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ABSTRACT 

Iron and iron-oxide nanoparticles (NPs) are one of the most explored materials due to its vast range 

of applications in fields such as ferro-fluids1, magnetic imaging resonance2 and energy storage.3,4 

However, the as synthesized Fe NPs have high affinity for oxygen, and oxidize partially to form a 

core-shell type structure5,6, or oxidized completely to form structures with hollow core7,8 due to 

coalescence of vacancies. High temperature growth of oxide shell is well understood based on 

extensive theoretical as well as experimental work.9 However, less is known about the local 

structure of the iron oxide shell. The oxide shell is considered to be composed of maghemite 

(𝛾−𝐹𝑒2𝑂3) and magnetite (𝐹𝑒3𝑂4). Both these phases form inverse spinel structure, and because of 

lack of long-range order, it is difficult to characterize these particles using conventional techniques 

such as x-ray diffraction (XRD). In this study, we report the synthesis of Fe NPs which are oxidized 

in air at elevated temperatures. Detailed structural characterization of these particles was carried 

out using Fe K-edge x-ray absorption spectroscopy (XAS). Our results show that Fe NPs, when 

exposed to air, oxidize partially to form a thin layer of oxide. As the particles are oxidized at high 

temperature, the Fe atoms diffuse out from the core, whereas vacancies coalescence to form a 

hollow core. On further oxidation, no there is no structural change, however, interconversion of 

different phases takes place. Oxidation study at different temperatures of 200 °C and 250 °C show 

that although it does not lead to any changes in phase contribution, there is a significant increase 

in crystallinity of the particles at higher temperatures. This work provides a basis for controlled 

oxidation of Fe NPs by varying the vacancies at octahedral sites which can be useful for tailoring 

the electrical and magnetic properties of the particles. We have further showed how XAS can be 

explored to study the short range order of nanoparticles which complement the other 

characterization techniques such as XRD and TEM. 
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Chapter 1: Introduction 

1.1 X-ray absorption fine edge spectroscopy 

X-ray absorption fine edge spectroscopy (XAFS) is a powerful characterization technique which 

provides details based on the photons with energy within the range of core level binding energies 

of an atom being absorbed by that atom. Analyzing such spectra can provide information sensitive 

to the species, distance and co-ordination number of the surrounding atoms with respect to the 

central atom being probed, in addition to the information on chemical oxidation state of the central 

atoms. Such sensitivity of XAFS spectra can be utilized to explore chemistry and short-range order 

of the samples, which is not possible with other characterization techniques. For example, in case 

of amorphous materials, x-ray diffraction cannot be utilized to explore the material because of the 

absence of long-range order, in which case XAFS can be of great use. Due to such versatility, 

XAFS is used in a wide range of scientific studies including materials science10, biology11,12, 

catalysis13,14, and geological studies15,16. 

Over the past few decades, XAFS has made great advances XAFS in achieving the goal of 

providing useful information. Recent development of new synchrotron sources and advances in 

theory has further led to the success of XAFS. However, extracting all the information with 

precision and analyzing the data is often complicated and requires great expertise. The purpose of 

this thesis is to provide detailed knowledge on XAFS which could be utilized right from the initial 

step of preparing for the XAFS experiment, to the extraction, fitting and analysis part. To further 

help with the understanding, the thesis includes experimental data of Fe nanoparticles (NPs) which 

were oxidized in air at different temperature for different time intervals. 

 



3 
 

1.2 Nanotechnology and nanoparticles 

Nanotechnology can be defined as formation and exploitation of functional materials, systems and 

devices through control of matter on a nanoscale (1 to 100 nm). Low dimensional nanomaterials, 

relevant to this study is a term generally used to encompass all zero dimensional building blocks, 

which could be amorphous or crystalline and are usually smaller than 10 nm. These nanomaterials 

show unusual physical and chemical properties as compared to bulk materials because of various 

factors such as (1) high surface to volume ratio which leads to higher reactivity because of high 

surface energy making it ideal for catalysis17,18 or sensory applications19,20; (2) size dependent 

optical properties (Q dots21,22), mechanical properties (interconnects in chips), and melting point 

(metal nanoparticles). 

 

1.3 Oxidation of Iron nanoparticles 

Iron and iron-oxide nanoparticles are one of the most explored materials due to its vast range of 

applications in fields such as ferro-fluids1, magnetic imaging resonance (MRI)2, catalysts for 

hydrogenation reactions23,24. Additional advantage of iron based materials is its large scale 

availability in nature and its cost-effectiveness. Besides this, these NPs are relatively less toxic as 

compared to other nanomaterials, paving its way for further applications in future. However, the 

as synthesized Fe nanoparticles have high affinity for oxygen, and when exposed to atmospheric 

conditions, oxidize partially on the surface to form core-shell type structure5,6 or hollow 

structures7,8 in certain cases due to Kirkendall effect. Study of the oxidation process of Fe metal 

NPs with time and under different conditions could provide insight on underlying mechanisms 

involved. Since the as-synthesized Fe and oxidized particles have short range order, XAFS was 
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used as an additional characterization technique to probe the structure and composition of these 

particles. 
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Chapter 2. XAFS: Theory and Background 

2.1 X-ray absorption spectroscopy 

During the x-ray absorption spectroscopy (XAS) experiment, the sample is targeted with x-rays 

having energy in a fixed domain. If the incident photons have energy greater than the binding 

energy, the photons are absorbed by the atoms of the sample, leading to excitation of electrons 

from the core shells (1s or 2p). 

 

Figure 2.1. Photoelectric effect in which absorbed photon ejects a core electron (center). The 

core hole is filled with either Auger electron leading to ejection of another electron (left), or 

another photon is ejected (right). 

 

After the removal of core electron from the central atom of the sample, the atom is said to be in 

excited state. The excited state eventually decays via 2 different processes (shown in Figure 2.1): 

(1) X-ray fluorescence, in which an electron from higher shell fills the deeper core hole, 

ejecting a photon of a fixed defined energy. Thus, these energies characteristic of an atom 

can be used to distinguish or identify central atoms. 
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(2) The second de-excitation process is the Auger effect in which an electron from a higher 

shell drops to fill the core hole, with simultaneous ejection of another electron from the 

higher shell into continuum 

Both these methods can be used to measure the absorption coefficient in fluorescence mode, with 

x-ray fluorescence more likely to happen at energies > 2200 eV. 

When discussing about the XAS, the primary factor to be concerned about is the absorption 

coefficient, μ which defines the probability of the incident photons being absorbed according to 

the Beer’s Law: 

     𝐼 =  𝐼0𝑒−𝜇𝑡              (2.1) 

where 𝐼0 is the intensity of the incident x-rays, 𝐼 is the intensity of the transmitted x-rays, and t is 

the sample thickness. 

 

Figure 2.2. Basic XAS experimental setup. The x-ray beam after exiting the synchrotron source, 

passes through a Monochromator. The incident intensity is measured in the 𝐼0 detector. After the 

incident beam hits the sample, the transmitted beam is measured through the 𝐼𝑡 detector whereas 

the intensity of the fluorescent photons are captured by the 𝐼𝑓 detector. 

 

The number of non-absorbed photons are quantified with the help of detectors to measure the 

intensity of transmitted beam. In certain cases, when transmittance intensity is extremely low or 

due to other sample constraints, the absorbed x-rays are quantified by the fluorescent photons 
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ejected during the filling of the vacant core holes or alternatively measuring the auger electrons 

(electrons ejected during the filling of vacant core hole). For transmittance mode, absorption 

coefficient is defined as 

        𝜇(𝐸) = ln ( 
𝐼0

𝐼𝑡  
)             (2.2)  

Whereas for fluorescence mode, absorption coefficient is defined as 

         𝜇(𝐸) ∝  
𝐼𝑓

𝐼𝑜  
                                    (2.3) 

Figure 2.3 shows a typical 𝜇 versus energy plot for Fe K-edge XAS. The absorption coefficient is 

normalized so as to negate the effect of thickness of the sample. The theoretical energy required 

to remove core electron from the K-shell of Fe is 7111 eV. Therefore, for the experiment the energy 

range is selected such that the absorption edge and the oscillations are in this range.  

 

Figure 2.3. XAS spectrum for Fe K-edge. Y-axis shows the normalized absorption coefficient 

and the x-axis is the energy of the incident x-rays. Plot also shows the XANES and EXAFS region 

which have been discussed in sections 2.2 and 2.3. 
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2.2 X-ray absorption near-edge structure 

When the incident x-rays have enough energy, the photons are absorbed by the sample, leading to 

a sharp rise of μ. The edge energy, 𝑬𝒐  is defined somewhere in this region of sharp rise, which has 

been explained later. Since every element has a different 𝑬𝒐  value, a variable x-ray energy 

synchrotron source is required. The theoretical 𝑬𝒐  values for elements are well known and can be 

used as a basis for selecting the experimental energy range. The x-ray absorption near-edge spectra 

(XANES) is defined as the region typically within ± 30 eV of the 𝑬𝒐  value. The interpretation and 

analysis of XANES region has been addressed later in chapter 4. 

 

2.3 Extended x-ray absorption fine structure 

2.3.1 Interference of photoelectron 

After the photoelectron is ejected from the core shell of the atom by the incoming the x-rays, the 

photoelectron behaves as a wave propagating in all directions with a wavelength λ, given by the 

formula 

      λ =
h

p
           (2.4) 

where p is the momentum of the electron and h is the Planck’s constant. 

The ejected photoelectrons scatters of the nearby atoms, and is deflected back towards the central 

absorbing atom. These photoelectron behaving as a wave, interferes with the other photoelectrons, 

leading to increase or decrease in electron density at the central atom due to constructive or 

destructive interference respectively, affecting the probability of the absorption of x-rays. 
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The condition for constructive interference could be defined as     

                             2𝑑 = 𝑛λ               (2.5) 

where n is an integer, and d is the distance between the central atom and the nearby scattering 

atom. Assuming the plane wave of photoelectron to be sinusoidal, the probability of absorption of 

photoelectron is modulated by a factor χ, defined as 

                          χ ∝ cos (2𝜋
2𝑑

λ
)              (2.6) 

Wavenumber k is defined as 

      𝑘 =
2𝜋

λ
              (2.7) 

Using equation (2.7), equation (2.6) could be written as 

χ ∝ cos(2𝑘𝑑)         (2.8) 

In terms of energy, wave number k can be defined as  

𝑘 =
1

ℏ
√2𝑚𝑒(𝐸 − 𝐸0)               (2.9) 

 

2.3.2 Scattering probability 

Based on proportionality in equation (2.8), the oscillations are spaced regularly based on k. 

Therefore, on scanning the incident photon energy E, the value of k increases proportionally, 

leading to increase in the spread of the oscillations with energy, which can be observed in Figure 

2.3. Another importance of these oscillations in that it is dependent on the distance between the 

central and the scattering atom d, with smaller the d, the less oscillatory the spectrum as a function 

of E. This could further be helpful in characterization of the samples. 
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Figure 2.4. Image showing generation of photoelectrons due to absorption of x-rays. This 

photoelectron scatters of neighboring atoms (left), leading to modulation of the absorption 

coefficient μ(E) (right).25 

 

Till now the model was based on the assumption that elastic scattering takes place between the 

photoelectron and the adjacent scattering atom. However, in case of inelastic scattering, loss of 

energy takes place leading to change in wavelengths and the interference pattern. In certain cases, 

the photoelectron can even fail to scatter at all. To consider these factors, a proportionality constant 

f(k) is defined which considers the probability of the scattering event taking place. Therefore, 

equation (2.9) can be further defined as 

     χ = 𝑓(𝑘) ∙ cos(2𝑘𝑑)         (2.10) 

The f(k) also consider certain geometrical factors such as in case of high atomic number atoms, 

probability of scattering decreases due to presence of large number of electrons, as compared to 

smaller atoms. 
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2.3.3 Multiple neighbor scattering 

Another assumption made in the model is that scattering takes place with only one neighboring 

atom. The photoelectrons can scatter of multiple neighboring atoms which may or may not be of 

similar species. To consider this factor, each scattering event is considered separately, with total 

modulation now being defined as the sum of absorption probability of each scattering event. 

Therefore, equation (2.10) can be further refined as 

 χ = ∑ 𝑓𝑖(𝑘) ∙ cos(2𝑘𝑑𝑖)𝑖          (2.11) 

To make the model more precise, atoms of similar species at equivalent locations relative to the 

central atom can be considered together. This degeneracy is defined as 𝑁𝑖. 

χ = ∑ 𝑁𝑖𝑓𝑖(𝑘) ∙ cos(2𝑘𝑑𝑖)𝑖         (2.12) 

Based on this equation, EXAFS analysis provides details of the species, its degeneracy and the 

distance of atoms surrounding the central atom. 

 

2.3.4 Multiple scattering paths 

Examining further the theory of more than one neighbors, we could also consider the photoelectron 

scattered off neighboring atom being elastically scattered again off another neighboring atom, and 

then returning to the central absorbing atom. This event is defined as multiple scattering as 

compared to single or direct scattering event considered earlier. However, this does not affect the 

equation (2.12) if we generalize the 𝑑𝑖  term. In direct scattering event, 𝑑𝑖 is defined as the distance 

between the central atom to the scattering atom, whereas in case of multiple scattering, the 𝑑𝑖 term 

is now defined as the path length of the photoelectron, or the half of the total distance travelled by 

the photoelectron. 
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2.3.5 Phase shifts and spherical waves 

Till now we considered instantaneous change in direction of photoelectron after scattering event. 

However, in actual, a small phase change 𝛿𝑖(𝑘) is observed as the direction of photoelectron wave 

changes. As the photoelectron leaves the central atom, it crosses the low potential valley adjacent 

to the atom. Based on conservation of energy, this photoelectron will have a smaller velocity and 

a lower wavenumber once it exits the low potential well. Since this factor was not considered in 

the interference earlier, it now leads to phase shift 𝛿𝑖(𝑘). Therefore, equation (2.12) can now be 

written as 

     χ = ∑ 𝑁𝑖𝑓𝑖(𝑘) ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖         (2.13) 

We also considered earlier that the photoelectron travels as a plane wave. However, in realty, the 

wave spreads outwards as the photoelectron moves away from the central atom, behaving as a 

spherical wave. This leads to scattering probability decreasing proportionally to the square of 

distance. Therefore, the equation (2.13) now can be written as 

χ = ∑ 𝑁𝑖
𝑓𝑖(𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖        (2.14) 

An additional factor of k has been added in the denominator so as to make the units of 𝑓𝑖(𝑘) 

consistent. This does not affect the overall equation because 𝑓𝑖 (𝑘) is already a function of k. 

 

2.3.6 Amplitude reduction factor 

The final state of the central atom is different from the initial state as the absorption of the x-rays 

and ejection of photoelectron takes place. As the photoelectron leaves the central atom, it leaves a 

positively charged core hole near the nucleus of the central atom. Due to this, the positively 



13 
 

charged nucleus increase the pull on other electrons, leading to adjustment of the orbitals (shielding 

effect). This affect can be modeled by adding another constant to the equation. (2.14), defined as 

the amplitude reduction factor 𝑺𝟎
𝟐. Since this factor is due to intrinsic effects, it is considered 

constant for all scattering paths for a given central atom. Therefore, equation (2.14) can now be 

written as 

χ = 𝑆0
2 ∑ 𝑁𝑖

𝑓𝑖(𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖         (2.15) 

 

2.3.7 Mean free path 

Rather than elastic collision, if the photoelectron scatters inelastically of the neighboring atom, 

leading to phonon scattering or excitation of valence atom of the scattering atom. This leads to 

change in the energy and interference condition, affecting the overall signals. As the photoelectron 

moves further form the central atom, probability of inelastic scattering increases further. 

Simultaneously, the core hole of central atom is filled by Auger electron due to non-availability of 

the photoelectron. This leads to change in the initial and the final state, removing the EXAFS 

signal. This effect can be considered by modifying the equation (2.15) to 

        χ = 𝑆0
2 ∑ 𝑁𝑖𝑒

−
2𝑑𝑖
𝜆(𝑘) ∙

𝑓𝑖(𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖         (2.16) 

where 𝝀(𝒌) is defined as the mean free path of the photoelectron. 

2.3.8 Mean squared displacement 

Till now, EXAFS was modeled based on a single central atom. However, in reality, when the 

sample is bombarded with x-rays during the experiment, a large number of photoelectrons are 

ejected from a large number of central atoms. Therefore, the signals detected by any of the 
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detectors are an average of all the independent similar events taking place. However, these events 

may or may not be exactly similar to each other, depending on a lot of factors such as (1) central 

atoms are present in multiple phases or at different sites within the lattice, (2) presence of defects 

or lack of crystallinity in the sample (static disorder), (3) composition gradient within the sample, 

and (4) change of environment due to thermal vibrations or vibration of chemical bonds (thermal 

disorder). 

Case (1) has already been considered by including degeneracy of each individual path in equation 

(2.16). For cases (2) and (4), if the static and thermal disorders are considered small, the EXAFS 

equation can be modified by inclusion of another factor defined as mean squared displacement 𝝈𝟐 

χ(k) = 𝑆0
2 ∑ 𝑁𝑖𝑒

−
2𝑑𝑖
𝜆(𝑘) ∙ 𝑒−2𝑘2𝜎𝑖

2
∙

𝑓𝑖(𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖     (2.17) 

For cases (2), (3) and (4); if the disorders are large, then strategy similar to case (1) can be 

considered in which each event can be considered independently. 

𝝈𝟐 is also defined as the Debye-Waller factor or Mean square relative displacement (MSRD). 

MSRD is defined as the square of standard deviation of half path length: 

          𝜎2 = 〈(𝑟 − �̅�2)2〉         (2.18) 

To explain further, this factor considers the individual path lengths which have contributions from 

scattering paths slightly closer or further apart than the average because of the thermal/static 

disorders. 
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2.3.9 Final EXAFS equation 

Considering all the factors discussed in sections above, the final EXAFS equation is described in 

equation (2.17). This EXAFS equation forms the basis of the analysis of sample which has been 

discussed in later sections. 

χ(k) = 𝑆0
2 ∑ 𝑁𝑖𝑒

−
2𝑑𝑖

𝜆(𝑘) ∙ 𝑒−2𝑘2𝜎𝑖
2

∙
𝑓𝑖 (𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))

𝑖

 

 

Note: Details about planning the experiment and data collection during the experiment are beyond 

the scope of this thesis, and can be found in literature26. The following sections have been written 

on the assumption that the user have the raw data in hand with the basic knowledge about the 

experimental setup, for example, whether the XAFS experiment was done in transmission or 

fluorescence mode. The raw data should consist of details about the photon count in each detector 

corresponding to the energy of the incident x-rays, for all the individual scans. 
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Chapter 3. XAFS data processing 

3.1 Description of experimental setup 

The XAFS experiment can be carried out in either transmission mode or in fluorescence mode 

based on the sample and experimental conditions. For this study, the data was collected in both 

transmission and fluorescence mode simultaneously, using the experimental setup shown in 

Figure 2.2. Since transmitted data plots showed high noise to signal ratio, fluorescence data of 

sample was used for the analysis. Theoretically, absorption coefficient spectrum (μ(E) vs E) 

plotted using fluorescence data and transmitted data of sample show similar characteristics. Use 

of transmitted reference data should not affect the accuracy of the analysis since it is required only 

for energy calibration and not any actual calculations. 

The incident x-ray beam exiting the synchrotron source passes through a monochromator which 

uses Bragg diffraction to allow photons of certain specific energies to pass through it. This beam 

then passes through a detector which measures the incident number of photons (𝐼0) hitting the 

sample. Some of these incident photons which do not get absorbed by the central atoms of the 

sample are transmitted through the sample which are detected by the detector (𝐼𝑡), whereas some 

of the absorbed x-rays emit photons which are detected by detectors placed perpendicular to the 

sample (𝐼𝑓). The transmitted beam passes through a reference metal foil (iron foil in this case), 

which leads to further attenuation of transmitted beam which has intensity 𝐼𝑟. 

These metal foils which have a known 𝐸0, are used for energy calibration for the position of the 

absorption edges of samples. Based on the shift of experimental 𝐸0 of metal foil, shift in energy 

can be added or subtracted to the experimental 𝐸0 values of the unknown samples to get its absolute 

𝐸0 value. It is also important to note that the range of energy of incident x-rays are chosen carefully 
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so as to include specific transitions from core shell of central atoms. For example, for the current 

experiment, the XAFS data was collected for Fe k-edge transitions. Fe, Fe3O4 and Fe2O3 have edge 

energies 7111eV, 7121 eV and 7121.5 eV respectively (as the cationic charge on the central atom 

increases, photons of increasing energies are required to knock the electron off of the k-shell). 

Therefore, during the experiment, the energy of incident x-rays was scanned from 7050 eV to 7550 

eV, well beyond the theoretical 𝐸0 value so as to record the EXAFS region of the spectrum. 

 

3.2 Handling of raw XAFS data 

3.2.1 Converting raw data to μ(E) 

First step for understanding the raw data is to differentiate between the various intensity columns 

for a particular scan so that the absorption coefficient spectrum can be plotted. Figure 3.1 shows 

the plot of counts of incident photons on all detectors as a function of energy. During the 

experiment, energy of incident x-rays were changed when the count of photons passing through 

the 𝐼0 detector was equal to 500,000. Therefore 𝐼0 detector counts remain constant with change in 

energy (Figure 3.1a). The count of photons passing though the sample as a function of energy is 

shown in Figure 3.1b. As the energy of incident photon increases, more number of photons can 

pass easily through the sample without being completely attenuated, leading to a constant increase. 

A sharp drop is observed at a certain specific energy ranges because the photons have energy 

required for ionization of 1s electrons, getting absorbed in the process. Equivalent plot is observed 

for reference detector count in Figure 3.1c because it is similar to the previous case with the only 

difference being 𝐼𝑡 is the number of photons incident on the reference foil and 𝐼𝑓 being the number 

of photons transmitted through the reference. It is important to note that 𝐼0 > 𝐼𝑡 > 𝐼𝑓 because not 
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all photons get transmitted through the sample or the reference foil. Figure 3.1d shows the count 

of photons detected by the detector as a function of energy. Since 𝐼0 is constant, from equation 

(2.3), implying 𝜇(𝐸) ∝  𝐼0, therefore the plot characteristics are similar to the absorption 

coefficient spectrum. For this experiment, 𝐼𝑓 is sum of several signals from a multi-element 

detector (vortex 1 + vortex 2 + vortex 3 + vortex 4) so as to prevent saturation of individual 

detector. 

 

Figure 3.1. Characteristic plot shows the count of the photons detected by the detectors (a) Io, 

(b) It, (c) Ir and the fluorescence detector (d) If 
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For transmission data, μ(E) is defined using equation (2.2) as  𝜇(𝐸) = ln ( 
𝐼0

𝐼𝑡  
) for the sample and 

𝜇(𝐸) = ln ( 
𝐼𝑡

𝐼𝑟  
) for the reference foil. For fluorescence data, from equation (2.3), (𝐸) ∝  

𝐼𝑓

𝐼𝑜  
 . 

Using these formulae, the absorption spectrum can be plotted for all individual scans. 

 

 

 

Figure 3.2. Plot shows raw absorption spectrum for (a) transmitted, (b) reference and (c) 

fluorescence spectra. Fluorescence spectrum rather than transmitted spectrum was used for 

XANES and EXAFS analysis because of low noise to signal ratio. Reference spectrum was used 

for energy calibration of the data. 

 

The raw absorption coefficient spectra data obtained at Cornell High Energy Synchrotron 

Source (CHESS) was processed using IFEFFIT, consisting of ATHENA® and Artemis® 

software, an interactive tool for XAFS analysis. The data processing included edge energy 

determination, background removal, normalization and Fourier transform. The following sections 

will give details on handling of data using ATHENA following which the data can be used for 

XANES and EXAFS analysis. 
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3.2.2 Importing raw data into ATHENA® 

Raw data obtained after the experiment is in the form of a spec file. It contains all of the input 

parameters for all scans, except for the data obtained from fluorescence detectors (vortex 1, 2, 3 

and 4) which is stored separately for each scan. It is important to note than multiple scans are 

carried out for each sample under exact similar conditions, which are later merged to reduce noise. 

The raw spec file obtained is broken into several files corresponding to each individual scan. It 

contains columns for energy and photon count of detectors I0, It and Ir for each energy value. This 

file is then merged with vortex files corresponding to that scan number. The final file for each scan 

thus consists of 4 columns from spec file and 4 columns of the 4 vortex detectors. This file is now 

ready to be imported into ATHENA. 

On importing data in ATHENA, it asks which columns corresponds for energy, numerator and 

denominator, and what mathematical functions are required for the numerator/denominator. For 

transmitted data, using equation (2.2); 𝜇(𝐸)𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 = ln ( 
𝐼0

𝐼𝑡  
). Therefore, column 

corresponding to Io and It are chosen as numerator and denominator respectively, followed by 

selection of natural log function. However, since fluorescence data was used for analysis, 

and 𝜇(𝐸)𝑓𝑙𝑜𝑢𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 ∝  
𝐼𝑓

𝐼𝑜  
; numerator is selected as If and denominator as Io. Since there are 4 

vortex detectors, 4 columns are selected for numerator, and ATHENA carries out its sum 

automatically. In the same window in ATHENA, there is also an option of importing the reference 

data from the same file. For reference spectra, since  𝜇(𝐸)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = ln ( 
𝐼𝑡

𝐼𝑟  
), It and Ir are selected 

as numerator and denominator respectively. All the scans for a particular sample can be imported 

together if the files have same column positions. On importing, ATHENA plots the absorption 

coefficient spectrum plots for all the scans. 
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3.2.3 Data deglitching and truncation 

After importing all the scans corresponding to a particular sample, each absorption spectra plot is 

observed visually for any unwanted features. Any sharp drops between two points can be removed 

by selecting the deglitching option at that point. Deglitching replaces that point by an average 

value of its adjacent data points. Energy ranges at the ends, not having any useful information are 

removed by truncating the data. If a particular scan shows vastly different features as compared to 

other scans for a given sample, it should be discarded. 

 

3.2.4 Alignment of reference scans 

Since monochromators do not retain energy calibration with successive scans, alignment is 

required to move all the absorption spectrums on to an absolute energy grid. The references are 

aligned with respect to one of the reference by selecting it as a standard. After alignment, the 

movement of each adjusted spectrum is indicated by the ‘energy shift’ value. For each scan, since 

reference data is measured simultaneously with the sample data, the sample absorption spectrum 

is also shifted by the same value of ‘energy shift’ as that of the reference data. 

 

3.2.5 Merging of data 

Now the individual scans for a particular sample are ready to be merged. On selecting all the scans 

in the group list and merging the μ(E) data, ATHENA generates a merge spectra file and plots the 

merged data absorption spectra along with the standard deviations. It also generates a merge 

spectra of reference channels which can be used for alignment of merged data if required. For 

merging, each spectra is given an importance factor with a default value of 1, which can be varied 
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to calculate the weighted average of the spectrum. The individual scan files can be discarded now 

and the merged file is given the sample name. 

 

3.2.6 Calibration of data to choose E0 

E0 is defined as the edge energy or the energy required by the photons to ionize electrons from the 

k-shell of the central atom. From Figure 3.2c, it can be observed that the sharp rise of absorption 

coefficient takes place within an energy range rather than a fixed energy value. This implies, that 

there is no fixed E0 value but rather a range of values. Therefore, rather than finding the E0 value, 

we choose the E0 value which is somewhat arbitrary and can be done in a number of ways: 

(1) Choosing the first inflection point of the absorption coefficient spectrum which is also the 

peak of the 1st derivative plot 

(2) Local maxima of the absorption spectra plot, also called the white line 

(3) Energy at which double derivate of the absorption spectra plot equals 0 

Based on observations, the experimental data contains a lot of noise at the peaks of the absorption 

and the 1st derivate plot. Therefore, option (3) is usually used to reliably choose the correct E0 

value. It should be noted that same procedure should be followed for choosing E0 value if 

comparison of data between various samples is required. 

 

3.3 Normalization and Background removal 

The raw absorption coefficient depends on a lot of experimental factors such as the thickness of 

the sample, solid angle covered by the vortex detectors, use of filters, etc. Since XAFS analysis is 
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highly dependent of comparison of data between different samples, normalization of absorption 

coefficient is required to remove the effect of these external factors. 

 

3.3.1 Normalization of μ(E) 

The ‘pre-edge range’ and ‘normalization range’ are defined as two regions on the un-normalized 

absorption spectrum plot before and after the edge respectively. A straight line called the pre-edge 

is drawn on the data in the pre-edge range, whereas a polynomial function called the post-edge is 

used to map the spectrum in the normalization range. All the data points within these ranges are 

used to map the pre-edge and post-edge onto the spectrum, therefore they are not highly dependent 

on the exact boundary of these ranges. The post-edge can be mapped using a 1st order, 2nd order or 

a 3rd order polynomial function. Figure 3.3 shows an un-normalized absorption spectrum with pre-

edge and post-edge highlighted. The pre-edge range and post edge range for this plot are defined 

to be [-78,-30] eV and [150,320] eV respectively, with respect to E0 (i.e. assuming E0 = 0 eV). 2nd 

order polynomial function is used to map the post-edge region. 

The relationship between μ(E) and χ(E) is given by 

𝜇(𝐸) = 𝜇0(𝐸) ∙ [1 + 𝜒(𝐸)]          (3.1) 

Therefore, 

𝜒(𝐸) =
𝜇(𝐸)−𝜇0(𝐸)

𝜇0(𝐸)
             (3.2) 

 

χ(E) is the normalized oscillatory part of absorption coefficient, μ(E) is the measured absorption 

coefficient, μ0(E) is the absorption coefficient with no contribution from neighboring atoms. Since 
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μ0(E) in the denominator is just a multiplication constant, it is replaced by a constant edge step in 

order to limit normalized χ(E) within a range of 0 to 1. 

 

Figure 3.3. Plot shows un-normalized absorption spectrum along with pre-edge and post-edge. 

The pre-edge range and post edge range for this plot are defined to be [-78,-30] eV and [150,320] 

eV respectively, with respect to E0 (i.e. assuming E0 = 0 eV). 2nd order polynomial function was 

used to map the post-edge region. Inset shows the normalized absorption spectrum plot. 

 

The edge step, ∆𝜇0(𝐸0), shown in Figure 3.3, is calculated by extrapolating the pre-edge and post-

edge lines to E0 value followed by subtraction the value of pre-edge at E0 from the value of post-

edge at E0. The pre-edge line is now subtracted from the data (i.e. pre-edge is now y = 0 line), and 

then divided by the edge step to scale the normalized absorption spectrum χ(E), shown in the inset 

of Figure 3.3. 
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3.3.2 Background removal 

Data reduction carried out till now is sufficient to proceed for XANES analysis. However, since 

EXAFS refers to the oscillatory part of the spectrum, i.e. χ(E), background subtraction is required 

to proceed further. Since we do not have the measured value of μ0(E), i.e. the absorption coefficient 

from an isolated atom with no contribution from the surrounding atoms, μ0(E) is approximated 

with a smooth spline. This spline is referred to as the background. In ATHENA, background 

selection is carried out using the AUTOBK algorithm27. However, while using this algorithm, the 

ends of the spline are not well defined which sometimes results in the end of spline deviating 

slightly away from the μ(E) data. To prevent this, ATHENA provides the option of spline clamps. 

The user can limit the freedom of the spline to oscillate by increasing the number of spline knots 

by selecting one of the six predefined values of spline clamps. 

For background removal, another parameter ‘k-weight’ is defined which is used to emphasize the 

lower end or the upper end of the μ(E) data with respect to the background data. For example, for 

oscillatory μ(E) which is small but well distinguishable from the noise at the high energy, generates 

a better χ(E) spectrum for high k-weights. It is important to note than this k-weight is different 

from the k-weighting used for plotting Fourier transforms which has been discussed in the next 

paragraph.  
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Figure 3.4. Plot shows the bare-atom background μ0(E) estimated using the AUTOBK 

algorithm 

 

Subtracting background from μ(E) and normalization provides the χ(E) spectrum, which also can 

be plotted as a function of wavenumber k using the equation (2.9). Based on equation (2.17), χ(k) 

decreases in amplitude with increase in k because of the factor 𝑒−2𝑘2𝜎𝑖
2
. Therefore, χ(k) is often 

multiplied by a factor of 𝑘, 𝑘2 𝑜𝑟 𝑘3 in order to plot the spectrum with a more uniform amplitude. 

This is called k-weighting, and is different from the w-weight used for background removal. For 

example, for low z-elements, scattering amplitudes peaks at low wavenumbers and become quite 

low at high wavenumbers; whereas high z-elements such as transition metals have small scattering 

amplitudes at low k but continue to increase with increasing k. Therefore, by weighting χ(k), the 

high and low portions of the spectrum can be emphasized differently in the Fourier transform. 
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Figure 3.5. (a) Plot shows k2 weighted χ(k) for bulk iron powder (b) Fourier transformed χ(R) 

spectrum plotted with a k-weight of 2. 

 

3.4 Fourier transformation: χ(k) to χ(R) 

χ(k) plotted in Figure 3.5a shows a considerable sinusoidal spectrum. The larger peaks are equally 

spaced, with some smaller peaks visible in-between which do not follow sinusoidal pattern. Since 

Fe atoms are in nearly-similar environment with minor variations such as defects or thermal 

vibrations, multiple terms in the EXAFS equation are significant as compared to others. On 

summation of these individual terms in the EXAFS equation with different amplitudes and phases, 

it generates a spectrum similar to shown in Figure 3.5a. Therefore, to decompose the spectrum 

into constituent sine waves, Fourier transformation of χ(k) to χ(R) is carried out. The Fourier 

transformed spectrum shown in Figure 3.5b yields multiple peaks corresponding to each 

neighboring atom at well-defined distances from the central atom. These Fourier transformed plots 

are referred to as the ‘R-space’ plots. It is important to note that R-space plots are not radial-

distribution function, i.e. the position of peaks in R-space are not similar to the Di, the distance 

between the central and the scatterer atoms. An important parameter used in Athena is the ‘Rbkg’ 
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or the R background, the value below which the AUTOBK algorithm removes the Fourier 

component of the data which is usually associated with the noise. The k-range selected for Fourier 

transform is usually chosen to be the nodes one or two cycles away from the ends in order to 

facilitate better fitting of the data for EXAFS analysis. 

 

3.5 Approach to XAFS analysis 

After getting the R-space plots, the raw data processing is now complete for both XANES and 

EXAFS analysis. Besides XANES and EXAFS, additional techniques such as Fingerprinting and 

Principal Component analysis could be used for the analysis of XAFS data. The following chapters 

will discuss how the XANES and EXAFS analysis are carried out before moving on to discuss the 

results of the XAFS study of iron nanoparticle oxidation under different conditions. 
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Chapter 4. Analysis of XAFS Spectra 

4.1 XANES: Linear Combination fitting 

The normalized absorption coefficient spectrum μ(E) can be expressed as a linear combination of 

the spectra of its constituents. For example, for this study, oxidation of Fe NPs was carried out at 

200 0C and 250 0C for up to 3 hours. The oxidized nanoparticles constituted of mixed phases 

including Fe, Fe2O3 and Fe3O4, implying that the Fe atoms in oxidized nanoparticles are present 

in 3 different environments. Therefore, the normalized XAFS spectrum of oxidized nanoparticles 

can be expressed as a sum of the weighted normalized spectrum of its constituents, i.e. Fe, Fe2O3 

and Fe3O4, with their ratios varying with the extent of oxidation. This technique is referred to as 

the Linear Combination fitting (LCF) and is used for the analysis of the XANES spectra. 

For further explanation, if we assume the oxidized NPs to be consisting of just 2 layers; Fe2O3 at 

the surface and Fe3O4 as the back layer, then according to the Beer Lamberts law, the intensity of 

the x-rays after passing through the top layer of sample i.e. Fe2O3 is given by: 

𝐼𝐹𝑒2𝑂3
=  𝐼0𝑒−𝜇𝐹𝑒2𝑂3𝑡𝐹𝑒2𝑂3            (4.1) 

This beam after crossing Fe2O3 passes through the layer of Fe3O4, and gets attenuated again with 

its intensity given by: 

𝐼𝐹𝑒3𝑂4
=  𝐼𝐹𝑒2𝑂3

∙ 𝑒−𝜇𝐹𝑒3𝑂4𝑡𝐹𝑒3𝑂4 = 𝐼0𝑒−(𝜇𝐹𝑒2𝑂3𝑡𝐹𝑒2𝑂3+𝜇𝐹𝑒3𝑂4𝑡𝐹𝑒3𝑂4)  (4.2) 

Therefore, the absorption of sample is just the sum of its constituent layers, which can be exploited 

for the XANES analysis. It is important to note that the absorption from a given phase is 

proportional to the number of absorbing atoms present in that phase, which gives us neither the 

molar ratio or the ratio of mass of the constituents but rather just the ratio of central atoms present 
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in each phase. Therefore, it is important to change these results in more familiar units when 

comparing the results of XAFS with other characterization techniques. 

Consider the Fe K-edge spectrum of iron nanoparticles oxidized in air at 200 0C for 60 mins, shown 

in Figure 4.1. The fit of the spectrum of sample was carried out using the spectrum of bulk powders 

of Fe, Fe2O3 and Fe3O4, from now on referred to as the standards. The fit is fairly accurate with 

the residual values less than 5%. Inset table shows the ratio of constituents present in the sample 

as 0:0.62:0.38 for Fe, Fe2O3 and Fe3O4 respectively. 

 

Figure 4.1. Plot shows fitting of normalized Fe K-edge spectrum of Fe NPs oxidized at 200 0C 

for 60 mins. Bulk standards Fe, Fe2O3 and Fe3O4 were used for the linear combination fitting. 

Dotted red line shows the fit of the spectra and dashed line represents the residual (difference 

between spectrum and fit). Inset table shows ratio of bulk standards present in the sample 

evaluated using the fit. 
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During fit, the Eo values of the standards are allowed to float so as to increase the quality of the 

fit. This is because of the inconsistent energy calibration during the experiment and data 

processing. It is worth mentioning that if the shift in Eo value is fairly big, then there might be 

some inconsistencies in the fit such as missing of a standard from the fit. To quantity the mismatch 

between the spectrum of sample and the fit, a term ‘R-factor’ is used which is defined as the sum 

of difference between data points squared, normalized by the sum of data points squared. 

Therefore, R-factor is given by the equation: 

𝑅 = √
∑ (𝑑𝑎𝑡𝑎𝑖−𝑓𝑖𝑡𝑖)2𝑁

𝑖=1

∑ (𝑑𝑎𝑡𝑎𝑖)2𝑁
𝑖=1

             (4.3) 

For the fit shown in Figure 4.1, the R-factor was computed to be 1.628 ×  10−3. 

 

4.2 EXAFS data analysis 

One of the most important technique used for the XAFS analysis is the fitting of the χ spectrum in 

k-space or R-space to obtain various parameters of the unknown sample using the equation (4.4) 

to (4.6). In EXAFS analysis, a model structure or simply referred to as the standards are used to 

obtain a spectrum in order to facilitate the fitting of the sample spectrum. The process involves 

implementing various modifications to the final structure as well to increase the quality of the fit. 

Equations (4.4) to (4.6) shown below highlights the various unknown parameters of the sample. 

Variables highlighted in red shows the parameters calculated theoretically whereas parameters 

shown in blue are determined from the fitting of the χ spectrum, also shown in Table 4.1. 
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χ(k) = 𝑆0
2 ∑ 𝑁𝑖𝑒

−
2𝑑𝑖
𝜆(𝑘) ∙ 𝑒−2𝑘2𝜎𝑖

2
∙

𝑓𝑖(𝑘)

𝑘𝑑𝑖
2 ∙ sin(2𝑘𝑑𝑖 + 𝛿𝑖(𝑘))𝑖         (4.4) 

where               𝑅𝑖 =
𝑑𝑖

2
= 𝑅0 + ∆𝑅           (4.5) 

and                   𝑘2 =
2𝑚𝑒(𝐸−𝐸0)

ℏ
           (4.6) 

 

Table 4.1. Table shows the various parameters present in the equation (4.4). Parameters in 

the left column shown in red, are calculated theoretically and the parameters in the right column 

highlighted in blue are determined from fitting the χ spectrum. 

 

The theoretical calculation and the fitting of the parameters was carried out with the help of the 

IFFEFIT28 package using the ARTEMIS software. ARTEMIS is an interactive tool which uses the 

theoretical standards computed by the FEFF29,30 and ATOMS31 program.  

 

4.2.1 ATOMS and FEFF 

ATOMS program is an application that provides the crystallographic details and the structural data 

of a molecule which is useful for the EXAFS analysis. The crystallographic data such as the space 

group, lattice constants and angles are the input data required to run ATOMS. It also requires the 

Theoretically calculated values 
Parameters determined from fitting of 

data 

fᵢ(k) effective scattering amplitude Nᵢ    path degeneracy (co-ordination #) 

ẟᵢ(k) effective scattering phase shift 𝑆0
2   amplitude reduction factor 

λ(k)  mean free path σ𝑖
2   mean square displacement 

Rₒ     initial path length Eₒ    energy shift 

 ∆R   change in path-length 
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central atoms and the cluster size which is the radial distance to which FEFF takes into 

consideration the effect of neighboring atoms. After running ATOMS, the output file generated 

consists of the x, y and z co-ordinates of the neighboring atoms up to the earlier defined cluster 

size. It also assigns a potential number referring to the crystallographic site and a tag to each unique 

element with respect to the central atom. For example, in case of Fe element, which has a body 

centered cubic (BCC) structure, the central Fe atom with co-ordinates (0, 0, 0) is give a potential 

of 0 and a tag of Fe1. The nearest neighbors of central Fe atom are present in identical 

crystallographic sites, therefore they are given the same potential of 1 and a tag of Fe11, with the 

only difference being in their co-ordinates. The second nearest neighbors are also present at the 

crystallographic sites similar to the nearest neighboring atoms, therefore they are again given the 

same potential of 1 but a tag Fe12 with 2 referring to the second nearest neighbors for a given 

crystallographic site. 

The output file of ATOMS referred to as the .inp or a CIF file is then used by the FEFF to calculate 

theoretical XAFS spectrum of a molecule. ARTEMIS provides the platform for importing the .inp 

file and carrying out the FEFF analysis. After running FEFF, the program compiles the 

neighboring atoms with the same tags into a single path with its degeneracy (N) being the number 

of such identical atoms or the number of identical routes traversed by the photoelectron. It also 

computes the radial distance for that path, i.e. the distance between the central atom and the 

scattering neighboring atom. 

Table 4.2 shows 1st 6 scattering paths for Fe element generated using FEFF. Column 3 shows the 

Reff or R0 value i.e. the distance between the central atom and the scattering atom for the case of 

single scattering; or half of the distance travelled by the photoelectron in case of multiple scattering 

event. Column 4 shows the various scattering paths, implying the path traversed by the 
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photoelectron. For example, Fe_12 scattering path means the photoelectron ejected from the 

central atom, got scattered from the second nearest neighboring atom and got absorbed again by 

the central atom, also referred to as single or direct scattering path. Fe_11 Fe_12 path means the 

ejected photoelectron travels away from the central atom, get scatters by nearest neighbor Fe11, 

then get scatters by second nearest neighbor Fe12 before being absorbed back again by the central 

atom, referred to as double or multiple scattering path. Figure 4.2 shows a typical single and 

multiple scattering path of the photoelectron. 

 

Table 4.2. Table shows the path file for Fe element generated using FEFF in ARTEMIS 

 

 

 

Figure 4.2. Diagram shows a typical (a) single scattering path and (b) multiple scattering path 

traversed by the photoelectron. Atom A refers to the central atom, B and C refers to the 

neighboring scattering atoms. 

# 
Degeneracy 

(theoretical) 
Reff (Å) Scattering Path Scattering Type 

1 8 2.485 Fe_11 single 

2 6 2.870 Fe_12 single 

3 24 3.920 Fe_11 Fe_11 other double 

4 48 3.920 Fe_11 Fe_12 other double 

5 12 4.059 Fe_13 single 

6 48 4.151 Fe_11 Fe_13 other double 
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4.2.2 Fitting parameters 

It is important to understand the concepts behind the fitting parameters before computing their 

values by fitting the spectrum. The following section will discuss the physical meaning of each 

fitting parameter, their reasonable values, its effect on χ(k) and how they correlate with each other. 

These 5 parameters namely, the degeneracy N, the mean squared relative displacement (MSRD)  

𝜎2, the amplitude reduction factor 𝑆0
2, the path length 𝑅𝑖and the edge energy 𝐸0 are allowed to 

float so as to compute their values. 

a) The degeneracy N, also referred to as the co-ordination number, is the number of identical 

atoms surrounding the central atom. It is the number of distinct ways the photoelectron can 

travel such that it follows the same path. In case of nanomaterials, a drop in degeneracy is 

usually observed due to the presence of larger ratio of atoms on the surface of the particle. 

In case of 2 phase system, for example, iron atoms present as Fe and Fe2O3, photoelectron 

follows different paths for scattering with nearest Fe atoms. Therefore, the degeneracy 

drops proportionally to the ratio of the phase present in the system. Typically, values of N 

can vary vastly depending on the path. 

In case of bulk materials, the values of N are considered to be ideal due to the presence of 

long range order, therefore fitting of N is not required for bulk materials. This helps reduce 

the number of fitting variables which is advantageous because of the constraints on how 

many variables can be fitted. The number of independent fitting parameters 𝑁𝑖𝑓𝑝 are 

calculated using the Nyquist criterion and is given by the equation: 

𝑁𝑖𝑓𝑝 =
2∆𝑘∆𝑅

𝜋
             (4.7) 
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It is important to note that degeneracy value co-relate strongly with amplitude reduction 

factor 𝑆0
2. Due to this strong correlation, values of 𝑆0

2 are estimated using bulk systems 

where degeneracy values are already known, and then assumed constant for a given phase 

while carrying out the fit of unknown samples so as to reduce the number of floating 

parameters in the fit. 

 

b) The mean squared relative displacement 𝝈𝟐, is known as the Debye-Waller factor and its 

origin has been discussed in above. It is the variance of the path length given by the 

equation 

     𝜎2 = 〈(𝑟 − �̅�2)2〉             (4.8) 

It is a measure of the disorder in the system and is used as a measure of deviation between 

the experimental and the theoretical structure. The typical values of  𝜎2should be less than 

0.03 Å2 and values greater than that signify that the theoretical model is incorrect or some 

of the paths are missing from the fit. Usually constraints are required to get reasonable 

values of 𝜎2 because the quality of fit increases for negative values of 𝜎2, which is not 

physically possible. Since there is a constraint on number of independent parameters that 

can be fitted, it is an interplay between the quality of the fit versus assuming some values 

of parameters to be constant in order to fit more number of variables. Therefore, in certain 

cases, it is reasonable to assume that similar paths have same value of 𝜎2 with minor 

deviations which may not affect the fit quality. 

 

c) The amplitude reduction factor 𝑺𝟎
𝟐, has been discussed in detail in above. Based on the 

EXAFS equation, value of 𝑆0
2 is independent of wavenumber and the path length. Since it 
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is outside the summation in equation (2.17), it is independent of paths used for the fitting, 

hence it is assumed to be constant for every scattering path for a given central atom in a 

fixed environment. The values of 𝑆0
2 are considered reasonable32 in the range of 0.65 to 1, 

and values outside this range suggest improper fit or incorrect selection of theoretical 

model. Also, as discussed earlier, since 𝑆0
2 is highly dependent on degeneracy, its value 

cannot be extracted independently without knowing the value of N. Therefore, it is 

necessary to run bulk standards XAFS experiment before proceeding to the analysis of 

EXAFS data. 

 

d) The path length 𝑹𝒊, as defined in the previous section, is half of the average distance 

traversed by the photoelectron after being ejected from the central atom, getting scattered 

by one or more surrounding atoms and being absorbed back again at the similar central 

atom. It is usually specified as an average in order to consider thermal disorder as well as 

changing environments surrounding the central atoms due to concentration gradients or 

presence of defects such as grain boundaries, vacancies, etc. Deviation of less than 0.1 Å 

(= |𝑅𝑖 − 𝑅0|) is usually considered reasonable otherwise some of the paths might be 

missing from the fit leading to high deviation. 

 

 

e) The edge energy 𝑬𝟎, is the energy required to excite core shell electrons of the central 

atom. However, it is not a fixed value and needs to be chosen carefully as discussed in 

above. The value of 𝐸0 should always be in the sharp rising region of the μ(E) irrespective 

of the method selected to choose 𝐸0. During fitting, shift in 𝐸0 value from theoretical model 

is calculated which gives an estimate of the quality of the fit. A shift of up to 10 eV in 
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either direction is deemed acceptable. Value of 𝐸0 is usually assumed to be constant for an 

edge. However, in certain cases where more than one phases are present, different 𝐸0 value 

for each chemical oxidation state of the central atom can be used for fitting. 

 

4.2.3 Fitting of EXAFS spectrum 

After generating of the paths using theoretical FEFF models and having detailed knowledge of the 

fitting parameters, we are not ready to carry out the fitting of the EXAFS spectrum. After importing 

the FEFF calculation file of the theoretical model, the actual data set i.e. the output file of 

ATHENA containing the Fourier transformed χ spectrum is imported into ARTEMIS. Fitting of χ 

spectrum can be carried out in both k-space or the R-space. Each dataset has one or more paths 

associated with it with each path having 5 floating parameters: (a) 𝑆0
2 also referred to as the 

amplitude, (b) degeneracy N, (c) shift in edge energy ∆𝐸0, (d) shift in path length ∆𝑅, and (e) the 

mean squared displacement 𝜎2. Each of these parameters are assigned an initial value using the 

GDS window in ARTEMIS and are then fitted using the Levenberg-Marquardt algorithm. 

However, since each path requires 5 fitting parameters each, due to constraints on number of 

parameters that can be fitted, use of constraints and various strategies are required. 

However, the first step of fitting is to choose the paths required to fit the χ spectrum. For this, 

fitting space and the fitting range needs to be defined. It is advantageous to fit in the R-space i.e. 

the χ(R) spectrum because of various factors discussed below. Firstly, each theoretical path shows 

a peak at a specific radial distance in the R-space. If this peak position coincides with the peak 

position of χ(R) spectrum of the sample, it is a good basis to assume that the particular path should 

be included in the fitting of the χ(R) spectrum of the sample. Secondly, plotting in R-space gives 

an indication of what the fitting range should be. For example, for the case of Fe bulk powder, 
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Figure 4.3 shows the χ spectrum plotted in R-space. The peaks are well defined in the range of 

1.92 Å to 5.38 Å, therefore this was chosen as the range for the fitting of the spectrum. It should 

be noted that minimum value of the range should not be less than the Rbkg value defined earlier 

because the spectrum before Rbkg is not Fourier transformed and any peaks visible are associated 

with the noise of the data. Once the R-range is defined, the paths with peaks in that range are 

plotted along with the χ(R) spectrum of the data, as shown in Figure 4.3. Not all paths are shown 

in the figure for better visualization.  

 

 

Figure 4.3. (a) Plot shows the χ(R) spectrum of Fe bulk plotted in R-space plotted with a k-

weight of 1. Fitting range is highlighted using blue dashed line. (b) Colored dotted lines shows the 

various theoretical paths generated using FEFF. Paths with peak positions coinciding with the 

χ(R) spectrum of sample are generally used for fitting. 

 

However, including all the paths with matching peak position with χ(R) spectrum does not 

necessarily increase the fit of the spectrum. Similarly, including paths without matching peak 

position may increase the quality of the fit. A bottom up strategy can be a good way to start with 

the fitting. This can be done by starting with the fitting on the 1st peak also referred to as the 1st 

shell using the nearest neighbor path, i.e. Fe_11 in the case of Fe bulk powder. After getting a good 
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fit of the first shell, the fitting R-range in increased to include the 2nd shell and fitting is carried out 

again. It is important to note that the fitting parameters of path used for fitting of the 1st shell should 

be allowed to float while carrying out the fit of the 2nd shell, and only in certain cases can be 

allowed to be fixed in order to bypass the constraints limit. The quality of the fit is defined using 

the R-factor as described using equation (4.3). Smaller the R-factor, less is the mismatch between 

the fitted model and the data. There is no fixed value of R-factor which defines a good fit, it is just 

used as a reference between different fits for comparison. There might always remain some 

mismatch of fit due to the noise present in data or due to an error in the model. Therefore, the 

fitting is an iterative process, where in each step a path is added or removed, its quality assessed 

and the process repeated again till the user is satisfied with the quality of the fit. However, R-factor 

is not the only criterion for evaluating the quality of the fit. The estimated values of fitting 

parameters should also be reasonable and in the vicinity of the values of the theoretical model so 

as to justify the selection of the theoretical model. 

Figure 4.4 shows the fit of Fe bulk plotted in R-space with a k-weight of 1. Five paths were used 

for fitting of χ(R)in the R-range of 1.92 Å to 5.38 Å. K-range was defined during processing of 

data in ATHENA. Table 4.3 shows the various parameters of EXAFS equation for Fe bulk. Values 

highlighted in red were estimated using fitting. Reff was evaluated using FEFF calculations. 

Degeneracy in case of bulk standards are assumed to be constant for the concerned path because 

of the presence of long range structure of atoms. Hence, the value of 𝑆0
2 is only useful information 

extracted from running bulk standards. This 𝑆0
2 is now used as a fixed value during the fitting of 

NP sample where degeneracy is allowed to float. 
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Figure 4.4. Plot shows the fitting curves of χ(R) for Fe bulk standard. 

 

 

 

Table 4.3. Table shows the parameters of the EXAFS equation. Values highlighted in red were 

determined by fitting of χ(R). 
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For example, suppose oxidized Fe nanoparticle sample contains a mixture of 3 phases: Fe, Fe2O3 

and Fe3O4. Therefore, to begin with, bulk standards of Fe, Fe2O3 and Fe3O4 are used to extract 𝑆0
2 

value of each phase. Now these 3 𝑆0
2 values are used as constants during the fitting of oxidized NP 

sample corresponding to the path of the given phase used for fitting. 

Typical values of EXAFS parameters are: 

(a) ∆𝑅 should be less than 0.5 Å 

(b) ∆𝐸 or E0 should be less than 10 eV 

(c) 𝜎2 should be less than 0.02 Å2, and 

(d) 𝑆0
2 should be in the range 0.6 to 1. 

Other techniques that can be included in the model to reduce number of independent parameters 

of fit include 

(1) using symmetric term 𝛼 ∙ 𝑅𝑒𝑓𝑓  for all paths where only 𝛼 is varied rather than defining a new 

∆𝑅 for each path; 

(2) use of one 𝐸0 value for all paths or 2 energy shifts, one for 1st shell and other for remaining 

shells; 

(3) 𝜎2could be grouped for similar paths, having identical bonds, for example, for Fe_11 and 

Fe_12 paths 

(4) using one 𝑆0
2 for all paths for a given phase 
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Figure 4.5. Flowchart summarizes the steps from handling of raw data to getting results using 

XANES and EXAFS analysis 

 

 

Figure 4.6. Flowchart summarizes the processing of XAFS data in ATHENA for XANES 

analysis and for extraction of χ(k) spectrum 
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Figure 4.7. Flowchart summarizes the processing of χ(k) spectrum in ARTEMIS to extract 

structural parameters of an unknown sample 

 

The fitting parameters also have a k-dependence. Different k-weights emphasize different regions 

of the spectrum. For example, fitting with a k-weight of 1 emphasizes low k region of the spectrum 

whereas k-weight of 3 lays more emphasis on the high k region during evaluation of the 

parameters. The dependence of fitting parameters on k is as follows: 

(a) ∆𝑅 ∝ 𝑘 

(b) ∆𝐸 ∝
1

𝑘
 

(c) 𝜎2 ∝ 𝑘2 

(d) 𝑆0
2 is independent of k 

Therefore, fitting was carried out using multiple k-weights of 1, 2 and 3 simultaneously in order 

to distribute the sensitivity of fitting parameters over the entire fitting k-range. 
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4.3 Example of XAFS data analysis 

The following section will discuss the step by step data analysis of Fe NPs oxidized in air at 200 

0C for 60 minutes. 10 scans of oxidized Fe NPs were carried out, and the data for Fe K-edge for 

both fluorescence mode and transmitted mode along with the reference data was collected during 

the experiment. However, only fluorescence and reference data was used for further analysis. Iron 

metal foil was used as reference and energy was scanned from 7050 eV to 7548 eV.  

 

4.3.1 ATHENA 

The raw files of the 10 scans are imported simultaneously into ATHENA. During import of data, 

a window opens in which the numerator and denominator columns can be selected both for μ(E) 

of sample as well as μ(E) of reference. For μ(E) of sample, numerator is selected as the sum of the 

4 vortex detectors and denominator as the I0 column. For μ(E) of reference, numerator is selected 

as It and denominator as If along with the natural log function. For similar columns in all 10 raw 

files, ATHENA by default selects the columns and imports the raw files. 

After importing the 10 raw files, ATHENA computed two μ(E) plots for each scan – sample and 

reference. Now the data is ready for processing. First step is the visual observation of each scan 

plot. If the plot is too noisy or looks quite different from other scan plots, then it should be 

discarded or its importance decreased. For this case study, all scans looked good and where given 

the default importance value of 1. Next, alignment of the reference channels was carried out. For 

this, reference of 1st scan is selected as the standard and all other reference channels are aligned to 

it with the fit plotted as smoothed derivative of energy. After alignment, the scans were merged as 

μ(E) into a single scan file after which individual scan data could be discarded. 
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Next data deglitching and truncation is carried out. The merged μ(E) plot was observed carefully 

for any sharp localized spikes and were then removed. Truncation of data was carried out so as to 

remove the redundant energy ranges. For this case, data beyond the energy range of 7540 eV was 

truncated. Next, selection of edge energy E0 also referred to as energy calibration is carried out. 

The merged μ(E) second derivate was plotted and x-axis corresponding to zero crossing or y = 0 

point was selected as the E0 value. The default value of E0 calculated by ATHENA changed from 

7127 eV to 7126.70 eV after energy calibration. 

Next, parameters for normalization and background are selected. ATHENA by default estimates 

the values of these parameters which may need corrections in certain cases. The Rbkg, pre-edge 

range and normalization range default values fit well with the μ(E) plot and are not altered. 

However, the k-weight is changed to 1 and normalization order is changed to 2 for better spline 

selection. Edge step is calculated automatically by ATHENA. The data processing carried out till 

now is sufficient for XANES analysis. 

Based on knowledge from other characterization techniques, 3 different phases of iron: Fe, Fe2O3 

and Fe3O4 were hypothesized to be present in the oxidized Fe NP sample. Therefore, XAFS data 

was also collected for these standards. Data of these standards can also be imported from available 

online libraries. For XANES analysis, μ(E) spectrum of bulk powder standards were imported into 

ATHENA. The raw data of these standards was processed similarly as discussed above. Linear 

combination fitting of these standards was carried out to fit the normalized μ(E) spectrum of the 

sample. The fit range was selected to be -20 eV to 30 eV with respect to the edge energy. The edge 

energies of the standards were allowed to float during the fitting to compensate for any error of 

monochromator during the experiment. The fit was fairly accurate with a very low R-factor of 

1.68 x 10−3. The fit results are shown in Table 4.4 and Figure 4.1. 



47 
 

Standard Weight ∆𝑬𝟎 (eV) 

Fe bulk 0 0 

Fe2O3 bulk 0.618 ± 0.115 2.571 ± 0.337 

Fe3O4 bulk 0.382 ± 0.115 2.652 ± 0.588 

Table 4.4. Table shows the parameters of oxidized Fe NP sample extracted using XANES 

fitting 

 

XANES fitting shows that the oxidized Fe NPs sample consists of phases Fe2O3 and Fe3O4 in the 

ratio 0.618:0.382 and absence of pure Fe phase. The shift of edge energies of standards to fit the 

data is ~ 2.5 eV which is considered reasonable. Besides fitting of μ(E) spectra for XANES 

analysis, ATHENA also provides the option of choosing fitting space as derivative of μ(E) or χ(k). 

To carry out EXAFS analysis, χ(k) spectrum needs to be extracted from χ(E). Therefore, Fourier 

transformation (FT) is carried out next. ATHENA by default selects the parameters for FT. K-

range was selected as 2.57 Å-1 to 8.14 Å-1 based on the technique discussed earlier in above. After 

Fourier transformation, the ATHENA file is saved which be imported directly into ARTEMIS for 

further analysis. 

 

4.3.2 ARTEMIS 

The ATHENA file containing χ(k) spectrum is now imported into ARTEMIS. Based on XANES 

analysis, the oxidized Fe NPs consists of only 2 phases: Fe2O3 and Fe3O4. Therefore, path of both 

these phases were used for fitting. The theoretical structural data of these phases was imported into 

ARTEMIS in the form of CIF file from ICSD database33 or as .inp file from The Atoms Archive34. 

Next FEFF calculations was carried out in ARTEMIS to generate the theoretical model for the 2 
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oxidized phases of iron. Each FEEF output files consist of the information of paths including its 

degeneracy N, path length Reff and scattering path type. 

The next important step is to select what paths need to be included in the fit. Simultaneously, some 

of the input parameters need to be optimized. The fitting k-weights are selected as 1, 2 and 3; and 

the fitting space as R-space. The plotting k-weight of spectrum is selected as 1 for better 

visualization of fit at lower R values after fitting has been done. The plotting k-weight does not 

affect the fitting in any way. Rest default values are used for fitting. It is important to note that the 

plots are plotted with phase correction with one of the paths as reference as it is helpful in selecting 

the correct fitting R-range. Discussed below is the example for fitting of the 1st shell of the χ(R) 

spectrum of the oxidized Fe NPs sample, which can be further extrapolated for fitting of the other 

shells. 

To select the paths, initially the R-range is selected to include only the 1st shell of χ(R) spectrum 

i.e. 1 Å to 2.56 Å. While selecting the fitting R-range, ARTEMIS shows how many independent 

variables can be fitted, therefore it is important to select only relevant paths since each path has 

multiple variables that require fitting. Also, to begin with, only direct scattering paths are selected 

for fitting and later if required, multiple scattering paths can be included. [Fe2O3] O_11, [Fe2O3] 

O_12 and [Fe3O4] O_11 with Reff as 1.946 Å, 2.116 Å and 1.886 Å respectively, are the only direct 

paths with Reff in the given R-range. Therefore, these paths are selected and plotted along with the 

χ(R) spectrum, similar to as shown in Figure 4.3 but for different sample. The peak position of 

path [Fe2O3] O_12 does not match with the peak of χ(R) spectrum and is therefore not included in 

the 1st fitting attempt. The variables are now defined for the selected paths in the GDS window. 

Amplitude reduction factor for Fe2O3 and Fe3O4 was calculated using bulk standards and therefore 

are used as constants. Their values were calculated as 0.864 and 0.726 respectively. Energy shift 
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is constant for all paths, therefore only 1 variable is defined with the name delE. Shift in path 

length ∆𝑅, N and 𝜎2 variables were defined independently for both paths. Therefore, in total there 

are 7 variables: delE, delR1, delR2, n1, n2, ss1 and ss2. Since these paths are from different phases, 

no correlations can be used between the variables to reduce the number of independent parameters. 

Fitting is carried out using Levenberg-Marquardt algorithm, which requires an initial value of 

variables. Therefore, the variables are given an initial value of 0 eV for delE, 0 Å for delR i, 

respective path degeneracy value for ni and 0.003 Å2 for ssi. Path with smallest Reff, i.e. closest to 

central atom is selected as reference for phase correction, [Fe3O4] O_11 in this case. 

After multiple fitting attempts, when the fitting of 1st shell looks good with reasonable values of 

R-factor and other parameters, the fitting R-range is increased to include the 2nd shell of χ(R) 

spectrum of the sample. The fitting process requires multiple iterations and is repeated by changing 

the paths or correlating the variables or tweaking the R-range or the k-range till fitting of desired 

shells are achieved. For example, on including the 2nd shell in fitting range, the paths corresponding 

to the 1st shell may require some changes, or even an addition or removal of a path. Fitting is an 

exhaustive process with no defined target, therefore is carried out till the final model looks similar 

to the model predicted based on information from other characterization techniques. For example, 

before starting the fit, X-ray diffraction analysis can be used as a basis of selecting what phases to 

include for fitting. 
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Table 4.5. Table shows the parameters of the sample evaluated by fitting of the χ(R) spectra. 

 

 

Figure 4.8. Plot shows the fit of the oxidized Fe NPs sample. Dotted line shows the contribution 

from each path to the χ(R) spectrum of the sample. 

 

The fitting results for Fe NPs oxidized in air at 200 0C for 60 mins are shown in Table 4.5 and 

Figure 4.8. The final fit consisted of 4 different paths, 2 each from both the phases. The results 

have been discussed in detail in the next chapter. 
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Chapter 5. X-ray absorption spectroscopy study of oxidation of 

Iron nanoparticles in air 

5.1 Introduction 

A lot of effort has been made recently to control the shape, size and composition of NPs in order 

to tune their properties. However, it is not all possible to achieve this control through direct 

synthesis. Chemical transformations, for example through cation or anion exchange or even 

oxidation provides an alternate route to manipulate the structural phases and properties.35,36 

However, the reactions mechanisms and structural changes taking place during these chemical 

transformations are not fully understood and getting an insight into the mechanisms involved could 

be useful to tailor the properties of the nanomaterials. Therefore, for more insight into the 

underlying mechanisms and reaction kinetics, to begin with, a simple NP system of iron-iron oxide 

was selected to study the chemical transformations in nanomaterials. 

Iron and iron-oxide nanoparticles (NPs) are one of the most explored materials due to its vast range 

of applications in fields such as ferro-fluids1, magnetic imaging resonance (MRI)2, catalysts for 

hydrogenation reactions.23,24 Additional advantage of iron based materials is its large scale 

availability in nature and its cost-effectiveness. Besides this, these NPs are relatively less toxic as 

compared to other nanomaterials, paving its way for further applications in future. However, the 

as synthesized Fe nanoparticles have high affinity for oxygen, and when exposed to atmospheric 

conditions, oxidize completely or partially on the surface to form core-shell type structure5,6 or 

hollow structures7,8 in certain cases due to Kirkendall effect. Formation of hollow core due to 

coalescence of vacancies at octahedral sites leads to generation of nanomaterials with defects 

which has generated a lot of interest in energy storage as well.3,4 
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High temperature growth of oxide shell is well understood based on extensive theoretical as well 

as experimental work.9 However, less is known about the local structure of the iron oxide shell. 

The oxide shell is considered to be composed of maghemite (𝛾 − 𝐹𝑒2𝑂3) and magnetite (𝐹𝑒3𝑂4). 

Both these phases form inverse spinel structure with similar lattice constants and is therefore 

difficult to differentiate using conventional characterization techniques such as x-ray diffraction 

due to the absence of long-range order in the nanoparticles. γ-Fe2O3 and Fe3O4 phases have 

significantly different properties; for example, due to electron hopping between Fe+2 and Fe+3 at 

octahedral sites, the electrical conductivity of Fe3O4 is much higher as compared to γ-Fe2O3. 

Therefore, it is important to study the evolution of different oxides of iron with time under different 

conditions to understand the underlying mechanisms which could be useful in tailoring the 

electrical and magnetic properties of a material. 

The initial oxidation of the as-synthesized Fe NPs when exposed to air can be explained based on 

the following theory:37 the oxygen atoms attach onto the surface of the metal NPs and form a thin 

layer of metal oxide. The electrons then tunnel from the Fe metal towards the outer surface passing 

through the iron oxide layer. This leads to generation of electric field which drives the outward 

diffusion of the ionized Fe atom towards the outer surface.38 However, without external stimuli, at 

room temperature, 1 nm to 2 nm thick oxide layer is formed instantaneously and further growth is 

limited over long time period39,40 because of the limitation of the ion transport and electron 

tunneling with increasing oxide shell thickness. Therefore, for further oxidation, high temperatures 

are required for electron transport by thermionic emission which decreases at a slower rate as 

compared to electron tunneling with increasing oxide shell thickness.41s As the NPs are further 

oxidized at high temperatures, the mechanism can be explained based on the Kirkendall effect.42 

The iron cations diffuse faster than the oxygen anions, consequently leading to formation of voids 
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at the interface of the metal and oxide layer. For small particle size, complete oxidation of Fe core 

takes place, and the voids coalescence to form a hollow core with an oxide layer on the outside. 

Particle size greater than ~8 nm have been reported to have incomplete oxidation with Fe metal 

left at the core, with the presence of vacancies at the intersection of the metal and oxide layer.38  

Due to its high sensitivity to short-range order, x-ray absorption spectroscopy (XAS) is an ideal 

technique for the structural study of the transformation of NPs with oxidation. Therefore, in this 

study, XAS measurements were carried out at Fe K-edge for as synthesized Fe NPs of sizes ~ 10 

nm and particles oxidized at 200 °C and 250 °C for up to 3 hours. 

 

5.2 Experimental  

Iron pentacarbonyl (99.9%), octadecene (90%) and tri-octylamine (98%) were purchased from 

Sigma-Aldrich and were used for the synthesis of the iron nanoparticles. Ethanol (≥ 99%) was 

purchased from BDH chemicals. All synthesis was carried out using standard Schlenk line setup 

and glove-box technique, under a nitrogen atmosphere at atmospheric pressure.  

The synthesis was carried out by thermal decomposition of iron pentacarbonyl dissolved in organic 

medium in presence of surfactants.43 The precursor solution was prepared in glove box by mixing 

0.4 ml of iron pentacarbonyl and 2 ml of octadecene (ODE). A mixture of 0.38 mmol tri-

octylamine and 10 ml ODE were heated to 60 °C in a 25 ml 3-neck flask and kept under vacuum 

for 1 hour. While keeping the solution under nitrogen gas, the temperature was increased to 200 

°C. The precursor solution was then rapidly injected into the flask under vigorous stirring and 

allowed to react for 20 mins. To oxidize the Fe NPs, the solution temperature was set to the 

required temperature (200 °C and 250 °C) and 25 ml/min oxygen mixture in nitrogen was bubbled 

through the solution for up to 3 hours. The solution was then cooled to room temperature and the 
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NPs were precipitated by adding ethanol and isolated by centrifugation. The precipitates were then 

stored in glove box until further characterization. 

Scintag Theta-Theta diffractometer (Cu Kα radiation) was used to record the x-ray diffraction 

(XRD) data. 

Transmission electron microscopy (TEM) images were recorded on an FEI Tecnai T12 TEM 

operating at 120 kV. 

Further structural characterization was carried out using x-ray absorption spectroscopy (XAS). 

The XAS spectra was obtained at F3 beamline of the Cornell High Energy Synchrotron Source 

(CHESS) at Cornell University. Measurements for Fe K-edge were performed under fluorescence 

mode for the analysis of the samples.  The fluorescent x-ray yield was recorded using a Hitachi 4-

element Si vortex detector. The data was also collected under transmission mode using ionized gas 

chamber to monitor the x-ray intensities. Additional ionization chamber was used with an iron foil 

standard to assist in alignment of the edge positions. The samples were prepared by spreading and 

sandwiching the solid NPs between Kapton tapes. The bulk standards maghemite and magnetite, 

were prepared by dilution with boron nitride followed by pressing the powders to form pellets. All 

x-ray absorption near edge spectroscopy (XANES) and extended x-ray absorption fine structure 

(EXAFS) analysis was carried out using the IFEFFIT package.28 The raw data was processed using 

ATHENA which involved edge determination, background subtraction using AUTOBK 

algorithm, alignment and merge of scans, and the normalization of the absorption coefficient plot. 

Linear combination fitting was carried out to calculate the phase contribution of different phases 

present in the sample. The spectra were then Fourier transformed to R-space and fitting of the data 

was carried out in ARTEMIS to extract the structural parameters of the samples. 
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5.3 Results and Discussion 

Fe NPs synthesized by thermal decomposition of iron pentacarbonyl oxidize immediately after 

synthesis and form a thin iron-oxide shell. The evolution of morphology during oxidation of Fe 

NPs at 200 °C was characterized by TEM. Figure 5.1a shows the as-synthesized particles which 

are spherical in shape with a core/shell type structure. The average particle size of Fe NPs is 10.42 

± 2.09 nm. On bubbling O2/N2 mix through the solution containing Fe NPs, the particles get 

oxidized immediately, and show a hollow core while maintaining the overall spherical shape of 

the particles (shown in Figure 5.1b-f). It is interesting to note that the NPs get completely oxidized 

in a time frame of 2 minutes even at a small oxygen flow rate of 25 ml/min. Previous studies38,43,44 

show that for similar sized Fe NPs, it may take considerable amount of time to completely oxidize 

the Fe core present in as-synthesized particles, and in certain cases, incomplete oxidation taking 

place with Fe left behind in the core. Further work in progress to understand how the oxidation 

conditions may affect the extent of oxidation of Fe NPs. After 3 hours of oxidation, the particles 

maintain its hollow morphology but are larger in size with outer diameter 16.42 ± 2.40 nm.   
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Figure 5.1. (a) TEM image of as synthesized Fe NPs show a thin shell formation of iron oxide 

shell. (b-f) oxidized Fe NPs show hollow core/iron oxide shell  

 

Figure 5.2 shows the x-ray diffraction plot of Fe NPs oxidized in air at 200 °C up to 3 hours. The 

as-synthesized particles are highly amorphous and show very broad peaks. As the particles get 

oxidized, sharp peak starts to appear at ~ 35.5° and 62.5° corresponding to Magnetite (PDF#00-

019-0629) and Maghemite (PDF#00-039-1346) phase and increases in intensity with time due to 

increasing crystallinity of the particles. A broad peak centered around bars of 

magnetite/maghemite at ~ 43° is present throughout even after oxidation for extended period of 

time. Therefore, it is difficult to exclude the presence of α-Fe and Wustite phase in the oxidized 

particles. To confirm the phases present, selected area diffraction pattern (SAED) of the samples 

obtained during TEM was converted to diffraction plots shown in Figure 5.3. Peak centered at 43° 

correspond to magnetite/maghemite phase with Wustite (PDF#01-073-2143) and Fe (PDF#00-

006-0696) bars on the left and right respectively. Missing peak at 65° and 82.5° confirm the 

absence of Fe phase in the oxidized samples. Additionally, to further confirm the presence of only 

magnetite and maghemite phases in oxidized samples, peak intensity ratio of 2 min sample was 
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compared to that of standards (plotted separately in Figure 5.3b for better visualization). For peaks 

labeled 1, 2 and 3; peak intensity ratio is 1:0.30:0.49 which are similar to magnetite (1:0.2:0.4) and 

maghemite (1:0.16:0.34) standards. 

 

Figure 5.2. Plot shows x-ray diffraction patterns of Fe NPS oxidized at 200 °C. Bar pattern 

shows standards used for reference. 
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Figure 5.3.  (a) Plot shows XRD pattern obtained from selected area diffraction pattern 

obtained using TEM. (b) Plot shows zoomed out pattern for 2 min sample. Peaks marked 1, 2 and 

3 are in the ratio 1:0.30:0.49 confirming the absence of Fe and wustite phase in oxidized particles. 

 

Fe K-edge XANES measurement were carried out to study the phase contribution in each sample. 

Figure 5.4 shows the normalized absorption spectra of (a) standards Fe, Fe3O4 and γ-Fe2O3; (b) 

Fe NPs oxidized at 200 °C; and (c) Fe NPs oxidized at 250 °C. The pre-edge in the samples at ~ 

7113 eV correspond to the dipole forbidden 1s to 3d transition of electrons. The edge energies of 

the samples are in the range of 7124 eV to 7126 eV, greater than the edge energy of Fe(0) metal 

and Fe3O4 but smaller than the edge energy of γ-Fe2O3, confirming the presence of mixed phases 

in all of the samples. However, no particular trend in the value of edge energy is observed as 

generally seen during change in oxidation state. Figure 5.s1 shows the trend of edge energies of 

200 °C and 250 °C oxidized samples with the bulk standards used as the reference. The oscillatory 

structure of NPs in absorption spectra is more damped as compared to bulk standards implying 

lack of long range crystalline order. Similarly, 0 min samples have more damped spectra due to 

amorphous structure, and as the particles are oxidized, increase in crystallinity is observed. No 

change in spectra is observed in 2 min onwards samples implying no change in structure taking 

place. 

 

Figure 5.4. Fe K-edge absorption edge spectra of (a) bulk standards, (b) Fe NPs oxidized at 

200 °C, and (c) Fe NPs oxidized at 250 °C. 
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Linear combination fitting (LCF) was carried out using the 3 standards. However, due to presence 

of mixed oxidation state in Fe3O4, it was not possible to calculate the individual contribution of 

Fe(II) and Fe(III) in each sample. The results of LCF are shown in Figure 5.5. The 0 min samples 

consist of all 3 phases with molar fraction of α-Fe phase equal to ~ 0.35 which is present in the 

core of the particles and the shell consisting of both Fe3O4 and γ-Fe2O3 in the ratio 0.55:0.10. 

Therefore, the majority phase present in the shell is Fe3O4. As the particles are oxidized, the 

contribution from α-Fe phase goes to 0, consistent with the TEM images which showed hollow 

cores. From 0 min to 2 min, there is a sharp increase in both Fe3O4 and γ-Fe2O3 because of the 

oxidation of Fe present in the core. However, with further oxidation, there is a small decrease in 

the contribution of Fe3O4 phase because of conversion of Fe3O4 to γ-Fe2O3 phase which becomes 

negligible 15 min onwards. The Fe3O4 forms an inverse spinel structure, with Fe(II) occupying 

8/16 octahedral sites; and Fe(III) occupying 8/8 out tetrahedral sites and the remaining 8/16 

octahedral sites. Therefore, Fe3O4 can be written as (𝐹𝑒+3)[𝐹𝑒+2𝐹𝑒+3]𝑂4, with ( ) representing 

the tetrahedral sites and [ ] representing the octahedral sites. As oxidation takes place, Fe(II) at 

octahedral sites convert to Fe(III), leading to formation of vacancy at octahedral sites to 

compensate for the charge, forming the cation deficient γ-Fe2O3 phase which can also be written 

as (𝐹𝑒+3)[𝐹𝑒5/3
+3 ▭1/3

0 ]𝑂4, where ▭ represents the location of the vacancies. Conversion of Fe3O4 

to γ-Fe2O3 phase is higher in case of higher oxidation temperature because of the increased 

diffusivity of the cations. After oxidation over extended period of times show that the molar ratio 

of magnetite to maghemite is similar for both the set of samples. 
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Figure 5.5. Plot shows molar fraction of phases obtained using Linear combination fitting for 

samples oxidized at (a) 200 °C and (b) 250 °C. 

 

Background removal was carried out from the absorption coefficient spectra and the obtained 

spectra was Fourier transformed and plotted in R-space. Figure 5.6 shows the Fourier transformed 

plots for NPs oxidized at 200 °C and 250 °C. The 1st peak for the oxidized particles in the R-plot 

correspond to Fe-O scattering path, the 2nd peak and the 3rd peak to Fe-Fe[octahedral] and Fe-

Fe[tetrahedral] scattering paths respectively. Absence of long range order is due to the lack of 

crystallinity and small size of the particles. R-plot pattern of 2 min onwards samples look similar 

to the bulk oxide phases, however it is not possible to distinguish individual phase contributions 

based on visual observations. The 0 min sample looks remarkably different from other plots with 

the 1st peak being broader and shifted slightly to the right, and the 2nd peak quite depressed. This 

confirms that the 0 min samples have different structures from oxidized samples. As the particles 

get oxidized, no changes in pattern are observed, however slight variations in peak intensity and 

peak positions are observed due to interconversion between different oxide phases. Due to 

presence of vacancies at octahedral sites in bulk γ-Fe2O3, the 2nd peak corresponding to Fe-Fe[oct] 

path is slightly depressed as compared to that of bulk Fe3O4. However, when comparing R-plots 
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of samples oxidized at different temperatures, as shown in Figure 5.6c, both peaks for 250 °C 

samples show higher intensity, which might be because of the greater extent of crystallization. 

Therefore, fitting of the R-plots was carried out to obtain more structural details of the particles 

and study the effect of oxidation temperatures. 

 

Figure 5.6. Plot shows the Fourier transformed spectra plotted in R-space for NPs oxidized at 

(a) 200 °C and (b) 250 °C. Dashed line represents the R-plots of bulk standards used for 

comparison and calculation of amplitude reduction factors 𝑆0
2. K-weight of 1 was used for all the 

plots. (c) Plot shows the comparison of peak intensity for particles oxidized at 200 °C (solid line) 

and 250 °C (dotted line). K-weight of 1 was used for all plots. 

The fitting of the R-plots was carried out in the range of 1.0 Å to 4.0 Å. For Fourier transformation 

of spectra to obtain R-plots, k-space range was selected as the nearest nodes to 

(2.53 Å−1, 8.165 Å−1). The fitting was carried out in R-space with simultaneous fitting at k-

weights of 1, 2 and 3. Fitting of the 3 bulk standards was carried out to obtain the amplitude 

reduction factors which were then used as constants to obtain co-ordination number of different 
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phases. The fitting was carried out using only direct scattering paths with the assumption of 

negligible contributions from multiple scattering paths. 4 different paths were used for the fitting 

of spectra of oxidized samples, (1) [Fe3O4] O11 and (2) [γ-Fe2O3] O11, i.e. scattering between 

central Fe atom and nearest O atom from Fe3O4 and γ-Fe2O3 phase respectively; (3) [Fe3O4] Fe-

oct and (4) [γ-Fe2O3] Fe-oct, i.e. scattering between central Fe atom and Fe atoms present at 

octahedral locations. Since no change takes place at tetrahedral locations, fitting of 3rd peak was 

excluded from the fittings. An additional path [α-Fe] Fe11 besides the above mentioned paths was 

used for the fitting of the as-synthesized 0 min sample to take into consideration the presence of 

α-Fe phase in the core. Since each of the particles consist of multiple phases, relative weight of 

phases obtained from XANES analysis was taken into consideration to obtain the coordination 

number (CN), also referred to as the degeneracy of the paths. The theoretical degeneracy of the 5 

paths are 8, 4, 6, 12 and 6 respectively. 

Figure 5.7 shows the degeneracy of Fe paths obtained from fitting of the R-plots. The solid and 

dotted lines represent the degeneracy of samples oxidized at 200 °C and 250 °C respectively. In 

Figure 5.7a, degeneracy of α-Fe phase goes to 0 which is consistent with the XANES observation 

that no α-Fe phase is present in the oxidized samples. The degeneracy values of [α-Fe] Fe11 are ~ 

1.2 as compared to the theoretical value of 8 which is consistent if we consider that the molar 

fraction of Fe in the 0 min sample is 0.35. Further reduction in values is due to the presence of 

amorphous structure in the un-oxidized particles as observed in the XRD plot. It is important to 

note that the degeneracy values obtained from fit may be in error by ± 10%, therefore minor  
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Figure 5.7. Coordination number of paths (a) [α-Fe] Fe11, (b) [Fe3O4] Fe-oct and (c) [γ-

Fe2O3] Fe-oct estimated from fitting of R-plots. Solid and dotted lines represent Fe NPs oxidized 

at 200 °C and 250 °C respectively. 

 

variations in values with time need to be ignored and emphasis should be on the overall trend of 

the degeneracy plots. For [Fe3O4] Fe-oct path, shown in Figure 5.7b, there is a sharp increase in 

degeneracy from 0 min to 2 min due to oxidation of α-Fe phase present in the core of the particles. 

However, 2 min onwards, as further oxidation takes place, conversion of Fe3O4 phase to γ-Fe2O3 

phase takes place which leads to drop in degeneracy due to vacancy formation at octahedral sites, 

as observed for 200 °C samples. However, in case of 250 °C samples, a sharp increase is observed 

during early stages of oxidation due to the increase in crystallinity at higher temperatures, which 

over-compensates for the drop in CN. Due to these opposing factors, it is difficult to independently 

study the effect of temperature during oxidation of Fe NPs, and further studies are required with 

improved experimental conditions where effect of crystallinity is insignificant. Figure 5.7c shows 

the CN of [γ-Fe2O3] Fe-oct phase in the samples. Similar to the previous case, a sharp increase is 

observed from 0 min to 2 min due to the oxidation of α-Fe phase. However, after initial increase, 

a slight decrease in degeneracy is observed for both 200 °C and 250 °C samples which contradicts 

the hypothesis that immediate conversion of α-Fe phase to Fe3O4 phase followed by oxidation to 

γ-Fe2O3 over extended period of oxidation time. The current observation suggests that 

interconversion between the oxide phase might be taking place or an altogether formation of a 
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different oxide phase, which however is not observed in other characterization results. 15 min 

onwards, minor and constant increase in degeneracy values is observed which is due to the 

combined effect of increase in crystallinity and conversion of Fe(II) to Fe(III) at octahedral sites. 

Similarly, 250 °C samples show higher CN due to increased crystallinity of the NPs. 

 

5.4 Conclusion 

We have demonstrated the study of oxidation of Fe NPs at 200 °C and 250 °C. Phase 

transformation of NPs occur from α-Fe/oxide core/shell structure to hollow core with iron oxide 

present in the shell. Through the investigation with TEM, XRD, XANES and EXAFS; we elucidate 

that the shell is composed of mixed phases of Fe3O4 and γ-Fe2O3. The as-synthesized Fe NPs have 

amorphous structure and immediately form a thin layer of Fe3O4 and γ-Fe2O3 on exposure to air. 

As the particles are oxidized at high temperatures, the iron from the core diffuse out at a very fast 

rate and form iron oxide leading to increase in the shell thickness, whereas the vacancies diffuse 

inside and coalescence to form a hollow core. On further oxidation, the morphology of the particles 

does not change significantly, however, interconversion of different phases of iron oxide takes 

place. The Fe(II) atoms present at octahedral sites start to oxidize, leading to generation of 

vacancies which can be seen though the drop in concentration of Fe3O4 phase and increase in 

concentration of γ-Fe2O3 phase. Oxidation over extended period of time does not lead to any further 

changes, and phases present reach an equilibrium state with Fe3O4 and γ-Fe2O3 in the ratio 0.6:0.4. 

Study of oxidation at different temperatures of 200 °C and 250 °C shows that although it does not 

lead to any changes in phase contribution, there is a significant increase in crystallinity of the 

particles oxidized at 250 °C which is observed through increased intensity of peaks in R-plots and 

the higher values of degeneracies. 
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This work provides a basis for controlled oxidation of Fe NPs by varying the vacancies at 

octahedral sites which can be useful for tailoring the electrical and magnetic properties of the 

particles. We have further showed how XAFS can be explored to study the short range order of 

nanoparticles which complement the other characterization techniques such as XRD and TEM. 
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5.5 Supporting information 

 

Figure 5.s1 Plot shows the variation of edge energies of Fe NPs with time when oxidized at 200 

°C and 250 °C. Dashed lines represent the edge energies of bulk standards. 
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 0 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe] Fe1_1 0.701 1.169 0 -2.32 0.05945 2.4855 2.54495 

[Fe3O4] O1_1 0.755 0.478 0.01461 -2.32 0.04687 1.8861 1.93297 

[Fe3O4] Fe2_1 0.755 1.435 0.01461 -2.32 0.0865 3.4807 3.5672 

[Y-Fe2O3] O3.1 0.83 3.603 0.01246 -2.32 -0.13079 2.0825 1.95171 

[Y-Fe2O3] Fe-oct6.1 0.83 0.658 0.01246 -2.32 -0.18496 2.9451 2.76014 

 2 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.208 0.00104 0.598 0.03761 1.8861 1.92371 

[Fe3O4] Fe2_1 0.755 1.587 0.00208 0.598 0.06942 3.4807 3.55011 

[Y-Fe2O3] O3.1 0.83 1.949 0.00153 0.598 0.04446 2.0825 2.12696 

[Y-Fe2O3] Fe-oct6.1 0.83 2.463 0.00306 0.598 0.06288 2.9451 3.00798 

 5 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.049 0.00025 0.591 0.03932 1.8861 1.92542 

[Fe3O4] Fe2_1 0.755 1.309 0.0005 0.591 0.07256 3.4807 3.55326 

[Y-Fe2O3] O3.1 0.83 1.672 0 0.591 0.03714 2.0825 2.11964 

[Y-Fe2O3] Fe-oct6.1 0.83 1.848 0 0.591 0.05252 2.9451 2.99762 

 15 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.198 0.00079 -0.986 0.02823 1.8861 1.91433 

[Fe3O4] Fe2_1 0.755 1.15 0.00158 -0.986 0.0521 3.4807 3.5328 

[Y-Fe2O3] O3.1 0.83 1.78 0 -0.986 0.03315 2.0825 2.11565 

[Y-Fe2O3] Fe-oct6.1 0.83 1.72 0 -0.986 0.04689 2.9451 2.99199 

 60 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 2.911 0 0.423 0.02999 1.8861 1.91609 

[Fe3O4] Fe2_1 0.755 0.834 0 0.423 0.05535 3.4807 3.53605 

[Y-Fe2O3] O3.1 0.83 1.907 0.00105 0.423 0.0398 2.0825 2.1223 

[Y-Fe2O3] Fe-oct6.1 0.83 2.182 0.00211 0.423 0.05629 2.9451 3.00139 

 180 min @ 200 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.538 0 -1.213 0.01865 1.8861 1.90475 

[Fe3O4] Fe2_1 0.755 1.148 0 -1.213 0.03441 3.4807 3.51511 

[Y-Fe2O3] O3.1 0.83 2.2 0.00303 -1.213 0.0367 2.0825 2.1192 

[Y-Fe2O3] Fe-oct6.1 0.83 2.443 0.00607 -1.213 0.0519 2.9451 2.997 

 

Table 5.s1. EXAFS fitting parameters for Fe NPs oxidized at 200 °C 
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 0 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe] Fe1_1 0.701 1.214 0.00001 -1.251 0.09352 2.4855 2.57902 

[Fe3O4] O1_1 0.755 0.596 0.01988 -1.251 0.03615 1.8861 1.92225 

[Fe3O4] Fe2_1 0.755 1.789 0.01988 -1.251 0.06671 3.4807 3.54741 

[Y-Fe2O3] O3.1 0.83 2.239 0.00324 -1.251 -0.12512 2.0825 1.95738 

[Y-Fe2O3] Fe-oct6.1 0.83 0.254 0.00324 -1.251 -0.17694 2.9451 2.76816 

 2 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.164 0.00101 0.79 0.03682 1.8861 1.92291 

[Fe3O4] Fe2_1 0.755 2.387 0.00202 0.79 0.06794 3.4807 3.54864 

[Y-Fe2O3] O3.1 0.83 2.013 0.00013 0.79 0.03742 2.0825 2.11992 

[Y-Fe2O3] Fe-oct6.1 0.83 2.364 0.00025 0.79 0.05292 2.9451 2.99802 

 5 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.366 0.00084 0.483 0.02813 1.8861 1.91423 

[Fe3O4] Fe2_1 0.755 2.48 0.00168 0.483 0.05191 3.4807 3.53261 

[Y-Fe2O3] O3.1 0.83 2.373 0.00308 0.483 0.03378 2.0825 2.11628 

[Y-Fe2O3] Fe-oct6.1 0.83 3.386 0.00616 0.483 0.04778 2.9451 2.99288 

 15 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.536 0.00146 0.243 0.02723 1.8861 1.91333 

[Fe3O4] Fe2_1 0.755 2.978 0.00292 0.243 0.05024 3.4807 3.53094 

[Y-Fe2O3] O3.1 0.83 2.395 0.00193 0.243 0.03406 2.0825 2.11656 

[Y-Fe2O3] Fe-oct6.1 0.83 3.09 0.00385 0.243 0.04817 2.9451 2.99327 

 60 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.219 0.00092 1.241 0.03149 1.8861 1.91759 

[Fe3O4] Fe2_1 0.755 2.803 0.00184 1.241 0.05811 3.4807 3.53881 

[Y-Fe2O3] O3.1 0.83 2.523 0.00208 1.241 0.03802 2.0825 2.12052 

[Y-Fe2O3] Fe-oct6.1 0.83 3.453 0.00416 1.241 0.05377 2.9451 2.99887 

 180 min @ 250 °C 

Path S02 N sigma^2 e0 delr Reff R 

[Fe3O4] O1_1 0.755 3.689 0 -0.803 0.02195 1.8861 1.90805 

[Fe3O4] Fe2_1 0.755 2.985 0 -0.803 0.04051 3.4807 3.52121 

[Y-Fe2O3] O3.1 0.83 2.711 0.00545 -0.803 0.03357 2.0825 2.11607 

[Y-Fe2O3] Fe-oct6.1 0.83 4.36 0.01091 -0.803 0.04747 2.9451 2.99257 

 

Table 5.s2. EXAFS fitting parameters for Fe NPs oxidized at 250 °C  
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Chapter 6. Enhanced supercapacitor performance for equal Co-

Mn stoichiometry in colloidal Co3-xMnxO4 nanoparticles, in 

additive-free electrodes 

 

6.1 Abstract 

Driven by the search for faster and more efficient energy storage systems, research efforts towards 

electrochemical capacitors, also known as supercapacitors, have dramatically increased in recent 

years. Transition metal oxides have been shown to exhibit both high specific capacitance because 

of faradaic redox activity and long cyclic life due to their robust crystal structure. Cationic 

substitutions in ternary oxides have shown dramatic improvements over binary analogues, but the 

peak stoichiometry is often arrived at by trial and error.  Transition metal oxides are also hampered 

by low electronic conductivity, requiring the use of conducting additives such as carbon black.  In 

this work we study the effect of cationic substitutions in Co3-xMnxO4 nanoparticles on 

electrochemical Li-ion energy storage in electrodes assembled without polymeric or conducting 

additives.  We use a hot injection synthesis to produce colloidal Co-Mn nanoparticles with various 

ratios of Co:Mn. Through electrophoretic deposition (EPD), we assemble the metal nanoparticles 

onto current collectors, then oxidize them, forming electrochemical capacitors without carbon 

additives or polymeric binders (“additive-free” nanoparticle electrodes).  We find that the highest-

performing Co-Mn mixture has a 1:1 ratio of Co to Mn, and shows an energy density of 26.6 

Wh/kg with a specific capacitance of 173.6 F/g. This nanoparticle electrode composition delivers 

a high power density of 3.8 kW/kg at a 5 A/g constant current discharge. The energy density and 

power density delivered by the optimal mixture is ~6× and ~3× higher, respectively, than that of 
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pure Co3O4 electrodes.  The specific capacitance for the Co-Mn mixture is also ~4× better than the 

pure Co3O4 nanoparticle supercapacitor. This 1:1 composition exceeds the performance of the Mn-

rich composition in energy density (~16×), power density (~12×), and specific capacitance (~20×).  

The optimum composition shows excellent stability with greater than 80% capacitance retention 

over 300 cycles. We attribute this peak-performance in the 1:1 equal mixture Co:Mn sample to an 

increased electronic conductivity for this stoichiometry, and also find that this stoichiometry has 

both a high Co3+/Co2+ ratio and a high Mn3+/Mn2+ ratio, compared to other samples.  This work 

could lead to advanced tailoring of electrochemical storage based on design principles of the 

interrelationship between oxidation state, stoichiometry, and redox charge storage.  

 

6.2 Introduction 

While the current demand for electrical energy storage systems has been centered on Li-ion 

batteries, for applications that require higher power beyond Li-ion batteries there is a new-found 

research focus on electrochemical capacitors, also known as supercapacitors.45,46,47  

Electrochemical capacitors are divided into two main categories: electrochemical double-layer 

capacitors (EDLCs) and faradaic supercapacitors. In EDLCs, capacitors are formed at the 

electrode-electrolyte interface, and the capacitance mainly depends on the adsorbed ions on the 

electrode surface that create a charged double layer. In faradaic supercapacitors, redox reactions 

at the surface layer of the electrode also contribute to the charge generation and storage.45 When a 

material undergoing faradaic reactions exhibits steady capacitance values throughout the charge-

discharge processes, it can be characterized as a pseudocapacitive material.48 Faradaic 

supercapacitors exhibit higher charge densities but slower charge transfer kinetics compared to 

EDLCs, since EDLCs have charges stored at the interface which is readily accessible.49  
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Nanoscale materials have received extensive attention in electrochemical capacitor research due 

to their high surface-to-volume ratio and reduced ion diffusion length.45–47,50,51 For electrodes the 

main groups of materials are carbon, conducting polymers and transition metal oxides.  Carbon 

has the advantages of high electronic conductivity and low cost,52 but pure carbon lacks the ability 

to undergo faradaic reactions under reasonable conditions, and therefore has a lower gravimetric 

capacitance and lower energy density compared to faradaic materials.53 Conducting polymers are 

inexpensive and possess high faradic capacity and high electronic conductivity when doped, but 

suffer greatly from cycling stability due to swelling and contraction during redox activity.53–59 

Transition metal oxides have both higher capacity than carbon and longer chemical stability than 

polymer materials, and are therefore being explored as alternative electrode materials. 

The champion metal oxide is RuO2, which exhibits excellent faradaic capacitive performance with 

high redox activity, long stability, and high proton/electron conductivity,60,61 but the high cost and 

environmental harmfulness of Ru make it commercially unfavorable. Other metal oxides, such as 

MnxOy,
62–65 Co3O4,

66,67 Co(OH)2,
68,69 NiO/Ni(OH)2,

70,71 V2O5,
49,72,73 SnO2,

74 Fe2O3 and Fe3O4
75

 

have all been reported for their supercapacitance performance. Among these candidates, Co3O4 

has remarkably high specific capacitance, with a theoretical value up to 3560 F/g, as well as high 

conductivity, but is limited by its electrochemical stability and thus cycle life.76–81 Recent leading 

works on Co3O4 report steps toward reaching this high performance using thin-film Co3O4 coatings 

and other oxide morphologies, though the capacitance values are still modest compared to 

theoretical values. For instance, by chemically coating Co3O4 thin films on copper substrates, a 

specific capacitance of 118 F/g was achieved in aqueous KOH electrolyte solution,82 and Co3O4 

nanorods synthesized using a hydrothermal method showed a specific capacitance of 280 F/g using 

2M KOH electrolyte, but the capacity retention is only ~30% after 800 cycles.83 A close cousin of 
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the cobalt oxides are the manganese oxides, MnxOy, also considered as promising candidates for 

supercapacitor electrode materials.84 MnO2 has high redox capacity with theoretical specific 

capacitance of 1370 F/g and long cycle stability, which have been achieved in a three-electrode 

system with mass loading of 5 μg in 0.1M Na2SO4 electrolyte solution.64,85,86 In another example,  

amorphous hydrated manganese dioxide 𝛼 − MnO2 ∙ 𝑛H2O anodically deposited on graphite 

showed a specific capacitance of 265-320 F/g in 3M KOH solution, as measured by cyclic 

voltammetry in a three-electrode system, with almost no decrease in specific capacitance during 

repeated charge-discharge tests.87 It should be noted the specific capacitance of this electrode in 

that work was calculated based on the metal oxide loading mass only, neglecting the mass of the 

carbon additives.87   

To achieve a synergy between cobalt oxide’s high specific capacitance and manganese oxide’s 

long cycle life we are targeting, in this work, composite metal Co-Mn oxides.  Previous work on 

CoMnO2/VGCF (vapor grown carbon nanofiber) electrodes prepared by thermal decomposition 

exhibited high specific capacitance of 630 F/g at 5 mV/s in 1M KOH and capacitance retention of 

95% after 10,000 cycles.88 Co/Mn mixed oxides, prepared by anodic electrodeposition of Mn2+ 

and Co2+, achieved a specific capacitance of 170 F/g at a very slow scan rate of 2 mV/s in 0.5M 

Na2SO4 electrolyte.89 Cobalt doped MnO2 nanowires synthesized by a hydrothermal technique and 

mixed with acetylene carbon black and polyvinylidene fluoride (PVDF) showed an active-

material-specific capacitance of 415 F/g at 0.2 A/g in 1M Na2SO4 aqueous electrolyte.90 Porous 

MnCo2O4 and CoMn2O4 nanowires and mesoporous flake-like MnCo2O4, both mixed with 

acetylene carbon black and PVDF, showed peak active-material capacitance of 2108 F/g and 1487 

F/g, respectively, both at 1 A/g in 2M KOH aqueous solution, although these results are based on 

weights of active materials only and do not take into account the total mass of the electrode.91,92 
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While there have been notable achievements with synthesis methods such as hydrothermal and 

vapor growth, solution phase colloidal nanoparticle synthesis is seen as an ideal method to 

integrate nano-engineered materials into industry because of the ability of organic-phase colloidal 

techniques to finely control size dispersion and to easily produce a large amount of nanocrystals 

with tailored size, shape, and composition under moderate temperatures at ambient pressures 

through scalable solution processing.93–95  

The conventional methods to construct electrochemical storage electrodes from nanoparticles 

involves additives such as polymeric binders to create strong interparticle attachments and 

attachments between the particles and current collector, and conductive carbon to increase 

electronic conductivity.  However, the addition of binders and conductive carbon increases the 

weight by ~10% to 40% and reduces the porosity of the electrode, which hinders the motion of 

ions in the electrolyte through the network.96 To improve gravimetric capacitance 

(capacity/weight), binder-free and carbon-free electrodes have been pursued.96,97 Our group has 

previously implemented electrophoretic deposition (EPD) to assemble high-density nanoparticle 

films with exceptional performance as battery electrodes,96 nano-electronic films,97 and catalysts.98 

The unique advantage of this technique is the ability to completely eliminate the use of additives, 

such as carbon and binders. Other methods to assemble nanoparticles—such as the conventional 

solvent evaporation methods—create incoherent nanoparticle films that have cracks and voids, 

poor mechanical strength, and poor inter-particle connection, resulting in slow charge transfer 

kinetics and low-quality supercapacitor electrodes.99 EPD, by contrast, can form smooth and 

mostly defect-free large area nanoparticle films.96,98,100,101 We have shown that these binder-free 

and carbon-free nanoparticle Li-ion battery electrodes assembled using EPD exhibit high 

gravimetric capacity compared to conventional assembly methods, as well as long cycle stability.96 
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Aside from our groups’ work on additive-free battery electrodes, there has been only limited 

reports for creation of binder-free and carbon-free electrochemical storage electrodes from 

colloidal nanoparticles,102 and, to our knowledge, there are no reports of creating supercapacitor 

electrodes from colloidal Co-Mn oxides nanoparticles with additive-free methods.   

In this study, we demonstrate high-performing supercapacitor electrodes formed from mixed metal 

cobalt and manganese oxide spinels that have been assembled through EPD, without additives.  

We report a method to synthesize mixed metal Co-Mn oxide nanoparticles with different Co:Mn 

molar ratios using a colloidal hot-injection reaction. The advantage of this synthesis is that we can 

control the Co:Mn ratio of Co3-xMnxO4 , and therefore can study the electrochemical characteristics 

of our electrodes as the Co and Mn composition is varied.  We find that the peak-performing Co-

Mn composition has a Co:Mn ratio of nearly unity, with x=1.49 in Co3-xMnxO4.  These  Co3-

xMnxO4 (x=1.49) nanoparticle electrodes show an energy density of 26.6 Wh/Kg, specific 

capacitance of 173.6 F/g, and power density of 3.8 kW/Kg at a 5 A/g constant current discharge.  

Compared to the other compositions, the x=1.49 composition shows an anomalous increase in 

performance: the energy density and power density delivered by the x=1.49 NP electrode is ~6 

times and ~3 times greater than that of pure Co3O4 electrodes and ~16 times and ~12 times greater 

than that of the Mn-rich phase (x=2.54).  We attribute this peak performance to an increased 

electronic conductivity for this stoichiometry, and also find that this stoichiometry has both a high 

Co3+/Co2+ ratio and a high Mn3+/Mn2+ ratio compared to other samples. 
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6.3 Experimental  

6.3.1 Materials and characterization 

Diphenyl ether (≥ 99%), dicobalt octacarbonyl (moistened with hexane (1-10%), ≥ 90% (Co)), 

dimanganese decacarbonyl (98%), trioctylphosphine oxide (technical grade, 90%), lithium 

bis(trifluoromethane)sulfonimide (≥ 99%), 1,3-dioxolane (99.8%), 1,2-dimethoxyethane (99.5%), 

and copper foils were purchased from Sigma-Aldrich. Oleic acid (≥ 90%) was purchased from 

Alfar Aesar, acetone (≥ 99%) and hexane (≥ 98.5%) were purchased from BDH Chemicals, and 

ethanol (≥ 99%) was purchased from Koptec. Standard Schlenk line techniques were employed 

during experiments under a nitrogen atmosphere at a pressure of ~1 atm. Transmission electron 

microscopy (TEM) images were recorded on an FEI Tecnai T12 TEM operating at 120 kV; high-

resolution TEM (HRTEM) images were collected on an FEI Tecnai F20 TEM operating at 200 

kV. High-angle annular dark-field (HAADF) and electron energy loss spectroscopic (EELS) data 

were acquired on a 5th-order aberration-corrected scanning transmission electron microscope 

(Nion UltraSTEM) operated at 100 kV with a probe forming semi-angle of roughly 30 mrad and 

a collection semi-angle around 80-240 mrad and 0-60 mrad for HAADF and EELS, respectively. 

Resolution just below ~1 Angstrom is roughly the information transfer limit for this microscope 

optimally operating under these conditions.  The EELS signal was obtained by integration over 

the L2,3 core loss edges for Co and Mn and the K edge for O; all of which was done after 

background subtraction. The background EELS spectrum was modeled using a linear combination 

of power laws and a conservative local background average ranging from 2 to 4 pixels FWHM 

(smaller than the background variation). This provided a marginal improvement over traditional 

power law background modeling. These techniques were implemented using the open-source 

Cornell Spectrum Imager software and are described in more detail by P. Cueva et al.103 A Scintag 
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Theta-Theta X-ray diffractometer (Cu Kα radiation) was employed to record X-ray diffraction data. 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a Surface Science 

Instruments SSX-100 with operating pressure ~2x10-9 Torr. Monochromatic Al Kα x-rays (1486.6 

eV) were used with beam diameter of 1 mm. Photoelectrons were collected at a 55o emission angle. 

A hemispherical analyzer determined electron kinetic energy, using a pass energy of 150V for 

wide/survey scans, and 50V for high resolution scans. A flood gun was used for charge 

neutralization of non-conductive samples. Cyclic voltammograms (CV) and galvanostatic 

charge/discharge curves were obtained using an Arbin supercapacitor testing station (BT2000), 

and electrochemical impedance spectroscopy analysis was performed using a Bio-Logic VMP3 

potentiostat.   

 

6.3.2 Synthesis of Co3-xMnxO4 nanoparticles 

A mixture of 0.1 g tri-n-octylphosphine oxide (TOPO) and 6 g diphenyl ether (DPE) was kept 

under nitrogen environment at 1 atm and heated up to 250 °C. Different molar ratios of dicobalt 

octacarbonyl and dimanganese decacarbonyl were dissolved in 4 g DPE, heated at 80 °C and 

stirred for 1 h. The Co-Mn molar ratios are: 1:0.25, 1:0.5, 1:1, 1:2, 1:4. 

The precursors are then injected into the TOPO-DPE mixture at 250 °C to begin the reaction. After 

the injection of the yellow-brown mixture of Co2(CO)8 and Mn2(CO)10 carbonyl precursor 

solution, the color rapidly changes to dark brown. If only the cobalt precursor is used, the color 

changes from yellow-brown to dark black after the injection. To control the Co to Mn ratio in the 

nanoparticles (NPs), the molar ratio of the cobalt and manganese precursors was varied. Heating 

the reaction vessel at 250 oC for 30 mins allows nucleation and growth of Co-Mn nanoparticles.104 

The products are then precipitated by adding ethanol and isolated by centrifugation. Precipitates 
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were then readily dissolved in 6 mL of hexane for electrophoretic deposition and further 

characterization. In order to oxidize the samples, the precipitates were dried and then annealed in 

air at 200 °C for 90 min. 

 

6.3.3 Synthesis of Co3O4 nanoparticles 

Co3O4 nanoparticles were synthesized using exactly the same method described above but with 

only the precursor of 0.5mmol dicobalt octacarbonyl dissolved in 4g DPE, heated at 80°C and 

stirred for 1h. 

 

6.3.4 Electrophoretic deposition of nanoparticles 

The solutions of nanoparticles in hexane obtained from the syntheses described above were further 

diluted for electrophoretic deposition (EPD). EPD methods follow our previous work.96–98 In 

typical EPD process, 200 µL of original concentrated solution was added into 10 mL hexane. 

Copper plates with known weight were used as electrode substrates. Two stainless steel conductors 

were connected to the positive and negative output of a DC voltage source. One copper plate each 

was attached to conductors using small strips of double-sided tape, with care being taken to make 

sure that each plate was contacting the conductor. The separation between two conductors was 1 

cm. The conductors were then dipped into diluted nanoparticle solution until the copper plates 

were completely submerged. The DC voltage source was set to 600V. EPD processes were carried 

for ~3min to 1h, based on the time needed to obtain clear solutions. The final mass of electrode 

materials is 0.10 ± 0.02 mg for all samples tested. The EPD speed strongly depends on the molar 

ratios of Co:Mn in the nanoparticle sample. Typically, the greater the Co percentage, the faster the 
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EPD process. After the EPD process, all electrodes were annealed in air at 200 °C for 90 min. The 

mass of the electrodes was measured after annealing to calculate the mass of active materials.  

 

6.3.5 Fabrication of Supercapacitors 

Electrodes with Co3-xMnxO4 were made into coin-cell type asymmetric supercapacitors, in which 

the Co3-xMnxO4 material acted as the anode. Carbon fiber was used as the cathode. The electrolyte 

used in the supercapacitors was 1 M lithium bis-trifluoromethanesulfonimide (LiTFSI) dissolved 

in a 1:1 ratio of 1,3-dioxolane (DOL) and 1,2 dimethoxyethane (DME) solution.  In our study 

LiTFSI in organic solvent was used as the electrolyte. Compared to aqueous electrolytes, organic 

electrolytes have larger potential windows. During the charge and discharge process, Li+ ions from 

the electrolyte shuttle between the cathode and anode electrodes. 

 

6.4 Results and Discussion 

Co-Mn nanoparticles were prepared according to the scheme shown in Figure 6.1a. The metal 

precursors Co2(CO)8 and Mn2(CO)10 were first dissolved in diphenyl ether (DPE) at 80 oC, and 

then quickly injected into a mixture of TOPO and oleic acid in DPE in an N2 atmosphere at 250 

oC. Both metal and metal oxide NPs are approximately spherical, as characterized by transmission 

electron microscopy (TEM) (Figure 6.s1, a-f). In general, for identical synthesis conditions, the 

pure Co nanoparticles are larger (the average diameter is 5.66 ± 2.21 nm) than the mixed Co-Mn 

metal NPs (average size is 3~4 nm, see Table 6.s1).  After EPD of the Co-Mn metal NPs onto the 

current collectors, the metal NPs are heated in air at 200 oC for 90 minutes, forming Co3-xMnxO4 

NPs. The same synthesis using Mn2(CO)10 alone was also performed; however, no nanoparticle 
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product was obtained, indicating that pure Mn nanoparticles cannot be synthesized by following 

this protocol. Inductively coupled plasma mass spectrometry (ICP-MS) of the oxide products show 

that the Co/Mn ratio in the NP products roughly follows the precursor ratio (Table 6.1).  (From 

here on, the samples will be indexed by their “x” value in Co3-xMnxO4. Table 6.1 lists the six 

compositions studied.) The initial Co metal NPs enlarge and hollow from the oxidation (Figure 

6.s1a), attributed to the nanoscale Kirkendall effect, which has been previously observed during 

the oxidation of cobalt nanoparticles.96,105 Other metal NPs also enlarged during oxidation (Figure 

6.s1 b-f), but without an observable Kirkendall hollowing. For instance, the as-synthesized Co-

Mn (precursor ratio 1:1) metal NPs that are oxidized into the Co3-xMnxO4 (x=1.49) NPs have an 

average diameter of (3.87 ± 0.80) and (4.78 ± 0.81) nm for the metal NPs and oxide NPs, 

respectively (Figure 6.s1d and Figure 6.1c).  SEM images of the Co3-xMnxO4 EPD thin films 

show that the NPs tend to form small clusters upon heating, which consists of 4-5 NPs (Figure 

6.1b). While heating, EPD films tend to densify, increasing the packing of the NPs, as shown in 

our previous work on cobalt oxides.96 Our previous work has also shown that EPD films are 

porous, but have higher packing density than do either spin cast or drop cast films.97,98 Therefore, 

EPD-assembled films show a closely packed dense network of Co3-xMnxO4 NPs while retaining 

the porosity of the electrodes (see Figure 6.1b), which is essential for fast ion diffusion and charge 

transfer in supercapacitors. 
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Figure 6.1.  (a) Schematic diagram showing the synthesis of Co-Mn nanoparticles and the 

preparation of carbon and additive free electrodes using the EPD technique. (b) SEM image of a 

Co3-xMnxO4 (x=1.49) electrode assembled through EPD. Inset image shows clusters of 

nanoparticles. (c) TEM image of nanoparticles in the Co3-xMnxO4 (x=1.49) sample.  

 

 

 

 

 

 

 

 

 

 

 

Table 6.1. Precursor ratio of the metals, stoichiometry of the metal oxides as determined by 

ICP-MS, and corresponding particle size analysis after annealing metal nanoparticles in air. All 

samples have increased size compared to as-synthesized nanoparticles (Table 6.s1). 

Precursor 

ratio 

(Co:Mn) 

Co3-xMnxO4 

content 

determined by 

ICP-MS  

Mean size and 

std. dev. of 

oxidized NP 

(nm) 

1:0 x=0 (Co3O4) 7.14 ± 2.03 

1:0.25 x=0.22 3.16 ± 0.57 

1:0.5 x=0.76 4.39 ± 0.69 

1:1 x=1.49 4.78 ± 0.81 

1:2 x=1.89 3.07 ± 0.51 

1:4 x=2.54 3.35 ± 0.41 
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The atomic scale structure and composition of the Co3-xMnxO4 (x=1.49) sample are mapped using 

aberration-corrected STEM in combination with Electron Energy Loss Spectroscopy (EELS) 

(Figure 6.2 a-f). High-angle annular dark field (HAADF) STEM images of a series of NPs, 

oriented along different crystallographic axes, primarily show the spinel structure (Figure 6.2 

a,c,d,e and Figure 6.s2 a,b,c). While most particles appear fully crystalline in the HAADF-STEM 

projection images, core-shell lattice distinctions are observed in some HAADF-STEM images. 

Figure 6.2c, for example, shows a slightly off axis [100] spinel core and a shell down the [100] 

direction of a rock-salt crystal structure. Elemental mapping with EELS (Figure 6.2f and Figure 

6.s2d) reveals that a majority of the nanoparticles have a Mn-rich center and a Co-rich shell, while 

O-atoms are distributed homogenously throughout the nanoparticles. Clear variations of the 

HAADF intensity amongst atomic columns of same or similar thickness, particularly in the shell 

further evidence Co/Mn intermixing (for example, intermixing of heavy atoms from Figure 6.2c 

are shown in Figure 6.s2 e-g). The intermixing is often inhomogeneous—Figure 6.s2 b,d shows 

inhomogeneous HAADF variation. Furthermore, shells are not always uniform in thickness or 

complete (as seen in Figure 6.s2b). We also studied the x=0.76 and x=1.89 samples for 

homogeneity (Figure 6.2 g-j).  STEM HAADF imaging and EELS mapping of these samples are 

consistent with x=1.49 phase, showing large crystalline spinel Co-Mn-O nanoparticles consisting 

of a Mn-rich core and a Co-rich shell, with both cations present in both core and shell. A minority 

of amorphous Co-O material is present in the x=0.76 phase. While these characterization results 

provide important information, further work is needed to quantify the contributions of the different 

phases and amorphous materials.  
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Figure 6.2. HAADF STEM imaging and EELS elemental mapping of nanoparticles in the Co3-

xMnxO4 for x=1.49 (a-f), x=0.76 (g,h), and x=1.89 (i,j) samples. HAADF STEM images of (a) a 

particle oriented along the [211] direction of a spinel structure, diagramed in (b); (c) a 

nanoparticle with clear core-shell structure, showing a [100] rocksalt shell and a slightly off-axis 

[100] spinel core; and (d) a nanoparticle viewed in the [110] spinel direction (core) and rocksalt 

[110] (shell). (e) HAADF STEM image of a nanoparticle oriented along the [471] direction of a 

spinel structure and (f) the corresponding EELS elemental map, which shows a Co-rich shell and 

a Mn-rich core. (g-j) HAADF-STEM image of a nanoparticle of a spinel structure and the 

(b)

5Å

(c)

5Å

(a)

Spinel [211]

10Å

(d)

(f)

Co Mn O
10Å

(e)

10Å

10Å
Co Mn O

(h)(g)

10Å

Co Mn O(j)(i)

[211]

[471]



84 
 

corresponding EELS elemental map that shows a Co-rich shell and a Mn-rich core for samples 

x=0.76 (g,h) and x=1.89 (i,j). Spinel structure referenced in Liu et al.106 

 

X-ray diffraction (XRD) patterns of Co3-xMnxO4 NPs (Figure 6.3) coupled with ICP-MS data 

indicates that the Mn ion becomes incorporated into the Co3O4 spinel lattice. As the Mn content is 

increased, the strong Co3O4 XRD peaks around ~37o (311) and ~45o (400) both shift to smaller 2 

angles starting with the x=1.49 sample and eventually align with the CoMn2O4 phase for the two 

highest Mn-content materials (x=1.89 and 2.54).  These peak shifts suggest the incorporation of 

Mn into the Co3O4 structure. Note that it has been previously shown that the Mn and Co ions are 

interchangeable in the crystal.92 Additionally, two peaks associated with (202) and (113) planes of 

CoMn2O4 at 29.2o and 32.9o, respectively, appear in the two highest Mn-content samples (x=1.89 

and 2.54), while the Co3O4 ~37o peak disappears.  The 29.2o and 32.9o peaks are closely matched 

with the XRD of CoMn2O4 (JCPDS: 01-077-0471).  Among all the samples, the x=2.54 sample 

shows a pronounced peak shift in 2 of ~0.94o for the most intense peak at ~37o (311). In addition 

to the peak shifts the ~37o peak becomes asymmetric for the higher Mn-content samples, (x=1.89 

and 2.54), suggesting the reaction mixture tends to form separate phases. We note due to the 

breadth of the XRD peaks, more detailed structural information may be hidden. Additionally, 

while it is unclear if this phase segregation occurs during the synthesis, oxidation, or EPD, we note 

that in our previous work on cobalt oxide there was no difference in phases or oxidation states 

between films oxidized after EPD and oxidized nanoparticle powders.96 Based on ICP-MS, the 

Co:Mn ratio of the Co3-xMnxO4 (x=1.49) sample has a molar ratio of 1:1.008 (see Table 6.s2). It 

is interesting to note that XRD characterization shows only a single phase at equal Co:Mn 

stoichiometry Co3-xMnxO4 (x=1.49), suggesting homogeneous particles. The high spatial 
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resolution structural and elemental information obtained by aberration corrected STEM-EELS, 

however, reveals an inhomogeneous composition with Co-rich shell and Mn-rich core.  

 

Figure 6.3. X-ray diffraction (XRD) patterns of the Co3-xMnxO4 films. The bar patterns show 

the reference XRD pattern for Co3O4 (JCPDS: 01-071-4921) and CoMn2O4 (JCPDS: 01-077-

0471).  At higher Mn contents the intense (311) XRD peak (~37o) shifts towards lower angles, 

which is an indication of the presence of Mn in the Co3O4 lattice. The 29.2o and 32.9o peaks of 

CoMn2O4 (JCPDS: 01-077-0471) reference XRD pattern are aligned with the higher Mn-content 

samples.  

 

The electrochemical performance of the Co3-xMnxO4 nanoparticle electrodes was evaluated using 

coin cell type (two electrode system) supercapacitors.  For a full conversion reaction, the proposed 

electrochemical reaction of the Co3O4 NP electrode with Li+ is shown in equation (6.1) (discharge), 

equation (6.2) (charge), and equation (6.3) (charge):67 

               𝐶𝑜3𝑂4 + 8𝐿𝑖+ + 8𝑒− → 𝐿𝑖𝑥𝐶𝑜3𝑂4 + (8 − 𝑥)𝐿𝑖+ + (8 − 𝑥)𝑒− → 3𝐶𝑜 + 4𝐿𝑖2𝑂     (6.1) 

          3𝐶𝑜 + 3𝐿𝑖2𝑂 ↔ 3𝐶𝑜𝑂 + 6𝐿𝑖+ + 6𝑒−               (6.2) 
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   3𝐶𝑜 + 4𝐿𝑖2𝑂 ↔ 𝐶𝑜3𝑂4 + 8𝐿𝑖+ + 8𝑒−           (6.3) 

In Co-Mn oxides, the common lithiation-delithiation conversion reaction is (equation (6.4)):107 

    𝐶𝑜𝑥𝑀𝑛(3−𝑥)𝑂4 + 8𝐿𝑖+ + 8𝑒− ↔ (3 − 𝑥)𝑀𝑛 + 𝑥𝐶𝑜 + 4𝐿𝑖2𝑂       (6.4) 

It has been previously shown that during the conversion reaction in Li-ion batteries, 

thermodynamically stable Li2O is produced and forms Mn. In the Co-Mn oxides the cations of 

Mn3+
, Mn2+ and Co3+, Co2+ can be reduced to metallic Mn and Co.108  

However, for supercapacitor reactions, which charge-discharge much faster than Li-ion batteries, 

it is likely that in non-aqueous electrolytes the Li-ions are used to store charge via a redox reaction 

involving a change in oxidation state of the transition metal.  The lithium ion is accommodated in 

the oxide following a reduction reaction from Co3+/Mn3+ to Co2+/Mn2+
, without full conversion to 

the Co/Mn metal.  For instance, in MnO2 this reaction can be expressed as 𝑀𝑛𝐼𝑉𝑂2 + 𝑥𝑒− +

𝑥𝐿𝑖+ ⇄ 𝐿𝑖𝑥𝑀𝑛𝑥
𝐼𝐼𝐼𝑀𝑛1−𝑥

𝐼𝑉 𝑂2.109,110  This cation-electron reduction reaction with the transition metal 

is the likely mechanism of charge storage in our cobalt-manganese oxide supercapacitors. 

Cyclic voltammetry (CV) was used to study the charge storage capacity and mechanism in the Co3-

xMnxO4 NP electrodes. In order to select the optimum voltage window, cyclic voltammograms 

were acquired at different potential windows (Figure 6.s3a).  At higher voltage windows the shape 

of CV curves distorts from the quasi-rectangular shape due to peaks from redox reactions (>1.4V 

in Figure 6.s3a). Compared to higher potential windows, the CV recorded at the 1.4 V potential 

window from -1.0 to 0.4 V shows the least deviation from a rectangular shape, which is the ideal 

shape for a capacitor. Figure 6.s3b shows the calculated coulombic efficiencies for different 

voltage windows (see 6.6 Supporting Information).  The potential window of 1.4 V operates at 

a coulombic efficiency of ~95%. At higher voltage windows the coulombic efficiency gradually 
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drops, which may be due to irreversible reactions induced by over-charging,111 and faradaic peaks 

begin to appear. It is important to use the maximum possible voltage to achieve the highest energy 

density and capacity while maintaining a nearly rectangular CV. Therefore, 1.4 V was selected as 

the fixed potential window for all electrochemical analysis. The corresponding CV curves acquired 

at a scan rate of 25 mV/s in the voltage range of -1.0 to 0.4 V are shown in Figure 6.4a.  
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Figure 6.4. (a) Cyclic voltammograms of Co3O4 and Co3-xMnxO4 electrodes for the six 

stoichiometries tested (x=0 to x=2.54) (acquired at a sweep rate of 25 mV/s). (b) Cyclic 

voltammograms of Co3-xMnxO4 (x=1.49) acquired in -1.0 to 0.4 V voltage window at 10, 25, and 

50 mV/s sweep potentials. (c) Current density (at -0.3 V) as a function of sweep rate for different 

Co3-xMnxO4 compositions. Solid lines and dashed lines are linear fits to the anodic and cathodic 

contributions, respectively. The Co3-xMnxO4 (x=1.49) shows the highest current output at sweep 

rates from 5 to 50 mV/s. (d) Discharge profiles recorded at a constant current density of 1 A/g for 

Co3-xMnxO4 compositions. (e) Discharge profile for the Co3-xMnxO4 (x=1.49) electrode for 

different constant current densities. (f) Calculated specific capacitance at different constant 

discharge current densities for Co3-xMnxO4 (x=1.49) electrode.  

 

The CV curves for the different Co:Mn compositions show a quasi-rectangular shape, indicating 

the combination of an electric double layer and redox activity of the metal oxides (Figure 

6.4a).112,113 The small size of these nanoparticles helps facilitate the formation of a high-capacity 

electrical double layer due to the high surface area of the electrodes.  The CV of the x=1.49 

electrode shows the highest output current density and integrated total charge of all the Co:Mn 

samples. These CV curves indicate that as the Co:Mn content increases from x=0 (Co3O4) to 

x=1.49, the current density and integrated charge increases, and then reaches a maximum at the 

x=1.49 composition.  After this point, the addition of Mn in the precursor significantly decreases 

the performance of the material as measured by CV (the maximum current density decreases; see 

Table 6.s3 in supporting materials).  Based on our electrochemical analysis (details to follow), the 

x=1.49 sample corresponds to the optimum composition for electrochemical capacitive charge 

storage.  

We will now examine the results of our two-electrode devices in more detail. It is interesting to 

note that the x=2.54 sample, which consists of the highest amount of Mn, displays a much lower 

current density compared to pure Co3O4. It is known that the Mn-based metal oxides have poor 

electrical conductivity compared to cobalt oxides,90,92,114 therefore, the Mn-rich samples could be 

exhibiting poor performance due to the inherently poor electrical conductivity of the Mn-oxides. 
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It has been previously shown that high capacities can be achieved from a combination of two or 

more transition metal oxides because the composite can possess the advantages of all compositions 

during the charge-discharge process.115,116 It is known that cobalt oxides have a higher oxidation 

potential than manganese oxides, while manganese oxides can have multiple oxidation states that 

can undergo redox during charge and discharge, enabling cobalt manganese oxides to deliver 

higher capacity.117 Previous work has reported maximum electronic conductivity in Co3-xMnxO4 

dense ceramics when x≈1.25.114  

To analyze the retention of capacitive properties of the top-performing x=1.49 NP electrode, CV 

curves were recorded at different voltage scan rates (10, 25, and 50 mV/s; Figure 6.4b). A key 

indicator of performance is the ability to retain the capacitive properties of a supercapacitor at 

higher scan rates.  The x=1.49 NP electrode shows a quasi-rectangular shape at 50 mV/s, delivering 

an output current density of 4 A/g. Figure 6.s4 compares the stored charge of x=1.49 and x=0 

(Co3O4) NP electrodes at sweep rates from 5 to 50 mV/s with a voltage window of 1.4 V, which 

corresponds to charge/discharge time between 28 to 280 s. Compared to the Co3O4 electrode, the 

Co3-xMnxO4 (x=1.49) electrode can store ~5 times more charge.  The anodic and cathodic current 

densities were further analyzed as a function of sweep rate to understand the linearity of the 

average current density with different sweep rates (Figure 6.4c and Table 6.s3). For the 

compositions tested, the behavior of the current density with different sweep rate has two 

distinguishing features: First, the x=1.49 sample exhibits the highest current output at a 50 mV/s 

sweep rate; and second, only the Co3O4 and the x=1.49 samples have an output current that varies 

linearly with the range of the sweep rate.  

Electrochemical analysis of the Co3-xMnxO4 electrodes was conducted using galvanostatic charge-

discharge at a constant current density for the Co3-xMnxO4 compositions (Figure 6.4d)118–120. The 
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x=1.49 ratio sample displays the longest time to discharge, which is an indication of the highest 

redox activity among the samples (assuming the surface capacitive charge is equal between 

samples; see Figure 6.s5 for charge/discharge curves at a constant current density).  The discharge 

profiles for different compositions (Figure 6.4d) appear to have two distinct regions of behavior: 

1) A steep voltage drop (0 to ~20 sec) at higher voltages suggests an initial high charge transfer 

resistance.121 This behavior is associated with the electronic conductivity and the ability of the ions 

to access the redox materials. This could also be due to internal resistance in our system since there 

are no carbon conductor additives between nanoparticles; and 2) A near-linear decrease in voltage 

at lower voltages, with no voltage plateaus, suggests the balanced effect of both double layer and 

redox activity during the discharge process, leading to capacitive behavior.122  

To analyze the discharge profile of the top-performing x=1.49 NP electrode, we evaluated the 

electrochemical characteristics using galvanostatic discharge from 1.4 to 0 V with different current 

densities (Figure 6.4e). Charge and discharge profiles were recorded at a constant current density 

of 0.25 A/g.  The energy density (E), power density (P), and specific capacitance (Csp) of the device 

were calculated according to the equations (6.5), (6.6) and (6.7): 

 

 𝐸 = ∫
𝑉∙𝐼∙𝑑𝑡

𝑚
           (6.5) 

     𝑃 =
𝐸

∆𝑡
            (6.6) 

𝐶𝑠𝑝 =
𝐼∙∆𝑡

∆𝑉
∙

1

𝑚
           (6.7) 
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Where I is the constant discharge current density, Δt is the discharge time, ΔV is the voltage 

difference measured after the initial (occurring in the first ~0.001 seconds) internal resistance 

(“IR”) voltage drop (voltage difference between the end of charge/discharge and the beginning of 

next discharge/charge, due to current flowing across the capacitor's internal resistance) and m is 

the total mass of the active material.45,111 Figure 6.4f shows the specific capacitance calculated for 

the x=1.49 electrode at different constant current discharge conditions. The specific capacitance is 

173 F/g at current density of 0.15 A/g, 144 F/g at 0.2 A/g, and retains a robust 116 F/g at current 

density of 0.7 A/g, indicating a stable and high capacitive performance.  

Discharge analysis results for electrodes with different compositions are shown in Figure 6.5 (and 

tabulated in Table 6.s4), which clearly demonstrate the anomalous improvement in performance 

by the x=1.49 Co:Mn composition compared to the other compositions. The x=1.49 NP electrode 

shows an energy density of 26.6 Wh/kg with 173.6 F/g specific capacitance at a 0.1 A/g constant 

current discharge. The x=1.49 NP electrode delivered the highest power density of ~3,800 W/kg 

at a 5 A/g constant current discharge. The energy density and power density delivered by the 

x=1.49 NP electrode is ~6 times and ~3 times higher, respectively, than that of the pure Co3O4 

electrodes (see Table 6.s4). The energy density of the x=1.49 sample is twice as high as the next 

highest-performing composition (the x=0.76 electrode).  The x=1.49 electrode delivers higher 

specific capacitance than all other compositions with nearly 2× the performance of the next-highest 

performing composition (x=0.76) and nearly 5× the performance of Co3O4. Figure 6.s6 shows the 

cyclic voltammograms of the Co3O4 and Co3-xMnxO4 (x=1.49) electrodes plotted as specific 

capacitance (dQ/dV, where Q is charge) vs the cell potential, which confirms the improved 

capacitive behavior of the x=1.49 NP electrode. The higher specific capacitance (Table 6.s4) and 
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higher current density (Figure 6.4c)111 indicate faster charge transfer kinetics observed for the 

x=1.49 electrode.  

 

Figure 6.5. Calculated values of (a) energy density, (b) power density and (c) specific 

capacitance for Co3-xMnxO4, x=0, 0.22, 0.76, 1.49, 1.89, and 2.54. To obtain the energy density 

and specific capacitance, the electrodes were discharged at a constant current density of 0.1 A/g. 

To obtain the maximum power density the supercapacitors were discharged within ~5s. The 

x=1.49 composition shows the highest energy density, power density, and specific capacitance.  

 

(a)

(b)

(c)

Co3-xMnxO4

x=0 0.22 0.76 1.49 1.89 2.54
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To characterize the transport kinetics of charged species, electrochemical impedance spectroscopy 

(EIS) was employed for the pure Co3O4 (x=0), the x=1.49 (equal Co/Mn) and the x=2.54 (Mn-rich) 

electrodes.  The impedance response to frequency is expressed as a Nyquist plot, which shows the 

real and imaginary part of the impedance, with the real part plotted on the x-axis and the negative 

of the imaginary part on the y-axis, each point on the plot representing the impedance at a given 

frequency. The Nyquist plot is plotted over the frequency range of 100 kHz to 100 mHz for the 

x=0 (Co3O4), x=2.54, and x=1.49 supercapacitors (Figure 6.6a), with the frequency decreasing 

moving from left to right (see 6.6 Supporting Information for details on EIS). 

The impedance behaviors of the samples show similar characteristics, consisting of a semicircle 

associated with charge transfer across the double layer and a straight line in the low frequency 

region, with the knee frequency point defined as the crossover between these regions. It is apparent 

from the impedance spectra that the charge transfer resistance Rct (equivalent to the diameter of 

the semicircle) is much lower for the x=1.49 electrode as compared to the Co3O4 and x=2.54 

electrodes, and the knee frequency for the x=1.49 electrode is higher. The knee frequency (see 

Figure 6.6a) for the Co3O4 electrodes is  ̴ 5Hz for x=0,   ̴7Hz  for x=2.54, and  ̴10Hz for x=1.49, 

thus indicating that the x=1.49 electrode delivers its stored energy almost two times faster than 

does the Co3O4 electrode. In general, supercapacitors demonstrate resistive behavior at high 

frequencies and capacitive behavior at low frequencies, with the sharp linear increase in Z” at 

lower frequencies being characteristic of capacitive behavior.123 Our impedance results indicate 

the x=1.49 sample operates in a much more capacitive mode than does the Co3O4 sample and the 

Mn-rich x=2.54 sample.  

To model the impedance, suitable values for the corresponding equivalent circuit elements were 

fitted from the experimentally-observed frequency dependent spectra (inset of Figure 6.6a).124 
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The fitted values of the electrolyte resistance (Re) were of the order of 10 Ohms and roughly the 

same for all the supercapacitors tested, hence we attribute this resistance value to the electrolyte 

and the coin cells configuration that was identical for all the cells. The Rct values modelled for 

x=1.49, x=2.54, and x=0 (Co3O4) are 37.8, 92.5, and 218.7 Ω, respectively, indicating x=1.49 has 

a significantly lower barrier than the x=2.54 and Co3O4 electrode for charge transfer past the double 

layer. These EIS results show that the x=1.49 electrode exhibits faster charge transfer kinetics and 

better capacitive performance than the x=2.54 and Co3O4 electrodes.  

 

Figure 6.6. (a) Comparison of Nyquist plots of electrodes with Co3-xMnxO4 composition x = 0, 

1.49, and 2.54. Inset shows the modeled equivalent circuit. (b) Illustration of the contributions 

from the capacitive Qs (green) and diffusion-controlled Qd (red) charge to the total charge stored, 

at different sweep rates, for the x=0 and x=1.49 compositions. (Solid bars are x=1.49 and striped 

patterns are x=0, Co3O4). (c) Comparison of Ragone plots for Co3-xMnxO4 compositions. (d) 

Retention of capacitance as a function of cycles for the x=0 and x=1.49 electrodes.  The cell was 

dis/charged at 0.25 A/g constant current over 300 cycles. 
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To further understand the improved charge transfer kinetics of the x=1.49 electrode, the 

contributions of the capacitive and diffusion effects on the total charge was analyzed based on 

previous methods.65,111 The total current response of the electrode as measured with CV depends 

on the surface capacitive charge (Qs) and diffusion-controlled charge (Qd). Qs and Qd contribute 

to the total volumetric charge response (Qt) of the electrode according to equation (6.8): 

    Qt    Qs  Qd           (6.8) 

The capacitive charge contribution (Qs) is mainly due to the charge generated at the electrode-

electrolyte interface and is not expected to depend on sweep rate. Due to the faster charge transfer 

kinetics, Qs can be considered as a combination of both faradaic supercapacitance and electric 

double layer capacitance,111 while the diffusion charges Qd are generated from redox reactions 

within the bulk and have slower kinetics compared to the capacitive charges. Semi-infinite linear 

diffusion is assumed for the diffusion processes of Qd, and thus Qd varies as the reciprocal square 

root of sweep rate ().125 The outer charge, Qs, should not depend on .126 Cyclic voltammetry 

(CV) can be used to analyze these two charge components by measuring the dependence of the 

sweep rate and on total charge contribution (Qt), following equation (6.9):111 

      Qt    Qs  k-1/2          (6.9) 

where k is a constant.  Thus, Qs can be determined by plotting Qt against the reciprocal of the 

square root of potential sweep rate (-1/2). The deviation of the linearity at high sweep rates is an 

indication of polarization effects (cell resistance) and is ignored in this equation.111,127 The separate 

contributions from diffusion and capacitive charges to the total charge for four sweep rates are 

illustrated in Figure 6.6b, derived from analysis of the sweep rate dependence on total charge 

(Figure 6.s7 and Table 6.s5). The solid bars represent the total charge contribution for each sweep 
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rate of the x=1.49 electrode, while cross-hatched bars represent the Co3O4 electrode. The total 

charge (each full vertical bar) is divided into the independent contribution of the diffusion 

controlled and capacitive controlled (red and green, respectively) capacities. The charge 

contribution analysis clearly shows that capacitive charge storage is the significant contribution 

for total charge storage for x=1.49 electrode in all sweep rates, while the Co3O4 electrode is mainly 

diffusion-charge dominated (Figure 6.6b and Table 6.s5). The contributions of capacitive 

processes at 10 mV/s for the x=1.49 electrode and the Co3O4 electrode are 63.8 % and 28.8%, 

respectively. The capacitive process of the x=1.49 electrode at 50 mV/s sweep rate contributes 

81.5%, but in the case of Co3O4 contributes only 52.9 % (see Table 6.s5 for details). Diffusion-

controlled electrodes are known to exhibit slow charge transfer kinetics with slow movement of 

the ions in both electrode and electrolytes. Based on the diffusion and surface capacitive charge 

analysis for both x=1.49 and Co3O4, this is likely the cause of the low energy density, power 

density, and specific capacitance of the Co3O4 electrode.  A significant contribution of capacitive 

charges from the x=1.49 particles is mainly due to the faradaic supercapacitance arising due to the 

Co and Mn mixed oxidation states and low charge transfer resistance.128 Since it is common to add 

carbon materials (serving as electronic conduction paths) to nanoparticles in supercapacitor 

electrodes, it is surprising that, despite the absence of carbon in the x=1.49 electrode, the capacitive 

contribution of the x=1.49 electrode is high. We have previously shown that enhanced electronic 

carrier transport performance in NP electronics processed by EPD can be attributed to better inter-

particle coupling.97 It is likely that the enhanced carrier transport is aiding the performance of the 

electrode, beyond what would be expected in the absence of conductive carbon.  We have also 

observed that EPD can be used to form additive-free high-performing catalyst electrodes98 and Li-

ion battery anode electrodes.96 Our present observation now indicates that EPD can also be an 
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effective tool for creating high-performing supercapacitor electrodes with large capacitive 

contributions without the use of carbon additives.  

Analysis of overall energy and power density performance over a range of constant current 

discharges provides the rate capability of the electrodes.  Figure 6.6c shows the Ragone plot for 

Co3-xMnxO4 electrodes with different Co and Mn compositions. The plot shows that the x=1.49 

cell delivers high energy and high power density while maintaining a much higher overall 

performance throughout a wide range of constant current discharge conditions. Based on the EIS 

data and the Ragone plot analysis, the x=1.49 electrode delivers the highest overall performance 

and further confirms the feasibility of x=1.49 as the ideal composition for a wide range of current 

densities. To evaluate the cycle performance of the x=1.49 electrode, the capacitance retention was 

calculated and plotted against the cycle number (Figure 6.6d). Compared to Co3O4, the x=1.49 

material shows excellent stability over 300 charge-discharge cycles at a constant current of 0.25 

A/g. The capacitance retention decreases in first 25 cycles for both electrodes. This may be due to 

the irreversible reactions before establishing the reversible cycling. Over 300 cycles the overall 

capacitance retention for the x=1.49 electrode was stable at above 80%, while capacitance retention 

of Co3O4 electrode slowly drops. This is a clear evidence for higher reversibility and the stability 

of x=1.49 material for long term cycling. 

A comparison of the capacitive performance of these active materials has also been carried out 

using a three-electrode setup; these results are shown in Figure 6.s8. The results show the absence 

of well-defined faradaic peaks, and a similar trend of performance based on the Co-Mn ratio is 

observed (x=1.49 sample shows best performance). The three-electrode experiments show faradaic 

activities with tilted pseudo-rectangular curves, as opposed to the ideal pseudocapacitor profile of 

a rectangle (constant capacitance throughout the operating voltage window72). We note that the 
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differences in activities between the active material compositions are considerably reduced when 

the materials are tested in a three-electrode configuration, and the measured capacity of the 

electrodes is also reduced compared to the cells in the two-electrode configuration (see Table 6.s6 

in the supporting materials).  This implies that there is an influence of the counter electrode in the 

two-electrode capacitor toward effecting a different electrochemical response. It has been shown, 

however, that large errors may result from extrapolating the charge storage capacity obtained from 

three-electrode measurements to working devices.129 The geometries of the three- and two-

electrode cells in this work also differ considerably.  It is evident, however, that both three-

electrode experiments and two-terminal device performances should be analyzed in order to fully 

evaluate a material’s potential in supercapacitive applications (two-electrode), as well as its basic 

electrochemical behavior (three-electrode).48 

To analyze the anomalous increase in supercapacitance performance for the x=1.49 sample, we 

examined the oxidation states through XPS. The Co3-xMnxO4 samples exhibit mixed oxidation 

states of Co and Mn, meaning the solid-state redox couples of Mn3+/Mn2+ and Co3+/Co2+ exist 

within the structure. The presence of these redox couples can generate much higher redox activity 

and improved electrochemical performance of Co3-xMnxO4.
128 Figure 6.7 a,b, and c show the Co 

2p, Mn 2p and O 1s core level spectra, respectively of the x=1.49 NPs. The XPS spectrum of Co 

2p, Mn 2p and O 1s were de-convoluted by Gaussian–Lorentzian curve fitting. Two distinct peaks 

at 779.9 eV and 795.1 eV can be attributed to the 2p3/2 and 2p1/2 of Co, respectively, and two broad 

satellite peaks occur at 785.6 and 803.5 eV (Figure 6.7a).130,131 The two main peaks can be 

deconvoluted into the contributions of 3+ and 2+ ions.132–134 The presence of both Co3+ and Co2+ 

confirms the Co3O4 phase in Co3-xMnxO4 NPs. The peaks centered at binding energies of 642.1 

and 653.5 with the spin-orbit splitting of 11.4 eV correspond to Mn 2p3/2 and 2p1/2, respectively 
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(Figure 6.7b).131 The de-convoluted Mn 2p3/2 spectrum consists of two small peaks centered at 

641.2 eV and 643.2 eV, which correspond to Mn3+ and Mn2+
, respectively.117 The XPS spectrum 

of O 1s core electrons shows two fitted peaks: one centered at 529.6 eV corresponds to oxides 

from Co and Mn oxides, and a broad peak at 531.5 eV is mainly due to hydroxyl groups of adsorbed 

water (Figure 6.7c).131 The presence of more Co3+ and Mn3+ could explain a higher redox activity 

of the x=1.49 NP electrode; therefore, it is important to understand the relationships between 

stoichiometry, the oxidation states of the Co and Mn ions, and the resulting effect on 

electrochemical behavior of the Co3-xMnxO4.  The ratios of Co3+/Co2+ and Mn3+/Mn2+ in our 

samples were obtained by de-convoluting the XPS spectra (Table 6.2 and Table 6.s2).135,136 Based 

on the XPS analysis, the x=1.49 sample has a nearly equal value for the Co3+/Co2+ ratio and the 

Mn3+/Mn2+ ratio, compared to the other samples. It is possible that these related values could point 

to some ideal mixing condition whereby a synergistic increase in performance results from a near-

identical average valence for Co and Mn.   With the large amount of both Co3+ and Mn3+, more 

electrons can contribute in the redox process, thus resulting in higher energy storage capacity. 

More work is necessary to understand the extent of these effects.  

 

 

Figure 6.7. X-ray photoelectron spectroscopy of the x=1.49 Co3-xMnxO4 sample: (a) Co 2p, (b) 

Mn 2p, and (c) O 1s core electrons. These spectra show that both Co and Mn are present in both 

the 2+ and 3+ oxidation states.  The strong peak of O 1s corresponds to oxygen atoms in oxides 

and the broad peak corresponds to hydroxyl groups of adsorbed water. 
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Table 6.2. Oxidation state ratios obtained by de-convoluting XPS peaks corresponding to Co 

2p and Mn 2p core electrons. 

 

Another possible contribution to the increased performance in the x=1.49 phase is an increased 

electronic conductivity.  The electronic conductivity mechanisms in Co3-xMnxO4 have previously 

been found to be mediated by the hopping of polarons between cations with different oxidation 

states that sit on equivalent crystallographic sites.114 These previous studies also found that the 

highest electronic conductivity occurs in Co3-xMnxO4 (x≈1.25).114  The conductivity greatly 

decreases with further increased Mn content: the conductivity for the x≈1.49 composition is about 

6 times greater than for the x≈1.89 composition,114 possibly explaining our observed rapid decline 

in supercapacitor performance with only a small increase in Mn content. 

Under the influence of both factors described above, the highest performance sample should 

possess a high ratio of both Co3+/Co2+ and Mn3+/Mn2+ to enable the capture of more electrons in 

the redox activity when the 3+ cation reduces to the 2+ state. At the same time, the samples cannot 

be dominated by the 3+ cation because the Co3+/Co2+ and Mn3+/Mn2+ couples are responsible for 

Co3-xMnxO4 

Oxidation states ratios 

obtained from XPS  

Co3+/Co2+ Mn3+/Mn2+ 

 x=0.22 0.23 5.32 

 x=0.76 0.59 2.19 

 x=1.49 2.89 3.10 

 x=1.89 1.06 12.85 

 x=2.54 1.25 2.93 
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creating polaron hopping sites for transporting the electrons generated in the redox reactions. 

Based on the XPS oxidation states ratios data, the Co3-xMnxO4 (x=1.49) samples is the best fit 

towards these two criteria. This could be an explanation for the anomalous increase in the 

electrochemical performance of Co3-xMnxO4 (x=1.49). It should be noted that our work only 

presented six different compositions (including Co3O4) of Co3-xMnxO4. It is possible that even 

better performance can be achieved by finely tuning the x values in Co3-xMnxO4 around the range 

x=1.49. 

 

6.5 Conclusion 

In conclusion, we have developed a scalable hot-injection reaction for the synthesis of colloidal 

Co3-xMnxO4 nanoparticles (NP). The composition of the Co3-xMnxO4 NPs was controlled by 

varying the molar ratios of the Mn and Co carbonyl precursors. Carbon-free and additive-free NP 

electrodes were successfully prepared using electrophoretic deposition (EPD). A peak in 

supercapacitor performance occurs for the Co3-xMnxO4 (x=1.49) NP electrode: this composition 

displayed the highest specific capacitance of 173.6 F/g, energy density of 26.6 Wh/kg and power 

density of 3.8 kW/kg compared to all other chemical compositions. Moreover, supercapacitors 

fabricated at the x=1.49 composition exhibit more than ~80% capacitance retention over 300 

charge-discharge cycles, while the capacitance retention of the Co3O4 electrodes steadily 

deteriorates to ~60%. Based on XPS analysis, we find that the highest Co3+/Co2+ and Mn3+/Mn2+ 

ratios occur for the x=1.49 composition, and these ratios are nearly equal between the Co and Mn 

metals.  This interesting concurrence between the redox couples, along with previously reported 

increased conductivity around x=1.25, could be the cause for the increased supercapacitance for 

the x=1.49 composition. Overall, the reported facile method to synthesize colloidal Co3-xMnxO4 
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NPs and integrate them into additive-free electrodes through EPD shows promising potential for 

supercapacitor and battery applications. 

Associated Content 

Supporting Information. Further details on microscopy, ICP-MS, XPS, and supercapacitor 
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6.6 Supporting Information 

 

Figure 6.s1.  (a-e) TEM images of Co-Mn metal nanoparticles prepared through thermal 

decomposition of Co2(CO)8 and Mn2(CO)10. The Co:Mn precursor is varied to vary the final 

composition.  The precursor molar ratios of  a) 1:0 b) 1:0.25, c) 1:0.5, d) 1:1, e) 1:2 and f) 1:4. 

TEMs are taken after drop casting sample solutions onto TEM grids (metal NPs) and direct 

annealing of the same grids in air (metal oxide NPs). 
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Figure 6.s2.  (a), (b), (c) HAADF STEM images of Co3-xMnxO4 (x=1.49) nanoparticles (above) 

and corresponding direction in the spinel lattice (below). (d) HAADF STEM image (top) and EELS 

elemental mapping (bottom) of a typical nanoparticle in the Co3-xMnxO4 (x=1.49) sample. (e-f) 

Annotated HAADF image of main text Figure 6.2c showing intermixing of heavy atoms (Co) in 

the shell. Some of the brighter atomic columns, representing a higher presence of Co, are marked 

with arrows (e). A line profile (g) taken across the surface atoms along a facet (f) shows variation 

in intensity between columns suggesting different amounts of Co present in each atomic column. 
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Table 6.s1.  Precursor ratios and sizes of as-synthesized Co-Mn metal nanoparticles. 

 

 

Table 6.s2.  ICP-MS and XPS analysis of Co3-xMnxO4 samples. The ratios of oxidation states 

were obtained using the area under the curve of de-convoluted Co 2p and Mn 2p XPS spectra.  

Precursor ratio 

(Co:Mn) 

Mean size and std. dev. of as-

synthesized NP (nm) 

1:0 (Co) 5.66 ± 2.21 

1:0.25 2.79 ± 0.59 

1:0.5 4.34 ± 0.71 

1:1 3.87 ± 0.80 

1:2 3.01 ± 0.49 

1:4 3.05 ± 0.44 

 

Precursor 

ratio (Co:Mn) 
ICP-MS 

analyzed 

ratio 

(Co:Mn) 

ICP-MS 

calculated x 

values 

Oxidation states ratios 

obtained from XPS  

 Co3+:Co2+ Mn3+:Mn2+ 

Co3O4 1:0 1:0 x=0  0.545 0 

Co3-xMnxO4   

1:0.25 1:0.077 x=0.22 0.23 5.32 

1:0.5 1:0.336 x=0.76 0.59 2.19 

1:1 1:1.008 x=1.49 2.89 3.10 

1:2 1:1.698  x=1.89 1.06 12.85 

1:4 1:5.650 x=2.54 1.25 2.93 
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Figure 6.s3. a) Cyclic voltammograms recorded at different voltage windows to optimize the 

working potential window. b) Dependence of coulombic efficiency with different voltage windows.  

 

 

Figure 6.s4. Kinetic behavior of Co3-xMnxO4 x=1.49 and x=0 (Co3O4) NP electrodes in -1.0 to 

0.4 V voltage window. The charge/discharge time is between 28 and 280 s, which corresponds to 

the sweep rates from 5 to 50 mV/s.  
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Figure 6.s5. Cell voltage vs. charge and discharge time of an electrode having the x=1.49 

composition, recorded at 1 A/g constant current density.  

 

 

Figure 6.s6. Specific capacitance response to voltage for Co3-xMnxO4, x=0 and x=1.49 

electrodes at a scan rate of 25 mV/s. 
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Table 6.s3. Average anodic and cathodic current densities for Co3O4 and Co3-xMnxO4 with 

different compositions of Co3-xMnxO4: (I) x=0.22; (II) x=0.76; (III) x=1.49; (IV) x=1.89; (V) 

x=2.54, and (VI) x=0 (Co3O4) at 10, 25 and 50 mV/s sweep rates. 

 

 

 

 

 

 

 

 

 

 

 

 I II III 

Sweep rates 

(mV/s) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

10 0.391  -0.362  0.690  -0.942  1.156  -1.151  

25 0.790  -0.556  1.512  -2.346  2.698  -2.839  

50 1.024  -0.324  2.281  -2.207  4.722  -5.101  

 IV V VI 

Sweep rates 

(mV/s) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

Anodic 

(A/g) 

Cathodic 

(A/g) 

10 0.948  -1.032  0.141  -0.220  0.143  -0.295  

25 1.395  -1.701  0.089  -0.211  0.304  -0.530  

50 3.216  -2.679  0.247  -0.255  0.549  -0.851  
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Table 6.s4. Comparison of energy density, power density and specific capacitance of Co3-

xMnxO4  (x=0.22), Co3-xMnxO4  (x=0.76), Co3-xMnxO4  (x=1.49), Co3-xMnxO4  (x=1.89), Co3-

xMnxO4  (x=2.54), which represents Co:Mn ratios of  (x=0.22), (x=0.76), (x=1.49), (x=1.89) and 

(x=2.54) respectively. Energy and power density were calculated at constant current densities 

ranging from 0.1 A/g to 5.0 A/g. Energy density, power density and specific capacitance were 

normalized to the weight of the active electrode material, which is the total weight of electrode 

materials in our study since our active materials are additive-free.  

 

 

Table 6.s5.  Calculated values for Qs and Qd for Co3O4 and Co3-xMnxO4 (x=1.49) electrodes 

for different sweep rates. It is assumed that Qs behaves linearly with the range of sweep rates.  

 Energy density 

(Wh/Kg) 

Power density 

(W/Kg) 

Specific 

capacitance 

(F/g) 

Co3O4 4.9 1200.0 36.2 

Co3-xMnxO4  (x=0.22) 10.7 402.2 61.6 

Co3-xMnxO4  (x=0.76) 12.0 492.3 98.9 

Co3-xMnxO4  (x=1.49) 26.6 3848.0 173.6 

Co3-xMnxO4  (x=1.89) 2.7 475.9 27.6 

Co3-xMnxO4  (x=2.54) 1.6 334.5 8.3 
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Figure 6.s7. The plot of total gravimetric charge against the reciprocal of the square root of 

potential sweep rate for a) Co3O4 b) Co3-xMnxO4 (x=1.49) electrodes. Inset equations show the 

relationship between Qt and Qs according to equations (6.8) and (6.9). 

 

Three-electrode experiments 

The voltammetric behavior of the Co3-xMnxO4 electrodes was also examined using a three-

electrode configuration. An oxidized Co3-xMnxO4 working electrode was attached to a wire using 

silver epoxy (EPO-TEK H20E, Ted Pella Inc.) and placed in a hanging meniscus configuration by 

touching it to the surface of the 1M LiTFSI electrolyte. A piece of Li foil (Sigma-Aldrich) was 

used as a reference electrode, and a piece of carbon fiber paper served as the counter electrode. 

The glass cell was filled with electrolyte and assembled in a glove box, and it was isolated from 

the outside atmosphere during testing by maintaining a positive pressure of dry nitrogen inside the 

cell. The open-circuit potential of the as-assembled cell was consistently about 3.4 V vs Li/Li+, 

regardless of the film composition. The reference electrode was allowed to equilibrate by letting 

the cell stand for about an hour before beginning cycling. The stability window of this electrode 

was estimated to be about 1.1 V (from 2.4 to 3.5 V vs. Li/Li+) from preliminary cyclic 

voltammetric tests. This is comparable to the window in the two-electrode asymmetric capacitor. 

The electrodes were thereafter tested in this window by CVs at scan rates of 5, 10, 25, and 50 

mV/s. 
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Figure 6.s8. Cyclic voltammograms recorded in three-electrode experiments using a scan rate 

of 50 mV/s. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.s6. Comparison of specific capacitances of Co3-xMnxO4  (x=0.22), Co3-xMnxO4  

(x=0.76), Co3-xMnxO4  (x=1.49), Co3-xMnxO4  (x=1.89), and Co3-xMnxO4  (x=2.54) from three-

electrode measurements. Specific capacitance were normalized to the weight of the active 

electrode material.  

 

 

 Specific capacitance 

(F/g) 

Co3O4 43.3 

Co3-xMnxO4  (x=0.22) 28.2 

Co3-xMnxO4  (x=0.76) 30.7 

Co3-xMnxO4  (x=1.49) 77.2 

Co3-xMnxO4  (x=1.89) 75.2 

Co3-xMnxO4  (x=2.54) 72.6 
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Supporting Materials for Calculations 

 

1) Energy density, power density and specific capacitance 

Based on data from a voltage-vs-time (V-t) dis/charge curve with known dis/charge current, the 

formula for calculating energy density E, power density P and specific capacitance Csp are:45,137,138  

       𝐸 = ∫
𝑉∙𝐼∙𝑑𝑡

𝑚
=

𝐼

𝑚
∙ ∫ 𝑉 ∙ 𝑑𝑡 = (𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦) ∙ (𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑣𝑒)    (6.s5) 

𝑃 =
𝐸

∆𝑡         (6.s6) 

                   𝐶𝑠𝑝 =
𝐼∙∆𝑡

∆𝑉
∙

1

𝑚
        (6.s7) 

Where V is the voltage at time t in the dis/charge curve, ΔV and Δt are the voltage window and the 

time duration of the dis/charge curve, respectively, I is the current applied to the supercapacitor, 

and m is the mass of electrode materials. 

When calculating the quantities above, we first measure and collect the dis/charge data as a 

function of various dis/charge currents. Then the voltage-vs-time information along with “area 

under discharge curve” can both be analyzed. Since the mass of electrode materials has already 

been measured, all quantities above can be found. 

An example calculation is below: 

We have a supercapacitor made from Co-Mn oxides with x=1.49 molar ratio. The mass of 

electrode materials is 



m  0.10 mg . The current we use for charge-discharge process is
 



I  0.015 mA. Thus the current (mass) density is 𝑖 =
𝐼

𝑚
= 0.15 𝐴/𝑔. The voltage range is from 0 

V to 1.4 V. We usually let the capacitor charge and discharge for 3-4 cycles to let the 

electrochemical process stabilize. The discharge curve of the 3rd cycle was used for our calculation. 
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At the beginning of each discharge, there is always a small IR voltage drop due to intrinsic 

resistance. The IR drop has very little contribution towards the device’s capacitance. All data taken 

for calculation is after the initial IR drop. Discharge voltage window is recorded as 1.38 V. The 

time duration it takes is 1597.5 seconds. The area below the discharge curve is calculated as 637.2 

sV . Therefore, based on equation (6.5), the energy density is calculated as 

𝐸 = 0.15
𝐴

𝑔
∙ 637.2 𝑉 ∙ 𝑠 = 95.58 𝑊 ∙

𝑠

𝑔
= 26.55 𝑊 ∙ ℎ/𝑘𝑔 

The average power density P from equation (6.6) is 𝑃 =
𝐸

∆𝑡
=

95.58 𝑊∙
𝑠

𝑔

1597.5 𝑠
= 59.83

𝑊

𝑘𝑔
 . 

The specific capacitance C from equation (6.7) is 𝐶 =
0.15 

𝐴

𝑔
∙1597.5 𝑠

1.38 𝑉
= 173.64

𝐹

𝑔
 .  

Calculation of energy density, power density and specific capacitance for other devices all follow 

the same procedure demonstrated above. 

 

2) Surface capacitive charge vs diffusion controlled charge 

The total voltametric charge Qt is composed of two different parts: surface charge Qs with fast 

kinetics, including both electrical double-layer charge and faradaic redox-activity induced charge, 

as well as diffusion controlled charge Qd with slow kinetics, typically intercalation of ions into 

electrode materials layers. 

𝑄𝑡 = 𝑄𝑠 + 𝑄𝑑         
(6.s8) 
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With the assumption of semi-infinite linear diffusion4, Qt varies as the inverse of the square root 

of voltage scan rate: 

𝑄𝑡 = 𝑄𝑠 + 𝐶𝑜𝑛𝑠𝑡 ∙
1

√𝜈
        (6.s9) 

In this model, Qs is assumed to be independent of scan rate, when our scan rate is low. Higher scan 

rates can deviate the equation from linearity. That is an indication of polarization, which is not 

considered in this model.111 With a preset voltage scan rate v (V/s), the total capacitive charg e Qt 

can be found as: 

      𝑄𝑡 = ∫ 𝐼 ∙ 𝑑𝑡 = ∫ 𝐼 ∙
𝑑𝑉

𝜈
=

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝐶𝑉 𝑐𝑢𝑟𝑣𝑒

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒
     (6.s1) 

Therefore, if we plot different Qt versus different scan rates v, both Qs and Const can be obtained 

through linear curve fitting and extrapolation. Then Qd can be found as  

𝑄𝑠(𝜈) = 𝐶𝑜𝑛𝑠𝑡 ∙
1

√𝜈
= 𝑄𝑡(𝜈) − 𝑄𝑠         (6.s2) 

An example of calculation is demonstrated below: 

A coin-cell type supercapacitor was fabricated using Co-Mn oxides with x=1.49 molar ratio. 

Current-voltage (CV) curves were taken under different voltage scan rates. At a scan rate of 10 

mV/s, the total capacitive charge Qt calculated from equation (6.s1) is to be 312.39 C/g. At 25 V/s, 

𝑄𝑡 = 287.92 𝐶/𝑔. At 50 mV/g, 𝑄𝑡 = 244.40 𝐶/𝑔. Qt at other sweep rates are also calculated. 

These results are then plotted against the inverse of √𝜈. A linear fitting is then performed, as shown 

in Figure 6.s6b. 

 



115 
 

The parameters are extrapolated and the Qs, which are just the intercept on y-axis, can be obtained 

as 199.21 C/g. Then the scan-rate-dependent diffusion charge is just 𝑄𝑑(𝜈) = 𝑄𝑡(𝜈) − 𝑄𝑠 . Final 

results are shown in Figure 6.5b, where the total charges at different scan rates are represented by 

the overall bars, while the red and green parts represent diffusion controlled charge and surface 

capacitive charges, respectively. 

 

3) Coulombic Efficiency 

We used the charge-discharge curve to calculate the coulombic efficiency. The formula is shown 

below: 

𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐶ℎ𝑎𝑟𝑔𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝐶ℎ𝑎𝑟𝑔𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
=

𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒∙𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐼𝑐ℎ𝑎𝑟𝑔𝑒∙𝑡𝑐ℎ𝑎𝑟𝑔𝑒
          (6.s2) 

Where tcharge and tdischarge are the time duration of charging and discharging; Icharge and Idischarge are 

the charging and discharging current, which are equal to each other in our constant-current charge-

discharge. Therefore, the coulombic efficiency is: 

    𝐶𝑜𝑙𝑢𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑐ℎ𝑎𝑟𝑔𝑒
    (6.s3) 

Results for coulombic efficiency are shown in Figure 6.s2b. 

 

 

 

 



116 
 

Supporting Materials for Electrochemical impedance spectroscopy 

Analysis of the electrode/electrolyte interface was conducted via electrochemical impedance 

spectroscopy (EIS) using a Bio-Logic VMP3 multi-potentiostat. EIS was carried out in 

potentiostatic mode at a fixed bias voltage of 0.45V and kept under equilibrium for 60 minutes 

before measurement. A small AC current was passed and the AC voltage response was measured. 

The Nyquist plot shows the imaginary part of impedance vs real impedance, with the Y-axis in 

negative and each point on the plot represents the impedance at a given frequency. 

In the high frequency region, the intercept of semicircle provides the value corresponding to the 

combination of ionic resistance (Re) of electrolyte, contact resistance at interface of current 

collector/active material. The semicircle for both electrodes apparent in the high frequency region 

(f > 100Hz) is due to the presence of the electric double layer. The double layer acts as a parallel 

circuit with the ions present at the electrode interface either 1) accumulating and contributing to 

the double layer capacitance (Cdl) or 2) crossing the electrode interface under a charge transfer 

resistance Rct.
139,140 The charge transfer resistance defines the ease with which charges can cross 

the double layer barrier and move inside the active material, leading to the passage of faradaic 

current. 

In the mid-frequency region of 100Hz to 20Hz, the Warburg diffusion (W) shows a straight line 

with a slope of ~ 45˚, representing the resistive and capacitive behavior of ions diffusing inside the 

pores of the electrode.141 In the capacitive region the ion transport into the micro-pores of the 

material is fast and double-layer systems form.141,142 The “knee frequency” is the maximum 

frequency for capacitive behavior; capacitive behavior is predominant for frequencies below the 

knee frequency.  This knee frequency is associated with the relaxation time of the cell and indicates 

the rate at which stored energy can be accessed and how fast the cell can be charged and 
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discharged.123 For a capacitive material, the stored energy is not fully available above this 

frequency, as the higher rate of polarization change does not allow the ions to fully penetrate the 

pores inside the electrode, hence a high knee frequency is desirable for capacitor applications.143  

To calculate the model parameters, a least-squares fitting method was applied with the objective 

of minimizing the deviations between the observed and modeled spectra. The circuit elements 

(inset of Figure 6.5a) can be individually modeled from the experimentally-observed frequency 

dependent spectra.124 Re corresponds to the ohmic resistance, Rct is charge transfer resistance, Cdl 

is the double layer capacitance at the electrode-electrolyte interface, W corresponds to the Warburg 

impedance, and Cint is the intercalation capacitance. 

 

 

 

 

 

 

 

 

 

 

 



118 
 

Chapter 7. Future Work 

7.1 Oxidation of Fe NPs 

Although the report discusses the local structure of the core and shell, further work needs to be 

done to study the diffusions mechanisms involved. Further, experimental conditions need to be 

refined so as to prevent complete oxidation of Fe NPs and partially oxidized particles can be 

analyzed. 

 

7.2 Co3-xMnxO4 supercapacitors 

Further work needs to be carried out to explain the anomalous increase in performance of 1:1 

samples. We have started a comprehensive study of the structure of these materials using 

synchrotron based x-ray diffraction and x-ray absorption spectroscopy. The site occupation of Co 

and Mn atoms at octahedral and tetrahedral locations might provide an insight into the performance 

of these materials in supercapacitors. Besides, understanding of the mechanism of formation of 

these nanoparticles could be employed for synthesis of tailor-made composition of other transition 

metals for use in redox active devices. 
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