EXAFS data of (a) Co3O4, (b) MnCo2O4, (c) Mn1.5Co1.5O4, and 

(d) Mn2CoO4 with respect to cobalt K-Edge  

4.3.4 XANES Results of MnxCo3-xO4  

 XANES results, obtained from previous research, are shown below (Figure 4-5), where 

Mn1.5Co1.5O4 has been shown for both the cobalt K-edge and manganese K-edge, alongside 

standards with known cubic and tetragonal atomic structures.   As can be seen from both the 

Mn K-edge analysis and the Co K-edge analysis, all of the samples containing manganese show 
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similar absorption edge profiles, indicative of the four samples sharing similar electronic 

properties.  It can be seen from the Co K-edge XANES spectra that both Mn1.5Co1.5O4 and 

Mn2Co1O4 are more similar to each other than they are to the reference Co3O4.  Such a 

difference can arise from a phase shift between the samples – as Co3O4 has a known cubic 

crystal structure, and Mn3O4 has a known tetragonal structure, it is at x = 1.5 (an equal Mn and 

Co ratio) that a change in structure can be observed.75,77,81 Furthermore, based on such 

observations, it is possible to come to the conclusion that MnCo2O4 and Mn2CoO4 are fully cubic 

and tetragonal, respectively, as the two compounds display similar absorption edge data to the 

reference compounds Co3O4 and Mn3O4, and is documented as such in literature.78,79  This is 

also in agreement with EXAFS analysis, where dramatic shifts in the metal-oxygen coordination 

numbers were observed upon comparing Mn1.5Co1.5O4 to the other samples (MnCo2O4 and 

Mn2CoO4 for the cobalt K-edge and manganese K-edge, respectively).  It should be noted that 

the change in oxidation state is relative to the reference compound (Co3O4 and Mn3O4) and the 

overall oxidation state of manganese and cobalt is not significantly affected. 
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Figure 4-5: XANES Data of MnxCo3-xO4 samples for (a) Mn K-Edge and (b) Co K-Edge.   

Table 4-3: LC XANES Fit Results of Mn1.5Co1.5O4 for Co K-edge (left) and Mn K-edge (right). 

 Co3 (Cubic) Co1 

(Tetragonal) 

Mn3 (Tetragonal) Mn1 (Cubic) 

Partial C 0.349 0.631 0.203 0.788 

E0 Shift -0.000745 0.000271 0.00135 -0.000768 
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Figure 4-6: Linear Combination X-Ray Absorption Near-Edge Spectroscopy Fit Data of 

Mn1.5Co1.5O4 samples for (a) Co K-Edge and (b) Mn K-Edge.   

A linear combination (LC) XANES Fit was also performed in order to determine the 

relative amounts of cubic phase and tetragonal phase content within the Mn1.5Co1.5O4 sample, 

where the phase change is observed to occur based on observations from the XANES data, the 

results of which can be seen in Figure 4-6 and Table 4-3.  Based on data obtained from PXRD, 

the atomic structures of MnCo2O4 and Mn2CoO4 were assumed to be completely cubic and 

tetragonal in structure, respectively, and as such were used as reference during linear 

combination XANES fitting. 

 From the results shown in Table 4-3, it can be observed that Mn1.5Co1.5O4 is a dual-phase 

material, consisting of both cubic and tetragonal phases.74,79,82  When examining the cobalt 

atoms, a majority of them have converted to the tetragonal phase from the cubic phase.  

Similarly, a majority of the manganese atoms have converted from a tetragonal to a cubic 
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phase.  If the respective cubic and tetragonal percentages are added together, values of roughly 

1.1 and 0.8, respectively, are obtained.  These values are close to 1, providing further evidence 

of a dual-phase material, but the slight variation from 1 indicates that the bimetallic samples 

are not perfect representations of cubic and tetragonal atomic structures.  This is also in 

agreement with the EXAFS analysis, where the Mn1.5Co1.5O4 sample showed significant change 

in bonding properties when examined from both the cobalt edge and the manganese K-edge. 

Starting from the fully tetragonal Mn3O4, when cobalt is introduced into the atomic 

structure, it is likely that some of the manganese active sites are replaced with cobalt atoms; 

due to the large shift from tetragonal to cubic observed in the LC XANES fitting, it is likely that 

the square planar sites are being occupied, as they comprise the majority of the Mn-O sites.  As 

an equal ratio of manganese and cobalt is reached, cobalt sites shift from an expected oxygen 

coordination number of 4 (tetrahedral bulk coordination) to 6 (cubic bulk coordination)83, 

resulting in the dual-phase that is observed.  When the amount of cobalt exceeds that of 

manganese, the atomic structure transitions to that of a cubic, resembling Co3O4. 

4.4 Conclusion 

 Joint use of both XANES and EXAFS, supported by characterization techniques such as 

TEM imaging and XRD, allowed for deeper understanding of the underlying atomic structure 

and its changes in the manganese cobalt oxide samples.  EXAFS analysis of MnCo2O4 and 

Mn2CoO4 was performed in order to observe changes in the atomic structure, as the two 

structures were assumed to be completely cubic and tetragonal, respectively.  The increasing 

manganese content in each sample showed a decrease in cobalt-oxygen first-shell coordination, 
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an increase in manganese-oxygen first-shell coordination, and an increase and decrease in the 

metal-metal bond distances of cobalt and manganese, respectively, all of which are consistent 

with a transition from a cubic phase structure to a tetragonal phase structure.  A clear 

transition from a cubic phase (with no manganese content) to a tetragonal phase (having no 

cobalt content) was made more apparent in the analysis of Mn1.5Co1.5O4, where a dual-phase 

structure was observed, based on results from linear combination XANES fitting, with both 

edges showing that there was a mixture of both cubic and tetragonal phases.  Greater 

understanding of the changing atomic structure using these methods may allow for better fine 

tuning of the materials, and consequently, their practical use in real-world applications.       
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Chapter 5: X-ray Absorption Spectroscopy Analysis of Monometallic and 

Bimetallic Ruthenium Nanoparticles on Zeolites 

Contributions: Ziyi Chen (Dalhousie University,) performed TEM Imaging for samples. All other 
work was conducted by David Do. 

 5.1 Introduction 

 Metal nanoparticles have received considerable attention as catalysts, exhibiting high 

catalytic activity in various reactions, such as hydrogenation17,84 and oxidation.85,86  However, 

due to the small size of metal nanoparticles, their stability is often an issue when utilised under 

more extreme reaction conditions.87  As such, one method of overcoming such a drawback is to 

deposit the metal nanoparticles on an inorganic support, which also has the benefit of 

preventing the nanoparticles from aggregating (which would result in a decrease of catalytic 

activity due to increased size).  Zeolites in particular are well-studied materials that can act as a 

support for metal nanoparticles, being crystalline, microporous materials that have nearly 

uniform arrays of porous sites to accommodate them, which, in addition to enhancing the 

stability of metal nanoparticles, can also serve as an active support through a synergistic effect 

by acting as a co-catalyst.88–91    

 In this chapter, ruthenium nanoparticles deposited on three different large pore zeolites 

with varying structures (Y, Beta, and Mordenite) are closely examined, the structures of each 

zeolite being seen in Figure 5-1.  Zeolite Y, beta, and mordenite have pore sizes of 0.74 nm92, 

0.67 nm93, and 0.70 nm94, respectively.  TEM imaging was performed to view the nanoparticles 

on the zeolite surfaces, and XAS was used for better understanding of the atomic structure.  

Furthermore, the concentration of ruthenium was altered to better understand the effect it 
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may have on the catalytic activity.  Depositing another metal (the 3d metal cobalt and the 4d 

metal palladium) along with the ruthenium, creating a bimetallic nanoparticle system, was also 

performed in order to examine possible changes to the electronic structure and bonding 

properties.95,96  Using XAS analysis, in addition to supporting evidence provided by other 

characterization methods, it is possible to better understand the atomic structure of the metal 

nanoparticles on a zeolite support, and such information can allow for better tuning of the 

structure and properties of metal nanocatalysts.   

 

Figure 5-1: Framework of a) Y, b) Beta, and c) Mordenite zeolites75 

 

Figure 5-2: a) Ruthenium/Cobalt on zeolite sample after both ion-exchange and reduction steps 

and b) Ruthenium/Cobalt bimetallic sample on Y zeolite, collected after drying in oven for 24 

hours 
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 5.2 Experimental Methods   

 5.2.1  Synthesis of Ruthenium Samples on Zeolite  

 The synthesis of the metal nanoparticles is described herein.  A metal stock solution for 

each of ruthenium, cobalt, and palladium was prepared by obtaining a precursor metal 

compound, dissolving a small amount of each in deionized water, and transferring to a 

volumetric flask to obtain a 10 mmol/L solution for each.85  The metal precursors used in this 

experiment were RuCl3•H2O, CoSO4•xH2O, and Pd(NH3)4Cl2.   

0.1 g of zeolite powder was then dissolved in 1 g of deionized water.  The zeolite 

solution was then injected with one of the metal stock solutions (two, if preparing a bimetallic 

sample) using a micropipette, with the amount injected varying depending on the weight 

percent of 0.1 g.  In this experiment, weight percentages of 0.1, 0.2, 0.5, 0.8, and 1.0 were used 

to vary concentration.  When comparing the effect the zeolite has on the sample, a 1.0 wt% 

sample was used to compare each.  Bimetallic samples were performed with 0.5 wt% as the 

standard for a 1:1 solution.  The volume required was determined through conversion of the 

weight percent to mols of element, and as such, 494.5 μL of ruthenium and palladium stock 

solution was used for 0.5 wt%.     

 The solution was then checked to make sure the pH was below 10 to avoid precipitation, 

and then placed in an oil bath for 3 hours in order to undergo the ion-exchange process, heated 

at a controlled 80°C with constant stirring on a hot plate.  Afterwards, the solution was washed 

with deionized water and centrifuged three times with water, and then once with ethanol, 

using a Beckman Coulter Allegra Z-22R Centrifuge at 15000 RPM for 10 minutes each, decanting 
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and sonicating in-between each use.  Afterwards, the solid powder is dissolved in 2 g of 

deionized water and sonicated again.   

During the centrifuge process, a sodium borohydride solution dispersed in deionized 

water was prepared.  Typical reductants are added to maintain a constant 1:10 molar ratio of 

metal/NaBH4, but this experiment used 0.08 g of NaBH4 in order to elicit a stronger response, as 

previous experiments did not show signs of reduction.  The reducing solution was split into two 

parts (3 g and 5 g) to be added separately to the zeolite solution.  The zeolite solution, in a glass 

vial, was placed in a constantly stirred ice bath for 1 hour to undergo reduction, wherein 3 g of 

NaBH4 solution was slowly added, and after 10 minutes, 5 g of NaBH4 was added.  Solution was 

capped and placed under a nitrogen environment to attempt to prevent oxidation of metals.  

The reduction process typically involves a noticeable colour change.  The solution was then 

treated to the same centrifuging procedure outlined after the ion-exchange step, and then left 

to dry in an oven at 60°C for 24 hours, after which the powder was collected, weighed, and 

stored.  Example images of the ruthenium and cobalt zeolite solution (with three times the 

amount of cobalt to ruthenium) after both ion-exchange and reduction can be seen in Figure 5-

2 (a), and the resulting powder after drying can be seen in Figure 5-2 (b).      

5.2.2 X-ray Absorption Spectroscopy and Other Characterization Methods 

XAS measurements were conducted and obtained using the Sector 9-BM and Sector 20-

BM beamlines at the Advanced Photon Source at Argonne National Laboratory (Argonne 

National Laboratory, IL).  Powder samples were measured by packing powder in washers 

supported and sealed on Kapton tape for the purpose of adequate X-ray absorption.  All 
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samples were measured in fluorescence mode.  Known metal foil references of ruthenium and 

palladium were measured concurrently with each sample.  Scans were performed at the 

ruthenium K-edge, the palladium K-edge, and the cobalt K-edge.  At least five scans were 

performed for each sample, under ambient conditions at room temperature. 

XAS data processing and fitting for the ruthenium nanoparticles was performed with 

data processing programs Athena and Artemis.53  As known metal foils were measured, it was 

possible to determine the amplitude reduction factor, S0
2, by fixing known coordination number 

(CN) values.  A k-weighting of 2 was applied for all samples.  The monometallic ruthenium, 

bimetallic ruthenium-cobalt samples, and all bimetallic ruthenium palladium Pd K-edge samples 

were fitted using a k-space of 2.5-10.0.  For Ru K-edge bimetallic ruthenium-palladium samples, 

k-spaces of 2.5 – 12.0 and 2.5 – 9.5 were used for Y and Mordenite samples, respectively. 

Transmission Electron Microscopy was also performed on five different samples, those 

being three monometallic ruthenium samples (one on each of the Y, beta, and mordenite 

zeolites) as well as two ruthenium/cobalt samples (the equal ratio samples on Y and beta).  A 

TECNAI F-30 high-resolution microscope at 300 kV in Xiamen University, which is equipped with 

a field-emission electron gun, was used to perform TEM experiments.  All samples were 

dispersed in ethanol and ultrasonicated before being casted onto a copper grid as a drop-

casted suspension.  After drying the grid to evaporate the solvent, the samples were measured 

by examining select areas at different magnifications.  Due to the COVID-19 pandemic, TEM 

images of the ruthenium/palladium bimetallic samples could not be obtained due to those 

samples being prepared later than the monometallic and bimetallic ruthenium/cobalt samples. 
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5.3 Results and Discussion 

5.3.1 Monometallic Ruthenium on Zeolite XAS Analysis 

The TEM images for each monometallic sample are shown in Figure 5-3.  It can be seen 

for ruthenium on the Y zeolite that the formation of nanoparticles and nanoclusters has 

occurred, indicated by the dark dots that are of different colour than the lighter zeolite surface 

that are roughly 2 nm in size.97  Similar observations can be made when examining the TEM 

images for both beta and mordenite.  Notably, unlike the beta and mordenite images, the dark 

dots on the Y zeolite lack a clear shape, indicating possible differences between it and the other 

two zeolites.  The images show that there are possible metal-metal interactions taking place 

that can be studied using XAS spectroscopy. 

 

Figure 5-3: TEM Images of a) Ru 1.0wt% on Y, b) Ru 1.0wt% on Beta, c) Ru 1.0wt% on mordenite  

Figure 5-4a and 5-5a display the XANES data graphs of monometallic ruthenium on 

zeolites, when varying the concentration and zeolite, respectively.  It can be seen in the XANES 

data for both that the ruthenium on zeolite samples have a noticeably different shape 

compared to that of the bulk foil reference sample, an indication of a difference in the 

electronic properties between the two.  The XANES data of the bulk foil contains a doublet that 
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is characteristic of metallic bonds, whereas the tall, wide peaks of each ruthenium on zeolite 

sample is more distinctive of ionic bonding. Noticeably, compared to both the beta and 

mordenite zeolites (Figure 5-5a), ruthenium on Y zeolite had a higher white line intensity, 

indicative of greater ionic character (as a result of a higher oxidation state on ruthenium) and, 

consequently, less metallic character that would be expected in XAS analysis of nanoparticles on 

zeolite.  Figure 5-4b and 5-5b display the EXAFS data of the monometallic ruthenium samples on 

zeolite, where the lack of a metal core, indicated by the lack of a clearly defined metal-metal 

peak beyond 2 Å, is in agreement with the different XANES white line shapes previously 

observed.  The peak intensity of the metal-oxygen peak between 1 – 2 Å decreases as the 

ruthenium concentration decreases, which would indicate lower amounts of ruthenium 

oxidation as the concentration decreases, but the lack of a metallic bond suggests that the 

concentration for the monometallic ruthenium samples has little effect on its structural 

properties.  When comparing each zeolite instead, the samples prepared on beta and 

mordenite show similar properties, both having much less intense metal-oxygen interactions 

and more metallic character compared to the sample prepared on Y, seen by the more distinct 

peak in the metal-metal interaction region.  It should be noted that the ruthenium-ruthenium 

peak seen in the reference foil FT-EXAFS is much more intense than the peaks displayed by 

those of the nanoparticle samples, indicative of a vastly lower coordination number for that 

bond, which is to be expected of nanoparticles compared to the bulk. 

The EXAFS fittings results shown in Table 5-1 support the qualitative observations made 

based on Fourier transformed data.  Surface oxidation is highest for the sample on Y, shown by 

the high Ru-O shell coordination number of 5, compared to coordination numbers of 3 and 3.5 
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for mordenite and beta, respectively.  No metallic bond could be observed for the monometallic 

sample on Y, showing its lack of a metal core, whereas the other two samples do show a Ru-Ru 

shell bond with a low coordination number, both having a CN of roughly 2, compared to the 

bulk coordination number of 12 for a hexagonal closed-pack crystal structure.  The resulting 

structure would be small, with a triangular-shape structure for the ruthenium bonds, and with 

ruthenium atoms being coordinated to about 3 oxygen atoms in the beta and mordenite 

samples, it would result in the Ru-Ru bonds being longer due to small expansion.  This can be 

seen in the Ru-Ru bond distance for both samples, which are longer than 2.65 Å, the bond 

distance of Ru-Ru in bulk ruthenium.98     

 

Figure 5-4: a) XANES data graph and b) EXAFS-FT data graph of ruthenium on Y, varying 

concentration (0.5 wt%, 0.8 wt% and 1.0 wt%), with Ru foil FT-EXAFS data at 0.25% intensity.  

Monometallic ruthenium with weight percent 0.1 and 0.2 omitted due to no noticeable 

difference to 0.5.  
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Figure 5-5: a) XANES data graph and b) EXAFS-FT data graph of ruthenium 1.0wt% on varying 

zeolites.  Ruthenium foil data not included due to its much larger intensity.  

 

Figure 5-6: Fitted Fourier Transform EXAFS data of monometallic Ru on a) Y, b) mordenite, and 

c) beta 
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Table 5-1: EXAFS Fittings Results for Monometallic ruthenium on zeolite samples 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

Ru1.0wt% on Y 
Ru-O 5 (1) 2.02 (3) 0.006 (4) 1 (4) 

0.008 
     

Ru1.0wt% on Mordenite 
Ru-O 3 (1) 2.02 (3) 0.006 (5) 0 (4) 

0.010 
Ru-Ru 2 (2) 2.70 (4) 0.009 (7) -3 (5) 

Ru1.0wt% on Beta 
Ru-O 3.5 (5) 2.007 (2) 0.007 (2) 4 (2) 

0.002 
Ru-Ru 2.3 (8) 2.68 (2) 0.008 (3) -1 (2) 

 

5.3.2 Bimetallic Ruthenium / Cobalt on Zeolite XAS Analysis 

 The TEM images for two of the bimetallic samples are shown in Figure 5-7.  It can be 

seen for ruthenium / cobalt on Y zeolite that little dispersion of the metal nanoparticles has 

occurred.  Conversely, the ruthenium and cobalt nanoparticles on the beta zeolite are easily 

seen in its TEM image, and the two have clearly distinct surfaces. 

 As can be seen in Figure 5-8a and Figure 5-9a, the bimetallic samples for ruthenium and 

cobalt on zeolite with variations in concentration (Ru:Co = 1:1, Ru:Co = 1:3, and Ru:Co = 3:1) all 

display incredibly similar properties when examined from the ruthenium K-edge.  All display a 

white line in the XANES that is indicative of non-metallic character, lacking a doublet that is seen 

in the bulk reference foil.  Similarly, the EXAFS graphs in Figure 5-8b and Figure 5-9b show near-

identical spectra for each, with a large metal-oxygen interaction showing that the metal 

nanoparticles were likely oxidized during the reduction process, similarly to the monometallic 

samples.  The small peak present in the mordenite samples after the metal-oxygen peak does 

suggest that a small metal core exists, however. 
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Figure 5-7: TEM Images of a) RuCo 1:1 on Y, b) RuCo 1:1 on Beta 

 

Figure 5-8: a) XANES data graph and b) EXAFS-FT data graph of ruthenium / cobalt on Y, varying 

concentration (Ru K-edge)  

 

Figure 5-9: a) XANES data and b) EXAFS-FT data of ruthenium / cobalt on mordenite, varying 

concentration (Ru K-edge)  
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 The data graphs in Figure 5-8 and Figure 5-9 show that the concentration has little effect 

on the properties of the nanoparticle sample, whereas changing the zeolite does have a 

noticeable difference.  In particular, the samples prepared on the Y zeolite do not seem to show 

the formation of a metallic core, whereas the mordenite samples do.  This trend is consistent 

with the monometallic series of samples. 

 Due to little variation being observed in the XANES and EXAFS data, the EXAFS fitting 

results shown in Table 5-2 use representative samples for analysis, in which the RuCo (1:1) on Y  

sample represents all of the bimetallic ruthenium-cobalt samples on Y, and the RuCo (1:1) on 

mordenite represents all of the mordenite bimetallic samples, as well as the 1:1 sample on beta, 

which, as can be seen in Figure 5-11b, is incredibly similar to that of the 1:1 sample on 

mordenite. The EXAFS fitting results display similar findings to that of the monometallic 

samples, in which the Y zeolite showed a lack of a metal core, whereas the mordenite zeolite 

does show ruthenium-ruthenium interactions, indicating the presence of a small metal core.  

Again, for the sample on mordenite, a structure in which there is a small, triangular-like bonding 

between the ruthenium atoms is present, causing an expansion of the Ru-Ru bond due to the 

Ru-O bonds present.99 

 When examining the nanoparticle data from the cobalt K-edge perspective, it is 

apparent that different observations from examining the ruthenium K-edge can be made.  The 

zeolite samples have much less metallic character compared to bulk cobalt, with taller and 

wider white lines.  The EXAFS graphs show that for all of the samples, no metallic core was 

formed, as well as a significant metal oxide peak, implying significant oxidation occurred during 

the reduction process.  Figure 5-12b and Figure 5-13cd show peaks beyond the expected 
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metallic core peak region, and due to cobalt being an easily oxidized 3d metal, those peaks are 

likely indicative of ionic bonds.  Such observations indicate that cobalt has little, if any, effect on 

the metal core seen in the ruthenium K-edge analysis, and as such, EXAFS fitting analysis would 

provide little information on the structure of the metal nanoparticles on a zeolite.100  

 

Figure 5-10: Fitted Fourier Transform EXAFS data of bimetallic Ru/Co (1:1) on a) Y and b) 

mordenite 

Table 5-2: EXAFS Fitting Results for bimetallic Ru/Co (1:1) on Y and Mordenite, Ru K-Edge 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

RuCo - 1:1 on Y 
Ru-O 4 (1) 2.00 (3) 0.004 (4) -1 (3) 

0.016 
     

RuCo - 1:1 on MOR 
Ru-O 4.1 (3) 2.028 (8) 0.008 (1) 3.1 (9) 

0.008 
Ru-Ru 1.8 (4) 2.69 (2) 0.012 (3) -1 (2) 
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Figure 5-11: a) XANES data and b) EXAFS-FT data of ruthenium / cobalt at equal ratios (Ru K-

edge), varying zeolites 

 

Figure 5-12: a) XANES data and b) EXAFS data of ruthenium / cobalt at equal ratios (Co K-edge), 

varying zeolites 
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Figure 5-13: XANES concentration variation data graphs (Co K-edge) of a) ruthenium / cobalt on 

Y and b) ruthenium / cobalt on mordenite and EXAFS concentration variation data graphs (Co K-

edge) of c) ruthenium / cobalt on Y and d) ruthenium / cobalt on mordenite 

 5.3.3 Bimetallic Ruthenium / Palladium on Zeolite XAS Analysis 

It can be seen in Figure 5-14a that the XANES graphs that the white lines of the samples 

are of similar intensity to the bulk metal reference, in contrast to the monometallic ruthenium 

and bimetallic ruthenium and cobalt samples.  The samples lack a doublet that is characteristic 

of metallic content, but compared to the monometallic samples, which have been included for 

comparison, the ruthenium and palladium bimetallic samples are less broad and have a lower 

oxidation state, indicating that the metal nanoparticles more closely resemble the ruthenium 

foil.  This can be further seen in Figure 5-14b and Figure 5-15b, containing the EXAFS, where, 

although the metal-oxygen peak is still intense, there exists strong metal-metal bond 
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interaction, indicated by the sharp peak in the region.  Notably, the peak increased in intensity 

with the increase of palladium concentration, indicating that the palladium metal nanoparticles 

are more prevalent within the system, and contribute more to the bonding to the zeolite. 

 

Figure 5-14: a) XANES data and b) EXAFS-FT data of ruthenium / palladium on Y (Ru K-edge), 

varying concentrations  

 

Figure 5-15: a) XANES data and b) EXAFS data of ruthenium / palladium on mordenite (Ru K-

edge), varying concentrations 

Examining the palladium K-edge in Figure 5-17a and 5-18a shows that the white lines for 

each sample are less intense compared to the ruthenium/cobalt samples (with reference to 

their respective metal foil references) and more closely resemble the palladium foil reference, 
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indicating stronger metallic character than the ruthenium/cobalt samples.  The XANES data 

shows a slight doublet compared to the bulk palladium data for both Y zeolite and mordenite.  

EXAFS data shows a less intense metal-oxygen peak, as well as a strong, intense metal-metal 

peak, indicative of metallic character, and as such, a metal core, increasing in intensity as the 

palladium concentration increased. 

 

Figure 5-16: Fitted Fourier Transform EXAFS data of bimetallic Ru/Pd (Ru K-Edge) on a) Y (1:3), 

b) mordenite (1:3), c) Y (1:1), d) mordenite (1:1), e) Y (3:1), and f) mordenite (3:1)  
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Table 5-3: EXAFS fitting results of Ru K-edge Ru/Pd bimetallic samples on Y with varying 

concentrations 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 
RuPdY – 1:3 Ru-O 3.1 (6) 2.03 (2) 0.010 (3) 1 (2) 

0.016 
 Ru-Ru/Pd 3.6 (6) 2.671 (8) 0.008 (1) -7 (1) 

RuPdY – 1:1 Ru-O 3.2 (6) 2.02 (2) 0.008 (4) 1 (4) 
0.010 

 Ru-Ru/Pd 2.8 (7) 2.67 (1) 0.009 (2) -8 (2) 
RuPdY – 3:1 Ru-O 3.5 (6) 2.02 (2) 0.008 (3) 0 (2) 

0.027 
 Ru-Ru/Pd 2.5 (8) 2.675 (5) 0.010 (3) -5 (2) 

 

Table 5-4: EXAFS fitting results of Pd K-edge Ru/Pd bimetallic samples on Y with varying 

concentrations 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

RuPdY – 1:3 
Pd-O 0.8 (7) 2.31 (4) 0.007 (1) 

-7.6 (5) 0.002 
Pd-Pd/Ru 7.5 (7) 2.736 (5) 0.008 (1) 

RuPdY – 1:1 
Pd-O 1.3 (2) 2.291 (9) 0.005 (3) 

-7.5 (2) 0.001 
Pd-Pd/Ru 6.5 (3) 2.733 (2) 0.009 (4) 

RuPdY – 3:1 
Pd-O 1.0 (2) 2.06 (2) 0.008 (2) 

5 (2) 0.001 
Pd-Pd/Ru 5.4 (3) 2.731 (3) 0.0109 (5) 

 

 The EXAFS fitting results for the samples on the Y zeolite for both the ruthenium and 

palladium K-edges are shown in Figure 5-16, as well as Tables 5-3 and 5-4.  It should be noted 

that, due to the small difference in atomic number between ruthenium and palladium, it is 

difficult to distinguish the metal bond as Ru-Ru or Ru-Pd (or Pd-Pd and Pd-Ru), and as such, both 

are listed.  It can be seen from the EXAFS fittings results that a larger metallic core is present 

compared to the ruthenium-cobalt bimetallic samples, as well as the monometallic samples, 

due to the Ru-Ru/Pd shell having a more significant coordination number.  Furthermore, the 

results indicate that, as the amount of palladium increases compared to ruthenium, less 
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oxidation of the sample occurs, due to the coordination number of the Ru-O shell increasing as 

the ruthenium ratio increases (from 3.1 to 3.5), as well as a sharp increase in the Pd-Pd/Ru shell 

coordination number, showing 7.5 when palladium is three times more concentrated than 

ruthenium, and only 5.4 when ruthenium exceeds palladium content by three times.  Similar 

trends are present when examining the Ru K-edge fitting results.  Such results indicate that the 

addition of palladium is directly responsible for the larger metal core.  

Table 5-5: EXAFS fitting results of Ru K-edge Ru/Pd bimetallic samples on mordenite with 

varying concentrations 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 
RuPdMOR – 1:3 Ru-O 3 (1) 2.03 (4) 0.014 (8) 1 (4) 

0.003 
 Ru-Ru/Pd 4 (1) 2.67 (1) 0.008 (2) -8 (1) 

RuPdMOR – 1:1 Ru-O 3.3 (5) 2.02 (1) 0.006 (3) 0 (2) 
0.002 

 Ru-Ru/Pd 1.5 (7) 2.70 (3) 0.008 (5) -2 (3) 
RuPdMOR – 3:1 Ru-O 3.0 (7) 2.01 (2) 0.008 (4) -1 (3) 

0.004 
 Ru-Ru/Pd 2.2 (9) 2.67 (2) 0.009 (4) -7 (3) 

 

Table 5-6: EXAFS fitting results of Pd K-edge Ru/Pd bimetallic samples on mordenite with 

varying concentrations 

Sample Shell C.N. R (Å) σ2 (Å2) ΔE0 (eV) R-Factor 

RuPdMOR – 1:3 
Pd-O 1.4 (9) 2.33 (7) 0.01 (1) -4 (5) 

-8.4 (7) 
0.001 

Pd-Pd/Ru 6.5 (6) 2.740 (6) 0.009 (1) 

RuPdMOR – 1:1 
Pd-O 2.6 (7) 2.28 (1) 0.006 (4) -7 (3) 

-4 (1) 
0.003 

Pd-Pd/Ru 4.1 (7) 2.73 (1) 0.009 (2) 

RuPdMOR – 3:1 
Pd-O 1.4 (1) 2.07 (1) 0.004 (2) 6 (1) 

-9.8 (7) 
0.001 

Pd-Pd/Ru 2.6 (3) 2.696 (6)  0.008 (1) 

 

 The fitting results shown from the Tables 5-5 and 5-6, which show both the Ru K-edge 

and Pd K-edge of the samples on mordenite, noticeably have a different bond distance for the 



71 
 

Pd-Pd/Ru shell of the RuPdMOR – 1:3 and RuPdMOR – 1:1 samples than expected, especially 

compared to the samples in which there is three times the amount of palladium than 

ruthenium, at around 2.30 Å.  A typical metal-oxygen shell bond distance arising from surface 

oxidation has a bond length of about 2.0 Å101, which is shown in the Ru-PdMOR – 3:1 sample for 

the Pd K-edge.  The Pd-O shell bond distance can be explained by it being a result of the oxygen 

in the zeolite framework, which interacts less strongly than a typical metal-oxygen bond.102  

Similar results were also present in the samples on Y.  In addition, the Pd-Pd coordination 

numbers for those samples are vastly higher than the sample with a typical metal-oxygen bond, 

which contains much less palladium.  Such trends are similar to that of the results seen with the 

samples on the Y zeolite. Noticeably, however, the Y zeolite displays higher coordination 

numbers for the Pd-Ru/Pd and Ru-Ru/Pd shells compared to the samples on mordenite, which, 

as stated previously, is indicative of a larger metal core.  This is in contrast with the results seen 

from the monometallic and bimetallic ruthenium-cobalt, in which the samples on Y, as indicated 

by the lack of Ru-Ru bonding, showed a lack of metallic core formation.  Results in literature 

show Ru/Pd bimetallic nanoparticle samples show promise as nanocatalysts103,104, and further 

studies should be performed to investigate the catalytic properties of these samples.    
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Figure 5-17: a) XANES data and b) EXAFS data of ruthenium / palladium on Y (Pd K-edge), 

varying concentrations 

 

Figure 5-18: a) XANES data and b) EXAFS data of ruthenium / palladium on mordenite (Pd K-

edge), varying concentrations 
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Figure 5-19: Fitted Fourier Transform EXAFS data of bimetallic Ru/Pd (Pd K-Edge) on a) Y (1:3), 

b) mordenite (1:3), c) Y (1:1), d) mordenite (1:1), e) Y (3:1), and f) mordenite (3:1)  

 5.4 Conclusion 

 Close examination of the monometallic ruthenium nanoparticles using XAS analysis 

revealed that a metal core was unlikely to have formed, with small clusters of ruthenium oxide 

forming instead, potentially due to oxidation of the nanoparticles or a lack of reduction.  This 

was most prevalent with the Y zeolite, with samples prepared on zeolites beta and mordenite 
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exhibiting easier formation of a small metal core, as shown by the existence of ruthenium-

ruthenium bonding found during EXAFS fitting.  When the 3d metal cobalt was introduced into 

the system, creating a bimetallic sample, very little change could be observed compared to the 

monometallic series of samples, indicating that the addition of the 3d metal had little effect on 

the formation of the metal core.  The cobalt nanoparticles were likely oxidized during the 

synthesis, explaining the similar results seen.  However, the addition of 4d metal palladium 

showed a greater amount of metallic character being present in the samples, indicating that the 

deposited metal nanoparticles remained on the zeolite.  XAS analysis of the ruthenium-

palladium samples required fitting of all samples, with all scans showing the clear existence of a 

metal core much larger in size than the cores found in the other two series.  Furthermore, 

adding more palladium compared to ruthenium to the sample, as seen in the samples where 

palladium was three times more concentrated than ruthenium, resulted in the largest metal 

cores, indicated by the increasing trends in metal-metal bond distance values for both the Ru 

and Pd series as the amount of palladium increases.  Using XAS analysis, it is possible to 

determine the bonding properties of the deposited lattice, allowing for greater understanding 

of the metal on zeolite structure as a whole.  Tuning of the metal-metal coordination number 

and their bond distance shown in this work could be useful for developing new catalysts using 

metal nanoparticles. 
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Chapter 6: Conclusions and Future Work 

 6.1 Conclusions 

 In this work, the local structural, bonding, and electronic properties of various 

nanocatalysts were analyzed using XAS.  Each study carefully examined a series of samples, and 

trends seen in the XANES and EXAFS fitting results allowed for a greater understanding of the 

changes in the atomic and electronic structures of the nanocatalysts. 

 First, the effect on the electronic structure and bonding properties by doping tungsten 

into titanium dioxide nanoparticles at various concentrations was examined using XANES and 

EXAFS analyses, which was complimented by catalytic results obtained in an earlier study.  

XANES results for the W LIII-edge revealed that a clear downward trend of the oxidation state 

existed as the tungsten concentration increased, with the 2% doped sample having the highest 

oxidation state (and thus the lowest d electron density).  W LIII-edge EXAFS results agreed with 

those from XANES, in which the 2% doped sample had the largest tungsten-oxygen 

coordination number; unlike the 4% and 10% doped samples, the 2% doped sample had a 

structure closely resembling that of a TiO2 unit cell.  Ti K-Edge EXAFS analysis revealed that the 

4% and 10% samples displayed little difference in their structures.  It was determined that 

replacing Ti with W in the structure of the nanoparticles resulted in Ti vacancies, which, in turn, 

produced dangling O atoms and O vacancies to act as catalytic sites. Due to the similarity 

between the structures of TW4 and TW10, as well as the catalytic results, TW4 was the most 

catalytically active photothermal catalyst. 



76 
 

 Next, XANES and EXAFS studies were performed on samples of manganese cobalt oxide 

nanoparticles supported on carbon nanotubes, with varying concentrations of cobalt and 

manganese.  A clear phase transition of the atomic structure from cubic Co3O4 to tetragonal 

Mn3O4 was observed as seen from the fitting analysis trends, which indicated decreases in 

metal-oxygen coordination and increases in metal-metal bond distances depending on the 

absorbing element.  The sample with an equal ratio of manganese and cobalt, Mn1.5Co1.5O4, 

showed a dual-phase structure as further revealed using linear combination XANES fitting, 

where it was determined from both the cobalt and manganese perspectives that the cubic and 

tetragonal phases existed.   

 Finally, the analysis of the electronic structure and bonding properties of both 

monometallic ruthenium nanoparticles and cobalt- or palladium-doped bimetallic ruthenium 

nanoparticles on zeolite supports was performed.  EXAFS analysis clearly showed the lack of 

metal core formation in the monometallic and bimetallic cobalt series; only in the bimetallic 

palladium series did a metal core start to form.  The fitting results also showed that the choice 

of zeolite and the concentration of each bimetallic component had a large effect on the size of 

the metal core, with greater palladium concentrations benefitting metal core formation. 

 XAS is a powerful tool to study and characterize nanoparticles by closely looking at their 

electronic properties and local bonding structures.  Changes in the content of a nanoparticle 

sample, such as an increased concentration of a particular element, can result in changes to the 

local bonding structure. Proper fitting of XAS data allows for the construction of models to 

visualize the atomic structure of the nanoparticle.  The results presented in this work show the 

advantage of using XAS as a characterization tool to understand the changes within a 
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nanoparticle’s structure. These findings will have potential applications in the design of better 

nanocatalysts to enhance their catalytic properties.                 

 6.2 Future Work 

 Future studies on the topics presented in Chapters 3, 4, and 5 could involve a greater 

number of samples being analyzed to present a clearer trend in data obtained from XAS; in 

Chapter 4, only three different manganese/cobalt concentrations were analyzed.  The synthesis 

of more samples, such as Mn0.67Co2.33O4, would allow for one to more closely observe changes 

in the atomic structure; one could also determine at what concentrations a dual-phase 

structure appears and disappears.  In Chapter 5, a larger number of bimetallic metal 

components (using dopants such as copper, silver, or gold) would be useful to compare to the 

results already obtained.   

 In addition, more characterization methods could be used to better support the findings 

from the XAS analysis.  Further TEM imaging of the structures in Chapter 5, which was unable to 

be performed due to the COVID-19 pandemic, would allow one to see how the nanoparticles 

are dispersed and their changes in shape.  Due to the bimetallic palladium system showing 

distinct signs of metal core formation, a comparison of their TEM images with those whose 

systems lack a metal core would show great differences. 

 Chapter 5 also gives significant detail on the potential of nanoparticles on zeolite 

supports as nanocatalysts; as such, studies on their catalytic performance must be done.  

Furthermore, the bimetallic ruthenium/palladium nanoparticles could be tested as potential 

nanocatalysts for the oxygen evolution reaction, allowing their use in fuel cell catalysis.  
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