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Abstract

Supercapacitors have emerged as a promising energy storage technology with unique
characteristics that set them apart from conventional batteries and capacitors. Super-
capacitors bridge the gap between these two technologies by combining the high power
density of capacitors with the high energy storage capacity of batteries, offering a com-
pelling solution for various applications. In the pursuit of enhancing supercapacitor per-
formance, magnetite (Fe;O,) has been researched as a potential anode material. Fe;0,
offers several desirable properties, including high theoretical capacitance, low cost, and
environmental friendliness. Compositing Fe;O, with conductive additives has served to
address the issue of limited conductivity in Fe;O, anodes for practical uses, however, a
focus must be shifted to enhancing the capacitive performance of such anodes to unlock
their full potential. Achieving the full potential of Fe;O, for supercapacitor applications
requires addressing challenges in the colloidal fabrication of high-active mass electrodes.
This is done by exploring the exceptional adsorption properties of two dispersing and

capping agents: 3,4-dihydroxybenzoic acid and murexide.

Exceptional adsorption properties of catecholate-type 3,4-dihydroxybenzoic acid molecules
were explored for surface modification of Fe;O, nanoparticles to enhance their colloidal
dispersion as verified by sedimentation test results and Fourier-transform infrared spec-
troscopy measurements. Electrodes prepared in the presence of 3,4-dihydroxybenzoic
acid exhibited nearly double the capacitance at slow charging rates as compared to the
control samples without the dispersant or with benzoic acid as a non-catecholate disper-
sant. Density functional theory analysis of adsorption behaviour of 3,4-dihydroxybenzoic
acid and benzoic acid at the (001) surface of Fe;O, corroborated these experimental re-
sults by providing an understanding of the basic mechanism of 3,4-dihydroxybenzoic

acid adsorption on the surface of nanoparticles.
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Furthermore, murexide for surface modification of Fe;O, nanoparticles effectively en-
hanced the performance of multi-walled carbon nanotube-Fe;O, supercapacitor anodes.
Our experimental results demonstrate significant improvements in electrode performance
when murexide is used as a capping or dispersing agent compared to the case with no
additives. From impedance measurements, we revealed a substantial decrease in the real
part of impedance for samples prepared with murexide, indicating easier charge transfer
at more negative electrode potentials, and reinforcing the role of murexide as a capping
agent and charge transfer mediator. The theoretical investigation allowed us to identify
the nature of chemical bonds between murexide and the surface, with significant charge

transfer taking place between the Fe3O, surface and murexide adsorbate.
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Chapter 1

Introduction

1.1 Motivation

The pursuit of global energy consumption solutions has spurred extensive research and
development in the realm of alternative energy storage devices. Among these, super-
capacitors have garnered considerable attention owing to their exceptional attributes,
including rapid charge/discharge capabilities, high power density, extended lifespan,
safety, and environmental friendliness. They serve as a vital link between traditional
capacitors and batteries/fuel cells, effectively bridging the gap in terms of power and
energy output. While capacitors excel in delivering higher power density, batteries and
fuel cells outperform in energy density output. The advancement of supercapacitor tech-
nology is primarily driven by its applications in renewable energy sources and electric
vehicle technologies [1]. Notably, supercapacitors are increasingly employed as interim
energy storage for regenerative braking in hybrid and electric vehicles, as well as for man-
aging power fluctuations arising from various renewable energy sources [1]. This rapidly

evolving field, often in conjunction with other energy storage devices such as batteries or
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fuel cells, is witnessing substantial commercial growth and interest. It is projected that
sales will experience a surge from $3.3 billion in 2019 to reach $17 billion USD by 2027
[2]. Despite their immense potential, several fundamental and practical challenges still
hinder the widespread adoption of supercapacitors. These include low energy density,
limited cycling stability, and high cost [3]. Thorough investigation and understanding
of supercapacitor materials, designs, and fabrication techniques are crucial to overcome

these challenges and unlock the full potential of supercapacitor technology.

Materials selection and design will control supercapacitor performance and cost in
the future. These materials are mainly investigated as electrode materials, electrolyte
materials, and current collectors. By utilizing distinct materials for the anode and cath-
ode, a supercapacitor device can optimize its operational voltage window by capitalizing
on the unique potential ranges offered by each electrode [4]. The negative electrodes
display a significantly lower gravimetric capacitance than the positive electrodes, lead-
ing to a greater active mass in the negative electrode needed to match the capacitance
of the positive electrode. This emphasizes the need to increase the specific capacitance
of the negative electrodes, while ensuring excellent performance at high active mass.
Additionally, a decline in specific capacitance is observed as the active mass of capac-
itive material increases, primarily due to the weak electronic and ionic conductivities
[5] of metal oxide-based electrodes. Significant attention must therefore be given to the

development of innovative fabrication techniques and device designs.

1.2 Structure of this thesis

The structure of this thesis is as follows: In Chapter 2, I present fundamental principles
and relevant literature review relevant to my investigation. In Chapters 3 and 4, I
introduce the research problems and objectives, respectively. In Chapters 5 and 6, I

then present the research outcomes achieved during my graduate studies.
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Chapter 2

Literature Review

Increasing demand in the need for global-energy drives the development of alternative
or non-conventional energy sources with high power and energy densities. Batteries, fuel
cells and supercapacitors are typical non-conventional energy devices which are based on
the principle of electrochemical energy conversion. They find widespread applications in
consumer electronics ranging from mobile phones, laptops, digital cameras, emergency
doors and hybrid vehicles etc. In these devices, chemical energy is converted into elec-
trical energy by means of electrochemical reactions. For fuel cells, as long as the fuel is
fed, electrical energy can be obtained. In the case of batteries, the stored energy can be
drawn at the time of need. A supercapacitor is a typical energy storage device (similar
to a secondary battery) which possesses high specific capacitance, high power density

and long cycle life [1].
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Electrical energy can be stored in two fundamentally different ways:

Indirectly in batteries as potentially available chemical energy requiring Faradaic
oxidation and reduction of the electrochemically active reagents to release charges that
can perform electrical work when they flow between two electrodes having different

electrode potentials (i.e., across the voltage difference between the poles of battery cells).

Directly, in an electrostatic way, as negative and positive electric charges on the plates

of a capacitor, a process known as non-Faradaic electrical energy storage [2].
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A notable distinction between capacitors and batteries lies in their kinetic proper-
ties. Unlike capacitors, batteries often experience significant phase transformations in
their electrodes during the cycling process [3]. While intercalation systems may exhibit
minimal phase changes, they still tend to result in kinetic and thermodynamic irre-
versibility [4]. On the other hand, double layer capacitors simply require electrostatic
charge accommodation and involve virtually no phase changes [3]. An important aspect
of understanding the fundamental differences between supercapacitors and batteries is
understanding the different mechanisms that result in energy and charge storage. As
mentioned before reactions that result in this storage can be classified as Faradic or
non-Faradaic in nature. Faradaic reactions mean electron transfer takes place across the
double layers, resulting in a consequent change of oxidation state [3]. Current crosses
the interface by means of an electrochemical reaction such as the reduction or oxidation
of water or some ion. Additionally, there is electron transfer across the electrode, from
a conducting bulk phase (metal electrode) to the electrolyte, or vice-versa. If electrons
move to the electrolyte, the ions (or other molecules) that enter the electrode in reduced
form leave as oxidized species when they return to the electrolyte phase (or alternatively
to another bulk phase, such as a gas phase or solid salt). For Faradaic processes charged
particles transfer across the electrode, i.e., they enter and they leave, coming from one
bulk phase, and either returning to the same bulk phase, or going to another one. In this
case, the charge is never progressively stored in the electrode. One of the bulk phases in
contact with the electrode will be an electrolyte phase (either liquid or solid), in which
ions or uncharged molecules are dissolved (or are a constituent of the solvent), but the
other bulk phase can also be something else, such as a bulk metal phase, as is the case

for a plating reaction [2].

In contrast, in a non-Faradaic electrode process, when current flows, we will notice
that charge is progressively stored. Ions or other species that enter the electrode cannot

leave. This is the case when there is no electrode reaction at all, or the electrode reaction
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involves atoms that are part of the electrode structure itself, or when the reacting species
is oxidized /reduced in the electrode, but then stays there. Charged particles do not cross
the interface, and the current is carried by the charging and discharging of the electrical

double layer.

2.1 Electric Double-Layer Capacitors

Energy storage systems (ESs) typically exhibit higher energy densities compared to con-
ventional capacitors because they utilize the electrical double layer (EDL) effect. ESs
comprise two electrodes with an electrolyte in between. When a potential is applied,
ions from the electrolyte solution gather at the charged electrode’s surface, resulting in
the formation of the EDL. Since this phenomenon is limited to the surface, the charges
stored primarily originate from the electrode’s contact area with the electrolyte. More-
over, the double layer capacitance exclusively relies on electrostatic forces, enabling the

achievement of high power density values.

[
— +
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| N Y
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FIGURE 2.2: Schematic of an EDLC. Reprinted with permission
from [5].


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/materials/

M.A.Sc.— Coulton Boucher; McMaster University— Materials Science & Engineering

Figure 2.2 shows the schematic of an EDLC [5]. The establishment of the electrical
double layer occurs when a metal electrode is immersed in an electrolyte solution con-
taining solvated cations and anions. Upon immersion, the electrons within the metal
migrate towards the surface in response to the presence of solvated species in the elec-
trolyte. This migration disrupts the solution’s neutrality. Initially, water molecules
are the first to migrate from the electrolyte, forming an adjacent H,O plane near the
electrode’s surface, known as the inner Helmholtz plane [6]. Subsequently, a plane of
solvated cations emerges next to the H,O plane, resulting in the formation of the outer
Helmholtz plane, and the Helmholtz potential, Vy, which arises from the charge sepa-
ration between electrons and cations [6], [7]. The high concentration of solvated cations
then establishes a concentration gradient that extends into the bulk of the solution,
giving rise to the Gouy-Chapman potential, Vp. Both Vp and Vg contribute to the

capacitances Cp and Cp, respectively [8].

In EDLCs, energy is stored via electrostatic accumulation of charges at the elec-
trode—electrolyte interface. During the charge/discharge processes, the arrangement of
the charges in the Helmholtz double layer results in a displacement current. Since the
materials can respond quickly to the change of potential and the physical reaction in na-
ture, EDLCs can deliver energy quickly. However, due to the confinement of the electrode
surface, the amount of stored energy is limited and much lower than that of pseudoca-
pacitors and batteries. The double-layer capacitance’s magnitude is approximated by
Equation 2.1, where A is the electrode area, eg and €, are the electric permittivity of free
space and the relative dielectric constant of the electrolyte, respectively, and d distance

from the electrode’s surface to the center of the solvated cations.

(2.1)
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Since the charge spacing is much smaller than that of conventional capacitors (on the
scale of Angstroms) due to the distances of the Helmholtz double layer, EDLCs have a
much higher theoretical capacitance. Additionally, the potential of the electrode has a
linear dependence on the charge and is proportional to the area of the electrode surface
covered by electroactive ions. This is why high surface area electrodes are critical in

device performance.

When the constant Cg; is maintained for EDLCs, the subsequent equation that clar-

ifies the response current I can be determined from the following equation.

I=—=Cy4—. (22)

The response current is directly proportional to the capacitance of the double layer and
the rate at which voltage changes or sweeps. Here, ¢ denotes the duration of charging.
In the event that the applied voltage V' shows a linear variation with respect to time ¢,
such that V' = Vy + vt (where V denotes the initial voltage and v signifies the sweep

rate (V s7! or mV s71), the correlation can be expressed as follows:

I =Cyv. (2.3)

The current exhibits a linear response to the sweep rate, as depicted in Equation
2.3. Consequently, this gives rise to a clearly defined rectangular plot of current (I)
versus voltage (V'), commonly known as a cyclic voltammogram, for diverse sweep rates
(Figure 2.3 A). Conversely, if the capacitor undergoes charging or discharging with a
constant current, the voltage will either increase (during charging) or decrease (during
discharging) at a constant rate, as calculated by Equation 2.3. Consequently, one can

anticipate a triangular charge/discharge curve, as illustrated in Figure 2.3 B [9].
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FIGURE 2.3: (Top) Cyclic voltammogram and (Bottom)
charge/discharge curves for theoretically ideal EDLC.

2.2 Pseudocapacitors

The double-layer capacitance is primarily derived from the electrostatic storage of surface
charge density at the interfaces of the capacitor electrode, without involving Faradaic
processes. In contrast, pseudocapacitors utilize a different energy storage mechanism,
characterized by rapid redox reactions taking place on or near the electrode’s surface.
During charging or discharging, electrosorption occurs along with charge transfer, with-
out significant transformations in the bulk phase. Pseudocapacitance manifests at elec-
trode surfaces, employing a distinct charge storage mechanism that differs from EDLCs.

It exhibits a Faradaic nature, resembling the charge transfer observed during battery

10
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charging or discharging. However, the capacitance is influenced by a unique thermody-
namic relationship that governs the interaction between charge acceptance and poten-
tial variations [10, 11]. Furthermore, pseudocapacitance demonstrates deviations from
the ideal Nernstian process typically observed in battery-type materials, as it involves
faradaic reactions occurring at variable potentials [9]. The classification of pseudoca-
pacitance involves three distinct types, and can be seen in Figure 2.4: underpotential

deposition (UPD), surface redox system, and intercalation system [12].

a b c
(a) .Au Pb2* :( ) RuO, layer :( ) Crystal host g
1 , H - > =
1 0 ” 1 X A . c
'4) P'b . ) L. ., : . ° VeV ?..
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S ><> 18 IS © ®
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P: . ' ' @ o \ o
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FIGURE 2.4: Types of pseudocapacitance: (a) underpotential de-
position, (b) surface redox system, and (c) intercalation system.
Reprinted with permission from [12].

2.2.1 Underpotential Deposition

When a potential is applied to a metal, an adsorbed monolayer will form on the sur-
face due to the reduction of a different metal ion, resulting in a less negative potential
than their equilibrium potential; this process is referred to as UPD. This results in the
adsorption of metal adatoms on the surface of the electrode, and can be denoted in the

following equation [3]:

M™ + S +ne” < SM. (2.4)

11
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In the above equation, M represents a particular metal species, while S stands for a
surface lattice site. In the example of figure 2.4 (a), the Pb?* underpotential deposition
processes taking place at a certain potential on the surface of the Au electrode can

provide pseudocapacitance

2.2.2 Surface Redox System

The redox system is a typical form of pseudocapacitance, where the mechanism involves
the adsorption of electroactive ions onto the surface or near-surface region of electrode
materials. Faradaic charge transfer occurs between the ions in the liquid electrolyte and
the active material of the solid electrode. The active layer in question has the ability
to undergo rapid and reversible redox reactions. This property leads to a significant

increase in capacitance through the reaction denoted as [3]:

Ox + ze™ <> Red. (2.5)

Equation 2.5 presents the reaction that occurs when negative charges accumulate
on the electrode surface due to the movement of electrons. It is crucial to emphasize
that the reactions involving the active material must be reversible. There should be
no degradation of either the reactant or the product, as this fundamental characteristic

distinguishes pseudocapacitive behavior from that observed in batteries [13].

2.2.3 Intercalation

Pseudocapacitance can be observed when rapid redox reactions take place due to the
insertion of protons or alkali metal cations. These reactions can be represented by the
following equations, where M represents a transition metal, H" denotes a proton, and

C™" represents an alkali metal cation [9].

12
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MO, +H" + e~ < MOOH. (2.6)

MO, + C* 4+ e~ < MOOC. (2.7)

During the charging/discharging process, no chemical transformation occurs. How-
ever, reversible faradaic reactions lead to the formation of a functionalized molecular
layer on the electrode surface. The electrode potential shows a linear relationship with
the charge and is directly proportional to the portion of the electrode surface covered by
electroactive ions. Intercalation takes place when ions rapidly transfer into the tunnels
or layers of a redox-active material, without causing a change in the crystallographic
phase. As a result, the material maintains a highly stable structure during electrochem-
ical reactions. It’s worth noting that the previously mentioned Faradaic surface redox
pseudocapacitance is limited to the material’s surface, with electrolyte ions not penetrat-
ing the bulk of the electrode. However, the intercalation process allows ions to occupy
the tunnels or vacancies within the material’s bulk. This intercalation occurs so rapidly
that it resembles the electrode reaction of a supercapacitor rather than a battery. As a
result, intercalation pseudocapacitive materials typically exhibit superior rate capability

compared to battery materials [9].

A big difference in galvanostatic charge and discharge profiles can be seen when
comparing intercalation pseudocapacitance and battery-like intercalation (figure 2.5).
Intercalation pseudocapacitance exhibits a gradual sloping charge-discharge profile sim-
ilar to EDLC and surface-redox pseudocapacitance, whereas battery-like intercalation
processes commonly exhibit distinct plateaus in their charge-discharge profile. This dis-
crepancy arises from the inherent occurrence of crystallographic phase transformations

in battery-like intercalation materials [12].

13
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Ficure 2.5: Difference in GCD profiles between battery-like in-
tercalation and intercalation pseudocapacitance. Reprinted with
permission from [12].

2.3 Fe30, in Supercapacitors

Transition metal oxides are commonly employed in the fabrication of electrodes for elec-
trochemical supercapacitors, thanks to their various valence states, high capacitance,
affordability, and chemical stability. Among these oxides, Fe;O, exhibits promising
characteristics as a pseudocapacitive material suited for the negative electrodes of su-
percapacitors. The redox-active properties of FesO, stem from its oxidation states of
Fe?* and Fe*T. However, the low electronic conductivity of Fe;0, and limited access
of the electrolyte to its surface hinder its specific capacitance, resulting in a notable

decrease as the active mass loading increases.

To address this issue, Fe30, is combined with conductive carbon additives, which en-
hance the overall electronic conductivity. Several carbon materials, including activated
carbon [14, 15], acetylene black [16], graphene [17, 18], graphite [19], and carbon nan-
otube (CNT)s [20, 21], have been incorporated into Fe;O, electrodes and tested with
various electrolytes such as KOH, H,S0,, Na,SO5, and Nay,SO,. In aqueous Ky,SO,

electrolyte, asymmetric devices comprising Fe;O, as the negative electrode and MnO,
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as the positive electrode have demonstrated an expanded voltage window of 1.8 V at low
active masses. Notably, composite Fe;O,-based electrodes have reported a capacitance

of 50 F ¢~! when the mass loading was 8.8 mg cm~2 [22].

By utilizing distinct materials for the anode and cathode, a supercapacitor device can
optimize its operational voltage window by capitalizing on the unique potential ranges
offered by each electrode [23]. However, the negative electrodes display a significantly
lower gravimetric capacitance than the positive electrodes, leading to a greater active
mass in the negative electrode needed to match the capacitance of the positive electrode.
To make an efficient device, the values of the capacitance of the anode and cathode must

be matched due to the inverse relationship to total capacitance seen in equation 2.8.

L1,
Ctotal Canode Ccathode .

(2.8)

The development of supercapacitor devices has yielded cathode materials that exhibit
high capacitive properties. Therefore, research must be done to improve the capacitive
properties of anode materials to closely match the typically higher capacitance seen in
cathode materials such as MnO, and Mn,0O5. Functionally decorated CNTs combined
with energy storage materials allowed for significant improvement in the capacity, cyclic
stability, and decrease in contact resistance between active materials and current col-
lectors in batteries [24]. The increase in electrode performance seen with functionally

decorated CNT makes their use with Fe;O, very promising.

2.4 Dispersing and capping agents

The utilization of molecules as dispersing and capping agents has shown great poten-

tial in mitigating agglomeration and improving the stability of dispersed systems. The
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undesirable phenomenon of particle clustering, known as agglomeration, poses a signif-
icant challenge in achieving uniform dispersion and stable colloidal systems. Molecules
with specific functionalities and surface properties have been explored as effective tools to
overcome agglomeration and enhance the stability of dispersed systems. A variety of dis-
persing agents, such as surfactants, polymers, and biomolecules, have been investigated
for their ability to prevent agglomeration and improve the dispersion of nanoparticles
or particles in various media. By adsorbing onto the particle surfaces, these additives,
utilize long polymer chains or specifically tailored functional groups to provide steric
or electrostatic stabilization, leading to improved dispersion and reduced agglomeration
[25]. These additives play a crucial role in controlling the interparticle interactions,
reducing the van der Waals forces, and promoting long-term stability of the colloidal

System.

Furthermore, the use of capping agents has emerged as an effective strategy to prevent
agglomeration and control the growth of nanoparticles.By adsorbing onto the particle
surface, these molecules effectively act as growth inhibitors, limiting the growth of large
particles and promoting the formation of desired nanostructures. The presence of these
adsorbed molecules hinders the diffusion of precursor species to the particle surface,
thereby preventing the incorporation of additional atoms or molecules and impeding
particle growth [26]. The precise control over the growth of particles provided by cap-
ping agents allows for the synthesis of nanoparticles with controlled sizes and narrow
size distributions. This control enables the production of nanoparticles with tailored
properties and specific applications, such as enhanced catalytic activity, improved opti-
cal properties, or unique magnetic behavior. Overall, the adsorption of capping agents
onto the particle surface during synthesis serves as an effective means to control particle

growth and obtain nanoparticles with well-defined sizes and properties.
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FIGURE 2.6: Nanoparticles covalently bound with capping agents.
Reprinted with permission from [27].

2.5 Density Functional Theory

DFT is a widely used computational method in condensed matter physics and mate-
rials science to study the electronic structure and properties of materials. It provides
a theoretical framework to calculate the ground-state energy of a system based on the
electron density distribution. The foundation of DFT lies in the Hohenberg-Kohn theo-
rems [28, 29]. These theorems examine the relationship between the density of particles,

their Hamiltonian, and external potential in a particle-based system [30].
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electron
> density

Many-body DFT
perspective perspective

FIGURE 2.7: Schematic representation of the fundamental con-
cept behind DFT, which addresses the challenges of the many-body
problem by utilizing an electron density description rather than ex-
plicitly modeling each electron-electron interaction. Reprined with
permission from [31].

The first theorem establishes that the value of the external potential is solely de-
termined by the ground-state particle density within it. This theorem also states that
many-body wavefunctions exhibiting a constant energy change can effectively describe
both excited and ground states. The Hamiltonian relies on electron density as its foun-

dation, enabling precise predictions of the system’s characteristics [30].

The second theorem asserts the possibility of constructing a universal functional,
denoted as F'[n], for the energy of the system in terms of its density. This functional is
applicable to any external potential. This then implies that the ground-state energy of
the system can be expressed as a function of its density, while considering the influence

of the electron density and the external potential [30, 32].

Eln] = Fln] + / (1) Vet () (2.9)
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Based on these theorems, it can be concluded that the determination of the exact
ground-state energy in the system involves finding the global minimum of the functional
F[n], considering all possible external potentials. The density that minimizes this func-
tional corresponds to the precise ground-state density. By manipulating the functional in
relation to density, we are able to accurately obtain the ground-state density and energy
of the system. This theorem also highlights that by solely utilizing the functional F'[n],
without any additional information, we can effectively determine the exact ground-state

energy or density [30].

In practical applications, the Kohn-Sham formulation of DFT is commonly employed.
The Kohn-Sham formulation simplifies the calculation of the groundstate energy and
density by replacing the complex Hamiltonian system with a much simpler auxilliary
one, introducing a set of fictitious non-interacting electrons with the same electron den-
sity as the real system. These auxiliary particles are governed by an effective potential,
which consists of the external potential and an exchange-correlation potential. The
exchange-correlation potential accounts for the electron-electron interactions and is typ-

ically approximated using various exchange-correlation functionals [32].

The Kohn-Sham formulation transforms the many-body Schrodinger equation into a
set of single-particle equations known as the Kohn-Sham equations. Kohn and Shams
idea was that, if one can find a system of non-interacting electrons that produces the
same electronic density of the interacting system, then the kinetic energy of the non-
interacting system can be calculated exactly. Using this kinetic energy T[n], the universal

density functional F[n]| can be written [30, 32]:
1 /
Fln] = T[n] + 5 //Mdrdr’ + Exclnl, (2.10)
r—r

containing the kinetic energy term, Coulomb interaction term, and exchange-correlation

energy term, respectively.

19


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/materials/

M.A.Sc.— Coulton Boucher; McMaster University— Materials Science & Engineering

By substituting this expression for F[n] into the total energy functional (equation

2.9), we obtain the Kohn-Sham functional, written as [29, 32],

FEks(n] n]+ - // ,| d dr +/ ) Vet (r)dr + Exc(n], (2.11)

which can be rewritten to contain the interactions that formulate the total ground-state
energy [33, 32|,

E[n] = Tn] + Uge[n] + Veat[n] + Exc[n], (2.12)

where T'[n] is the kinetic energy, Uec[n] is the Coulomb self-interaction of the electron
density, Vezt[n] is the electron—nuclear interaction energy, and Exc[n| is the exchange-

correlation energy [33, 32].

These equations can be solved self-consistently to obtain the electron wavefunctions
and energies of the auxiliary particles. The ground-state electron density is then de-
termined from these wavefunctions. By treating the interacting system as a set of
non-interacting particles, the Kohn-Sham formulation allows for a computationally man-
ageable solution to the DFT problem. It enables the calculation of various properties
and observables of the system based on the electron density obtained from the auxiliary

particles.

In summary, the Kohn-Sham functional allows for the calculation of groundstate en-
ergy of a system by considering the kinetic energy term, the electron-electron interaction
term, the external potential term, and the exchange-correlation term. The kinetic energy
term, T'[n], represents the energy associated with the motion of electrons in the system.
It accounts for the quantum mechanical effects of electron wavefunctions and their cor-
responding kinetic energy operators. The electron-electron interaction term, U, takes

into account the repulsive Coulomb interactions between electrons. It considers the
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electrostatic potential energy resulting from the mutual repulsion of electrons. The ex-
ternal potential term, Vg, accounts for the interaction between the electrons and the
external potential, such as the electrostatic potential generated by atomic nuclei or an
applied electric field. It describes the energy of electrons in the presence of this external
potential. Finally, the exchange-correlation term, Ex¢, includes the electron-electron
interactions not covered in the repulsive Coulomb interactions. It incorporates both the
exchange and correlation effects of electron-electron interactions. The exchange term de-
scribes the quantum mechanical effect that arises when two electrons interchange their
positions. The correlation term accounts for the additional electron-electron interactions

beyond the simple Coulomb repulsion.

A self-consistent field (SCF) method is used to compute the ground-state energy of a
system using the total energy functional and the electron density. An initial estimation of
the electron density (ng) of the system is needed to start. This initial electron density is
used to solve the Kohn-Sham equations to obtain electron wavefunctions and determine a
new electron density (n;). This new electron density is compared with the previous guess.
If they are sufficiently close, the iteration process stops, and the calculated electron
density is considered the converged ground-state electron density. If the electron densities
are not close enough, the electron density (ng) is updated with the new density (n1) and
the process is repeated. This process will continue through several iterations until the
electron density converges within the desired accuracy and the iteration process stops.
Through this iterative process, the ground-state energy is determined by repeatedly
updating the electron density and solving the Kohn-Sham equations until self-consistency
is achieved. This approach ensures that the electron density corresponds to the lowest
total energy, representing the ground state of the system within the approximations used

in the exchange-correlation functionals [30, 32, 34].

21


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/materials/

M.A.Sc.— Coulton Boucher; McMaster University— Materials Science & Engineering

2.5.1 Local Density Approximation

The local density approximation (LDA) [29] assumes that the exchange-correlation en-
ergy depends only on the local electron density and does not consider the spatial gradi-
ents of the density, resulting in a simpler and computationally less expensive approach
compared to more advanced functionals. However, this simplicity comes at the cost
of reduced accuracy in capturing certain electronic and structural properties, particu-
larly those influenced by electron delocalization or strong electron-electron interactions

35, 36).

To apply the LDA, the electron density is divided into small regions, and the exchange-
correlation energy is approximated separately for each region based on its local density.
The local energy terms are determined by integrating the energy density over the volume
of the system. This integration is performed by evaluating the energy density at each
point 7 in the volume and multiplying it by the corresponding electronic density value
at that point. By integrating over the entire volume, the contributions from different re-
gions of the system are combined to obtain the local energy terms. This approach allows
for the consideration of localized energy effects that depend on the specific electronic
density distribution within the system. By evaluating the energy density at each point
and integrating over the volume, the local energy terms capture the variations in energy

associated with different electron density values throughout the system [32, 35].

The LDA approach has been found to be particularly effective for systems with slowly
varying electron densities, such as nearly free-electron metals, molecules, and semicon-
ductors, where the local approximation remains reasonably accurate [37]. While the LDA
provides a computationally efficient approach to estimating the exchange-correlation en-
ergy in DFT, it does have limitations. Since it relies solely on local electron densities,
it neglects non-local effects and correlations that can occur over longer distances. This

can lead to inaccuracies, especially in systems with rapidly varying electron densities or
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strong electron-electron correlations. To overcome these limitations, more sophisticated
and accurate exchange-correlation functionals, such as the generalized gradient approx-
imation (GGA) [38] and hybrid functionals, have been developed. However, the Local
Density Approximation remains a valuable and widely used tool in DFT, particularly

for systems where the electron density varies slowly [32].

2.5.2 Generalized Gradient Approximation

The GGA is a widely used approach in DFT calculations to approximate the exchange-
correlation energy functional. GGA aims to improve upon the LDA by incorporating
information about the gradient of the electron density. In LDA, the exchange-correlation
functional is solely based on the local electron density at each point in space. However,
GGA takes into account not only the local electron density but also the spatial varia-
tions of the density. By considering the gradient of the electron density, GGA provides
a more accurate description of the exchange-correlation energy and, consequently, the
total energy of the system. This improved treatment of the exchange-correlation func-
tional leads to more accurate predictions of various electronic, structural, and energetic
properties of materials by providing superior chemical accuracies, improved predictions
of binding energies, and more accurate estimations of bond lengths and angles which are
critical in predicting lattice parameters [39, 40, 41, 42]. The most commonly used GGA
functionals include the Perdew, Burke, and Ernzerhof (PBE) [43] functional, the revised
PBE (RPBE) [44] functional, and the Becke-Lee-Yang-Parr (BLYP) [45] functional.
These functionals have been successfully applied in a wide range of systems, including
molecules, solids, and surfaces, enabling reliable predictions of structural, electronic,
and spectroscopic properties within DFT calculations [32]. In addition to exchange-
correlation effects, pseudopotentials are implemented in electronic structure calculations

to reduce computational cost and enhance computational efficiency.
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2.5.3 Pseudopotentials

Pseudopotentials are valuable assets in DFT, enabling efficient calculations and provid-
ing accurate descriptions of materials electronic structures for studying a broad range of
physical and chemical phenomena. Pseudopotentials are commonly employed to simplify
electronic structure calculations by treating core electrons as fixed and efficiently rep-
resenting the interaction between valence electrons and atomic nuclei. A distinction is
made between valence and core electrons, and by implementing atomic pseudopotentials,
the effective nucleus is represented as the nucleus combined with its core electrons, re-
ducing the computational burden. Pseudopotentials are designed to accurately capture
valence electron behavior while approximating the interaction with ionic cores, account-
ing for core electron screening effects. They are generated using theoretical techniques,
such as the projector-augmented wave (PAW) method, ensuring an accurate represen-
tation of the atomic electronic structure while minimizing computational demands. In-
corporating pseudopotentials into DFT calculations enhances computational efficiency,

enabling the study of larger and more complex systems [32, 46, 47].
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Chapter 3

Problem Statement

The performance improvement of supercapacitor anodes based on Fe;O, requires ad-
dressing two major challenges: enhancing the capacitive properties of Fe;O, to match
the high performance of cathode materials and overcoming agglomeration issues during

electrode fabrication.

Achieving a balanced capacitance between the anode and cathode is crucial for max-
imizing the overall energy storage capacity of a supercapacitor device. Currently, cath-
ode materials have demonstrated superior capacitive properties, while the gravimetric
capacitance of Fe;O,-based anodes remains relatively low. To bridge this gap, extensive
research is needed to improve the capacitive properties of Fe;O, anode materials, aiming
to closely match the performance seen in cathode materials. Such improvements can be
achieved through strategies like nanostructuring, surface modification, and utilization of
carbon-based additives to enhance electronic conductivity and electrolyte accessibility,

thereby increasing the specific capacitance of Fe;O,.
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Recently, Fe;O, has emerged as a promising anode material due to its high theoret-
ical capacitance, low cost, and environmentally benign nature [1]. The interest in the
investigation of nanostructured Fe;O, is fueled by the possibility to combine advanced
ferrimagnetic and pseudocapacitive properties in a single material. However, due to the
low electronic conductivity of Fe;O, and poor electrolyte access to the material surface,
the specific capacitance decreases significantly with increasing active mass loading [2],

making it a poor choice as a standalone material for electrodes in supercapacitors.

The fabrication of supercapacitor anodes using Fe;O, encounters the challenge of
agglomeration. The ferrimagnetic nature of Fe;O, and the strong Van der Waals inter-
actions present among CNTs [3] lead to the formation of agglomerates. These agglom-
erates negatively impact electrode performance by reducing surface area, hindering ion

diffusion, and increasing charge transport resistance.
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Chapter 4

Objectives

The research presented in this thesis aims to address key challenges in the development
of supercapacitors by investigating the utilization of dispersing and capping agents dur-
ing the synthesis of Fe3O, nanoparticles. These agents play a crucial role in controlling
nanoparticle size and reducing the agglomeration of particles, thereby enhancing the
performance of supercapacitor electrodes. Specifically, the goal is to utilize novel ad-
ditives, including dispersing agents and CNTs as conductive additives, to reduce the
particle size of Fe;O, and increase the surface area of active anode materials. The use
of dispersing and capping agents during the synthesis of Fe;O, nanoparticles plays a
vital role in controlling particle size and preventing agglomeration. These agents enable
precise control over the growth and dispersion of nanoparticles, leading to uniform and

stable electrode structures.

Addressing these challenges requires a comprehensive understanding of the under-

lying mechanisms governing the capacitive properties of Fe;O, and the agglomeration
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phenomenon. Through experimental investigations and computational simulations, in-
sights can be gained into the structural, electronic, and surface properties of Fe;O,
and the interactions with additives and dispersing agents. These insights will guide
the development of effective strategies to optimize the synthesis, dispersion, and elec-
trode fabrication processes, ultimately leading to improved performance and commercial

viability of Fe;O,-based supercapacitors

Innovative approaches involving dispersing and capping agents are employed during
the synthesis of Fe;O, nanoparticles and the electrode fabrication process. These agents
can effectively disperse the Fe;O, nanoparticles and CNTSs, preventing their agglom-
eration and ensuring uniform distribution within the electrode matrix. The controlled
dispersion of Fe;O, nanoparticles and CNTs will enable the formation of well-defined

electrode structures with enhanced electrochemical performance.

The investigation of the adsorption process of dispersant molecules will be conducted
using DFT simulations. This approach provides valuable insights into the chemical
processes that occur during adsorption, shedding light on the mechanisms governing the

dispersion and stability of Fe;O, nanoparticles.

By addressing these research objectives, this thesis aims to contribute to the de-
velopment of improved supercapacitor electrodes by controlling nanoparticle size and
reducing particle agglomeration. The utilization of novel dispersing and capping agents,
along with insights gained from DFT simulations, will pave the way for enhanced elec-

trode performance and ultimately advance the field of supercapacitor technology.
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5.1 Abstract

The full potential of Fe3O, for supercapacitor applications can be achieved by addressing
challenges in colloidal fabrication of high active mass electrodes. Exceptional adsorption
properties of catecholate-type 3,4-dihydroxybenzoic acid (DHBA) molecules are explored
for surface modification of Fe;O, nanoparticles to enhance their colloidal dispersion as
verified by sedimentation test results and Fourier-transform infrared spectroscopy mea-
surements. Electrodes prepared in the presence of DHBA show nearly double capaci-
tance at slow charging rates as compared to the control samples without the dispersant
or with benzoic acid as a non-catecholate dispersant. Such electrodes with active mass
of 40 mg cm~2 show a capacitance of 4.59 F cm™2 from cyclic voltammetry data at a
scan rate of 2 mV s™! and 4.72 F cm ™2 from galvanostatic charge-discharge data at a
current density of 3 mA cm~2. Experimental results are corroborated by density func-
tional theory (DFT) analysis of adsorption behaviour of DHBA and benzoic acid at the
(001) surface of Fe;0,. The strongest adsorption energy (ca. —1.8 eV per molecule) is
due to the catechol group of DHBA. DFT analysis provides understanding of the basic
mechanism of DHBA adsorption on the surface of nanoparticles and opens the way for

fabrication of electrodes with high capacitance.

5.2 Introduction

Surface modification of materials using molecules from the catechol family is emerging
as a new area of technological and scientific interest [1, 2]. Catecholate molecules can
achieve extremely strong adhesion to inorganic surfaces by utilizing a similar adsorp-
tion mechanism to that of mussel proteins when bonded to different surfaces [2, 3, 4].
Very fast and very strong adsorption to various inorganic substrates is a necessity for
mussels to avoid damage by sea waves. This adhesion mechanism is attributed to bond-

ing of the catechol ligands of the mussel proteins to metal atoms on material surfaces
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[4, 5, 6, 7, 8]. Polymer molecules were modified with catechol ligands for the fabrication
of adherent polymer and composite films [4, 9, 10, 11, 12]. Catecholate molecules were
used as charged dispersants for electrophoretic deposition of inorganic and organic mate-
rials [5, 13, 14]. Catecholate molecules were also utilized as particle transfer vehicles for
liquid-liquid extraction [15], which prevented nanoparticle agglomeration. In this tech-
nology, inorganic particles were modified with catechol ligands in the synthesis medium
or at the liquid- liquid interface and transferred from the synthesis medium directly to
the device processing medium [15]. Catechol molecules facilitated efficient and versatile
extraction [16] of MnOy, Mn;O,, FeOOH, and ZnO for energy storage and sensor ap-
plications. The phase transfer of the particles resulted in reduced agglomeration, which
allowed for improved electrolyte access to the particle surface [16] and improved device
performance. Recent studies highlighted benefits of catecholate molecules for surface
modification of materials for applications in dye-sensitized solar cells and photoelectro-
chemical sensors [17, 18, 19]. For dye-sensitized solar cells, a staggered gap heterojunc-
tion can occur at a catechol-TiO, interface [17], which facilitates electron injection into
the TiO, semiconductor [20]. Such configurations improved dye-sensitized solar cell ef-
ficiency. Redox properties of catechol, related to oxidation of their phenolic OH groups,
were used for electron transfer mediation in electrochemical biosensors [21]. Moreover,
redox properties of catechol are under investigation for applications in bioelectronics
[19, 22], catalysis [23], and energy storage devices [24, 25]. Enhanced capacitance has
been seen in catechol-modified carbon cloth electrodes due to the additional contribution
of electrochemical oxidation of catechol OH groups [26]. The ability of catechol to oxi-
dize electrochemically to o-benzoquinone allows for many uses in electropolymerization
[27, 28]. It is known that o-benzoquinone participates in polymerization reactions, in-
cluding chemical oxidative polymerization [29], electrochemical oxidative polymerization
[30], and bipolar electropolymerization [27], to be used in a variety of biomedical appli-

cations including targeted drug delivery to cancer cells [31], catechol-modified polymers
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with antimicrobial properties [32], and structural adhesives for tissue and bone [33]. Cat-
echol molecules can play an additional role as charge-transfer mediators [34]. The use of
catecholate dopants for polypyrrole facilitated charge transfer, reduced electropolymer-
ization potential, and allowed the fabrication of adherent polypyrrole films on non-noble
substrates [35, 36, 37]. The functionalization of ferrimagnetic nanoparticles with cate-
cholate molecules in- duced improved magnetization [38]. Other investigations reported
applications of catecholate molecules for the fabrication of quantum dots and lumines-
cent materials [39, 40]. Catecholates have generated significant interest for applications
in nanotechnology as capping, reducing, and structure directing additives, which facil-
itated the fabrication of nanoparticles of metals and metal oxides with controlled size,
shape, and functional properties [41, 42, 43, 44, 45]. Further progress in the application
of catecholates in nanotechnology can result in the development of advanced functional
nanomaterials for modern applications. Catecholates are of particular interest for the
fabrication of devices, based on materials, combining advanced magnetic and electrical
properties [41, 46, 47]. This investigation was motivated by interesting electrical charge
storage properties of iron oxides, such as Fe,O5 and Fe;O, [41, 48]. Fe;0, is of particular
interest for the development of multifunctional devices, based on the high capacitance
and advanced ferrimagnetic properties of this material. It is known that Fe;O, exhibits
higher conductivity compared to many other spinel ferrimagnetic materials [49]. The
relatively high conductivity of Fe;O, is beneficial for electrochemical charge-discharge
processes [49]. The pseudocapacitive charging mechanism of this material, containing
Fe,™ and Fey™ ions (F62+F823+O4), is attributed to redox Fe;™ Fe,™ reactions. The
charge storage properties in the positive potential range [50, 51] are attributed to ox-
idation of Fe," ions (Fe,™ — Fey™), whereas the charging mechanism in the negative
potential range is based on reduction of Fe;™ ions (Fe;™ — Fe,™) [41, 52, 53]. Fe30,
is especially important for the development of negative electrodes of advanced asym-

metric supercapacitors with an enlarged voltage window. Recently, significant progress
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was achieved in the development of different materials for positive electrodes, which
showed high capacitance [54, 55, 56]. However, lower capacitance of the negative elec-
trodes, such as activated carbon, is a limiting factor in the development of advanced
devices. The important tasks in the development of Fe;O, electrodes are the fabri-
cation of small nanoparticles and prevention of their agglomeration, which can result
from Van der Waals forces and magnetic attraction forces. Moreover, efficient mixing of
non-agglomerated and well-dispersed nanoparticles with conductive additives is neces-
sary for good electrode performance. Therefore, advanced capping and dispersing agents
are critically important for the synthesis of small non-agglomerated Fe;O, nanoparticles
and fabrication of composite electrodes. The goal of this investigation is the fabrication
of Fe;O, electrodes for supercapacitors using a catecholate-type 3,4-dihydroxybenzoic
acid (DHBA) as a capping and dispersing agent for Fe;O, nanoparticles. This goal
was achieved in experimental studies of the synthesis of Fe;O, particles, fabrication,
and testing of supercapacitor electrodes and application of density functional theory
(DFT) [57] for the analysis of the DHBA adsorption mechanism. Fe;O, has emerged
as a promising supercapacitor material due to its low cost and environmentally benign
nature [58]. Here, we aimed at improving electrochemical performance of fabricated
Fe; 0O, supercapacitor anodes and selected DHBA as a catechol molecule to play the role
of a capping and dispersing agent. The chemical structure of DHBA contains adjacent
phenolic OH functional groups on the 3rd and 4th carbons on the benzene ring (Fig-
urel), providing strong adsorption to the particle surface, while a carboxyl group can
facilitate dispersion via electrostatic repulsion [59, 60]. These adsorption and dispersion
properties are critical to prevent agglomeration of nanoparticles in solution, particularly
materials with magnetic properties, such as Fe;O,. Benzoic acid (BA) is chosen as a
negative control in our experimental design. The chemical structures of DHBA and
BA differ only by the adjacent phenolic OH groups present in DHBA but not in BA

(Figure 5.1). To corroborate the understanding of the adsorption processes seen in our
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experimental results, we used DFT to model DHBA and BA adsorption on the surface

of Fe;O, and assess their binding affinities and mechanisms.

% o

FIGURE 5.1: Chemical structure of benzoic acid (left) and 3,4-
dihydroxybenzoic acid (right).

5.3 Results and Discussion

5.3.1 Experimental Results

Dispersing properties of BA and DHBA were investigated by analysing the suspension
stability of FesO, particles in water (Figure2). Fe;O, suspensions without additives
and containing BA showed rapid precipitation. However, the suspension prepared with
DHBA as a dispersing agent remained stable, further confirming the role of the phenolic
OH groups of the molecule for adsorption, which are functional groups that BA lacks.
The synthesis of Fe;O, was conducted at pH = 9, which is above the isoelectric point
of Fe;0, (pH = 6.5) [61]. Therefore, the as-prepared Fe;O, particles were negatively
charged. The adsorption of anionic DHBA on the negatively charged Fe;O, particles

indicated a strong adsorption power of the catecholate DHBA molecules.
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FIGURE 5.2: FesO, suspension in water with (A) no dispersing
agent, (B) BA as a dispersing agent, and (C) DHBA as a dispersing
agent 1 h after ultrasonication.

The adsorption of DHBA on Fe;O, particles was confirmed by results of Fourier
Transform Infrared (FTIR) spectroscopy studies. Figure3compares FTIR spectra of
Fe;O, prepared without and with DHBA and pure DHBA.
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The FTIR spectrum of Fe;O, prepared without DHBA (Figure3a) showed absorp-
tions at 1355, 1475, and 1630 cm™!, which can be attributed [13, 62] to stretching of
surface OH groups and vibrations of adsorbed CO,. The broad absorption centred at
3260 cm~! resulted from the O-H bending vibrations of adsorbed water [62]. Similar
absorptions were observed in the spectrum of Fe;0, prepared using DHBA (Figure3b).
However, the spectrum of Fe;O, prepared using DHBA showed additional absorptions
due to adsorbed DHBA. The absorptions at 1097 and 1122 cm ™! resulted from bending
C—H vibrations [63, 64]. Similar absorptions were observed in the spectrum of DHBA
(Figure3c). The C—O stretching and bending vibrations [7, 64] of DHBA resulted in a
broad absorption (Figure 3c) centred around 1245 cm™! and corresponding absorptions
at 1218 and 1270 cm ™! for Fe;O, prepared using DHBA (Figure3b), which were not ob-
served in the spectrum of Fe 304 prepared without DHBA (Figure3a). FTIR studies also

revealed additional peaks related to the C—C vibrations in the range of 1300-1600 cm™~!
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in the spectrum of Fe;O, prepared using DHBA (Figure 3b), which were not observed in
the spectrum of Fe;O, prepared without DHBA (Figure3a). Such peaks, related to C—C
stretching of aromatic rings, were observed in the spectrum of pure DHBA (Figure3c).
Electrokinetic measurements showed that the adsorption of anionic DHBA resulted in
increasing absolute value of negative zeta potential from —28.9 mV for Fe;O, prepared
without DHBA to —38.7 mV for Fe;O, prepared using DHBA. Therefore, the results of
sedimentation tests, zeta potential measurements, and FTIR spectroscopy indicated that
DHBA adsorbed on Fe;O, and facilitated the formation of suspensions with improved
colloidal stability. In this investigation, MWCNT were used as a conductive additive
for the fabrication of composite Fe3O0,~-MWCNT electrodes with enhanced electronic
conductivity. Figure4 presents experimental results for the CV analysis of the Fe;0,-
MWCNT composite electrodes. Electrodes were fabricated with synthesized Fe;O, and
MWCNT in the presence of DHBA, BA, and no dispersing agent to investigate the im-
pact of a dispersant on capacitive behaviour. Electrodes prepared using DHBA showed
significant improvement in capacitance at scan rates 2-50 mV s~'. The role of the phe-
nolic OH groups of DHBA is evident when comparing CVs and obtained capacitances of
electrodes fabricated with DHBA and BA as dispersants. The capacitance of 4.59 F cm ™2
for DHBA at 2 mV s~! scan rate represents significant improvement, compared to the
2.38 F cm™? and 2.80 F cm ™2 obtained when using no dispersing agent and BA disper-
sant, respectively. The slightly lower capacitance of electrodes prepared using DHBA at
a high scan rate of 100 mV s~! can be attributed to the insulating properties of adsorbed

DHBA, which affect the capacitance at such high scan rate.
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FIGURE 5.4: (A-C) CVs at scan rates of (a) 20, (b) 5, and (c)
2 mV st for Fe;0,-MWCNT electrodes prepared with (A) DHBA
as dispersing agent, (B) BA as dispersing agent, and (C) no dis-
persing agent. (D) Capacitance vs. scan rate for Fe;0,~-MWCNT
electrodes prepared with (a) DHBA as dispersing agent, (b) BA as
dispersing agent, and (c) no dispersing agent.

Figure 5 compares the galvanostatic charge-discharge curves (A-C) for different elec-
trodes, with corresponding capacitances (D) calculated from the discharge data at dif-
ferent current densities. GCD was performed in a voltage window of —0.8 - 0 V vs.
SCE. Nearly symmetrical and triangular charge-discharge curves are seen, confirming
the pseudocapacitive behaviour. Electrodes prepared with DHBA showed significant in-

crease in discharge time and significant improvement in capacitance when compared to
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2 was ob-

electrodes prepared using BA or no dispersant. A capacitance of 4.72 F cm™
tained for electrodes made with DHBA at a current density of 3 mA cm™2 and decreased
to 3.16 F cm ™2 with increasing current density. This capacitance shows significant im-
provement compared to the capacitances of 2.76 F cm™2 and 2.37 F cm ™2 obtained
for the electrodes prepared with BA as a dispersing agent and no dispersing agent, re-

spectively, at the current density of 3 mA cm™2.

It should be noted that capacitance
decreases with increasing charge-discharge time. The difference in the capacitance values
obtained using CV and GCD data can result from the different time scale ranges used
in both experiments. The Coulombic efficiency at 3 mA cm™2 was 98.0%; it decreased
with current density to the value of 97.7% at a current density of 40 mA cm~2. The
electrodes prepared using DHBA showed significantly higher capacitance, compared to
electrodes prepared with BA and without dispersant in the current density range of
3-40 mA cm~2. The high areal capacitance obtained in this investigation for negative
electrodes is important for the development of asymmetric devices operating in Na2S5S04
electrolyte [56, 55]. The obtained capacitance is higher than the capacitance of carbon
electrodes of the same mass operating in the negative potential range [54]. It is compa-
rable with capacitance of advanced positive electrodes [56, 55]. It should be noted that
catechol exhibits redox active properties in a positive potential range [25, 65]. Specif-
ically, the redox activity is associated with the transition of phenolic groups of DHBA
to a quinone-like structure [66, 67]. In this investigation, a catecholate type DHBA
dispersant was used for the fabrication of negative electrodes. Therefore, redox reac-
tion contribution of this dispersant to the to the electrode capacitance in the negative
potential range is not expected. However, adsorbed catecholate molecules can facilitate

charge transfer [21, 35, 36].
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FIGURE 5.5: (A-C) charge-discharge curves at current densities of
(a) 7 mA cm™2, (b) 5 mA cm~2, and (c) 3 mA cm~2 for Fe;O,-
MWCNT electrodes prepared with (A) DHBA as dispersing agent,
(B) BA as dispersing agent, and (C) no dispersing agent. (D) Ca-
pacitance vs. current density profiles for Fe;O,-MWCNT electrodes
prepared with (a) DHBA as dispersing agent, (b) BA as dispersing
agent, and (c) no dispersing agent.

The analysis of impedance data provides evidence of improved performance of the
electrode fabricated using DHBA as a dispersing agent. Figure6A shows significant in-
crease in the low frequency capacitance (Cy’) for the electrode fabricated with DHBA
as a dispersing agent compared to the electrodes where BA and no dispersing agent was
used. The analysis of frequency dependences of Cg" shows an increase in the relaxation

frequency for both electrodes prepared using DHBA and BA compared to the electrode
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prepared with no dispersing agent (Figure6B). The Nyquist plot, presented in Figure6C,
shows relatively low real part of impedance (Z’), indicating low resistance. Furthermore,
the large slope shown in the Z" vs. Z’ curves indicate good capacitive behaviour. Mod-
elling of impedance spectroscopy data using equivalent circuits is an important strategy
for the analysis of supercapacitor electrodes [68]. In this investigation, an equivalent
circuit developed for high active mass bulk electrodes [69] was used. The simulation
results presented in Figure6D showed good agreement with experimental data and indi-
cated that the electrodes exhibited low charge transfer resistance (Rz), which was found

to be 0.08 Ohm.
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FIGURE 5.6: (A) Real part of capacitance (C;’) vs. frequency, (B)
imaginary part of capacitance (Cs") vs. frequency, and (C) Nyquist
plot for Fe;O,-MWCNT electrodes prepared with (a) DHBA as
dispersing agent, (b) BA as dispersing agent, and (c¢) no dispersing
agent, and (D) modelling of impedance for Fe;O, electrode pre-
pared using DHBA and corresponding equivalent circuit (inset).

Fe;O, is a promising negative electrode material for the development of asymmetric
supercapacitors [52] with enlarged voltage window for operation in mild electrolytes, such
as K,SO, or Na,SO,. However, the lower specific capacitance of the negative electrodes
[52], compared to the capacitance of positive electrodes, limits the development of such

devices. Another difficulty is related to significant decrease in specific capacitance with
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TABLE 5.1: Comparison of lattice parameter, O—Fe bond lengths,
magnetic moments to previous DFT study of bulk Fe;O, and ex-

perimentally reported values.

Parameter Literature This Work  Experimental
PBE+U [71]] PBE+4+U+D3

Lattice parameter (A) 8.488 8.453 8.396 [71]

Bond length (oct) (A) 2.09 2.07 2.07 [72]

Bond length (tet) (A) 1.90 1.91 1.88 [72]

Magnetic moment (Feoet) (15) 3.96 3.92 -

Magnetic moment (Feset) (up) 4.09 4.02 -

Magnetic moment (O) (up) 0.030 0.045 -

Total magnetic moment (upg/f.u) 4.0 4.0 4.1 [71]

increasing active mass [70]. However, high active mass loading is necessary for practical
applications. The approach developed in this investigation allowed for improved utiliza-
tion of capacitive properties of Fe;O4. Despite the high active mass of 40 mg cm—2,

the capacitance of 114.8 F g¢=! (4.59 F cm~2) was obtained from the CV data, which is

1 2

higher than the reported capacitance [52] of 75 F g7 at active mass of 8.8 mg cm™~.

5.3.2 DFT Modeling of Adsorption on Fe;O, 001 Surface

Next, we performed DFT modelling of adsorption of molecules studied experimentally
at the surface of Fe;O,. For this purpose, we established the most stable surface of
Fe;0, and its reconstruction. Relaxation of a bulk cubic Fe;O, unit cell was conducted.
The corresponding lattice parameter, bond lengths, and magnetic moments were in good
agreement with values obtained in a prior DFT+4U Fe;0, study [71] and the experimental
values found in literature. Table 1 summarizes these results, where differences between
the two DFT studies may be attributed to the selection of a slightly different value for
Ueys, as well as the Van der Waals interaction, accounted for in our work but not in the

prior study [71].

For the purposes of this study, adsorption investigations were performed exclusively

on the (001) surface of the Fe;O, crystal. The abundance of the (001) surface on Fe;0,
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nanoparticles has been confirmed experimentally [73]. The Fe;O, nanoparticle surface
was modelled as a slab of (v/2 x v/2)R45° supercell of bulk cubic magnetite. The exact
structure of (001) surface of magnetite is a delicate topic [74, 75], sensitive to the chem-
ical potential of species involved. We selected a stochiometric surface terminated with
tetrahedrally coordinated Fe atoms (Fe;), which is in line with previous computational
studies [76, 77, 78] that identified this (001) surface and its termination as the most

energetically favourable.

Slabs of varying thicknesses (9, 15, and 23 layers) separated from its periodic image
by a 25 Avacuum layer were constructed to test for convergence of the surface energy
(Figure 7). The resulting slabs were constrained by fixing the positions of the middle
three layers of atoms at their relaxed bulk positions (the region enclosed by dashed lines
in (Figure 7) to simulate the bulk phase of Fe;0,, while the remaining outer layers of
atoms were allowed to relax during optimization to simulate the surface reconstruction.

The surface energy was calculated as

Egiab — N Epuik
_ Zslab ¥ Fbulk 5.1
gl 54 (5.1)
where Fgqp is the total energy of the constructed surface slab, N is the equivalent
number of Fe;O, formula units in the slab, Ep,; is the total energy per formula unit of
the bulk Fe;O,, and A is the area of the surface slab. The calculated surface energies
were compared to the surface energy found in a prior DFT study of Fe;O, (001) surface

[78]. These results can be seen in Table 2, where surface energy and Fe—O bond length

are compared.

The bond length converges quickly as a function of the number of layers, while the
surface energy converges very slowly. Due to computational constraints, we selected

the 9-layer surface to investigate the physicochemical nature of the catechol adhesion.
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TABLE 5.2: FesO, (001) surface energy and Fe-O bond length of
surface tetrahedrally coordinated Fe, for 23-layer, 15-layer, and 9-
layer slabs calculated at PBE4-U+-D3 level of theory and compared
to previous surface study using PBE4U.

Surfaces (PBE+U+D3) Surface Energy (J m~—?) Surface Fe—O
Bond Length (A)

23 layers 0.48 1.92
15 layers 0.73 1.81
9 layers 0.90 1.90
Literature, 9 layers (PBE+U) 0.96 [76] 1.89 [77]

Figure 7 shows the final 9-layer force relaxed surface of which DHBA and BA adsorption
will be modelled using DFT. One can see that the tetrahedrally coordinated Fe atoms
on the top and bottom of the surface (shown by arrows) moved towards the bulk during

relaxation, which is in agreement with literature [76].
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FIGURE 5.7: The 9-layer (A), 15-layer (B), and 23-layer (C) relaxed
surfaces with Hubbard U correction. Dashed rectangle indicates
region where atoms within are constrained to their relaxed bulk
positions. The arrows point at Fe;et atoms in the first surface
termination layer.

5.3.2.1 DFT Analysis of DHBA and BA Adsorption at the (001) Surface

Previous adsorption studies [78, 79, 80] of single adatoms and water molecules on the
surface of Fe;O, have found favourable adsorption sites and have reported adsorption
energies for the various species. Ni adatoms were found to adsorb favourably onto the
(001) surface and reported an adsorption enthalpy of —3.21 eV [78]. This study also
reported the incorporation of Ni and Ti into the subsurface by replacing Fe tetrahedral
and octahedral sites, respectively. Incorporation energies of —3.39 eV for the Ni and
—8.29 eV for the Ti were reported [78]. Gargallo-Caballero et al. [75] reported co-adatom
adsorption as well as incorporation at octahedral/tetrahedral sites with energies of the

order of —5.5 €V for the magnetite (001) surface. Additionally, adsorption enthalpies of
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—0.76 eV for HyO molecules adsorbing to surface Fe;., atoms and —0.85 eV for singleH
atoms adsorbing to surface O atoms were reported [79, 80]. For adsorption of DHBA
onto the Fe;O, surface, bonding to both tetrahedrally and octahedrally coordinated
Fe atoms were considered, in a manner that maintained coordination seen in the bulk

crystal.

Adsorption of DHBA is modelled on the (001) surface in four different configurations,
seen in Figure8. Two H atoms are cleaved from phenolic OH groups, in the case of
Figure8A ,B,D, and are accommodated on surface O atoms. In the cases where the
carboxyl group is responsible for adsorption (Figures8C and9A), only oneH atom is
cleaved and accommodated by Fe;O, forming a surface OH group. Adsorption strength
of molecules to the surface of Fe;O, is evaluated by the calculation of an adsorption
enthalpy (Hgqs), which represents the difference between the total energy (FEjyo) of the

adsorbed and nonadsorbed states

_ rradsorbed nonadsorbed
Hags = Epg — B : (5-2)
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FIGURE 5.8: Adsorption of DHBA on the (001) surface of Fe;O, in
three different configurations, (A) chelating bidentate via phenolic
OH groups, (B) bridging bidentate via phenolic OH groups, (C)
chelating bidentate via carboxyl group, and (D) scenario where
molecule adsorbs and detaches with Fe atom. The adsorption is
accompanied by the surface adsorption of HT ions displaced from
OH groups. Values on each panel represent respective adsorption
energies.
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FIGURE 5.9: Surface Fe bond angles for (A) bottom of DHBA via
phenolic OH group adsorption, (B) top of DHBA via phenolic OH
group adsorption, (C) bottom of DHBA via carboxyl group adsorp-
tion, (D) top of DHBA via carboxyl group adsorption. Values of
bond angles in degrees are shown on each panel.

The nonadsorbed state is modelled as the surface slab with the respective molecule
in a fixed, nonadsorbed state 10 Aabove the surface in the vacuum layer. The calculated
adsorption enthalpies are shown within Figure 8. The DFT study reveals that the three
adsorbed configurations are energetically favourable, while the Fe,.-detached configu-
ration (Figure 8D) is not. Figure 8A,C,D include adsorption of DHBA to a surface
Fe,. atom where Figure 8B captures adsorption of DHBA to two surface octahedrally
coordinated Fe atoms (Fe,. ). The chelating bidentate configuration is the most ener-
getically favourable, closely followed by the bridging bidentate; the carboxyl bidentate
configuration is the least favourable. These trends can be explained by examining the
resulting bond angles. In the case of the chelating bidentate adsorption of DHBA via

phenolic OH groups (Figure 8A), the Fe,., atom is pulled away from the surface. This
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causes the bond angle between the surface Fe,, atom and the surface O atom to change
from 157.26° to 103.79°, seen in Figure 9A, returning the bond angle to a value much
closer to what occurs in the bulk crystal (109.47°). This configuration also forms a bond

angle with O atoms in the DHBA molecule of 94.64° (Figure 9B).

In the case where DHBA is adsorbed via carboxyl group, we again see the bond angles
changing, this time to 115.45° between the surface O and Fe,,, and 69.40° between the
O atoms in the carboxyl group and Fe, shown in Figure 9C,D, respectively. This
less drastic change in the bond angle towards what is seen in the bulk crystal may
contribute to the less favourable adsorption energy seen when adsorption occurs via the
carboxyl group. Another consideration is that less energy may be required during the
cleaving/adsorption process of theH atom in one of the phenolic OH groups (Figure 8A)
compared to breaking the double bonded O in the carboxyl group (Figure 8C) to bond
to the Fe,, atom. We see similar changes in bond angle for adsorption via carboxyl
group for BA to that of adsorption via carboxyl group for DHBA, this time changing
to 114.33° in the case of Figure 9C and to 65.12° in the case of Figure 9D. This further
explains the results seen experimentally, describing the role of phenolic OH groups for
adsorption onto the Fe;O, surface. In all configurations, the DHBA adsorption restores

the coordination of the metal ions involved in bonding.

Two different configurations of BA on the surface of Fe;O, can be seen in Figure 10.
In the chelating bidentate configuration (Figure 10A) adsorption energy is similar to that
of the chelating bidentate adsorption via carboxyl group seen with DHBA (Figure 8C).
In both cases where the carboxyl group is responsible for adsorption, the adsorption
energy is much less than that of the chelating bidentate adsorption via phenolic OH
groups. Figure 10B shows the optimized position of BA when it is positioned above
the surface so that theH atoms point toward the surface. We can see that in this case

adsorption is very weak. To explain the clear difference seen in the experimental results,
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where dispersion and capacitive properties are greatly improved with the use of DHBA,
and the use of BA compares similarly to no dispersing agent at all; it is the electrostatic
repulsion that must differ and not adsorption. For DHBA, adsorption utilizing the two
adjacent OH groups results in the most energetically favourable adsorption configuration.
Then, the carboxyl group is available to facilitate the electrostatic repulsion needed for
good dispersion. However, in the case of BA, where the carboxyl functional group is
involved in adsorption to the surface, there are no functional groups to provide the charge

essential for electrostatic repulsion.

During the modelling of adsorption of both DHBA and BA, the presence of a solvent
was neglected. Since the synthesis of Fe;O, was conducted in a water medium, we
would expect adsorption energies to reduce by approximately a factor of two [81] without
changing trends. Thus, the presence of a solvent in our calculations would not affect
the main conclusions, since we are interested in the trend of adsorption energy across
different configurations and molecules, and not in the magnitude of adsorption energy

seen.
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FIGURE 5.10: Adsorption of BA in two different configurations,
(A) chelating bidentate via carboxyl groups, and (B) bonding of H
to Fe;O, surface O atoms. The adsorption can be accompanied by
the surface adsorption of H+ ions displaced from OH groups.
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5.4 Materials and Methods

5.4.1 Materials and Experimental Methods

Iron (II) chloride tetrahydrate, iron (III) chloride hexahydrate, ammonium hydroxide,
3,4-dihydroxybenzoic acid, benzoic acid, poly (vinyl butyral-co-vinyl alcohol-co-vinyl ac-
etate) (PVB, MilliporeSigma, Canada), multiwalled carbon nanotubes (MWCNT, ID 4
nm, OD 13 nm, length 1-2 pm, Bayer, Leverkusen, Germany), and nickel foam (porosity
95%, thickness 1.6 mm, Vale, Toronto, ON, Canada), were used as starting materials.
Synthesis of Fe;O, was performed by a chemical precipitation method [41, 53] using
aqueous solutions of iron (II) chloride and iron (III) chloride. The molar ratio of FeCl,
to FeCl; in the solutions was 1:2. A similar procedure was carried with DHBA to analyse
the influence of DHBA on the electrode performance, as well as with BA to gain insight
into the dispersion and adsorption mechanisms involved. For the synthesis of Fe;O, in
the presence of MWCNT, a 3 g L~ MWCNT suspension, containing 1.5 g L~ DHBA
or BA, was initially prepared. Preparation included ultrasonication of the MWCNT
suspensions using a high energy Cole-Parmer (VCX 500, Cole-Parmer, Quebec City,
QC, Canada) ultrasonic processor. Iron (II) chloride tetrahydrate and iron (III) chloride
hexahydrate were added to the suspension, allowing for an Fe;O,:MWCNT mass ratio
of 4:1. The pH of the solutions was adjusted to pH = 9 by ammonium hydroxide. Chem-
ical precipitation was performed at 50°C at continuous stirring. Obtained suspensions
were filtrated, washed to remove non-adsorbed dispersant and reaction by-products, and
dried overnight in an oven at 60°C. Electrodes were prepared by impregnation of Ni foam
current collectors with slurries, containing FesO,, MWCNT and PVB binder. The mass
ratio of Fe;O,:MWCNT:PVB was 80:20:3. The mass of the impregnated material after
drying was 40 mg cm~2. The impregnated Ni foams were pressed to 30% of their original
thickness in order to improve electrical contact of the impregnated material and current

collector. A Bruker Vertex 70 spectrometer (Bruker, Milton, ON, Canada) was used
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for the Fourier Transform Infrared Spectroscopy (FTIR) experiments. Zeta potential
measurements were performed using a dynamic light scattering instrument (DelsaMax
Pro: Beck- man Coulter, Brea, CA, USA). Electrochemical studies were performed
in aqueous 0.5 M Na,SO, electrolyte using PARSTAT 2273 potentiostat (AMETEK,
Berwyn, PA, USA) for cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). Galvanostatic charge-discharge (GCD) investigations were performed
using Biologic VMP 300 poten- tiostat (BioLogic, Seyssinet-Pariset, France). Testing
was performed using a 3-electrode electrochemical cell containing a working (impreg-
nated Ni foam), counter-electrode (Pt mesh, MiliporeSigma, Oakville, ON, Canada),
and a reference electrode(SCE, saturated calomel electrode, AMETEK, Berwyn, PA,
USA). Mass and area normalized capacitances were calculated from the corresponding
CV and GCD data, as described by previous studies [70, 82]. The capacitances cal-
culated from the CV and GCD data represented integral capacitances measured in a
potential window of 0.8-0 V versus SCE. The capacitances calculated from the EIS data
represented differential capacitances measured at an open circuit potential at voltage
amplitude of 5 mV. CV results were obtained at 2, 5, 10, 20, 50, and 100 mV s~! scan
rates with EIS measurements performed afterwards. GCD results were obtained at 3, 5,

7,10, 20, 30, and 40 mA cm™? current densities.

5.4.2 Computational

The first-principles electronic structure calculations were performed in the framework
of DFT [57] using Perdew—Burke-Ernzerhof (PBE) generalized gradient approximation
[83] for the exchange correlation functional, augmented by the DFT-D3 correction with
Becke— Johnson damping [84, 85] to capture van der Waals interactions. The Vienna ab
initio simulation program (VASP) (version 5.4.4, University of Vienna, Vienna, Austria)
[86, 87, 88] and projector augmented-wave potentials [89] were used, where the p semi-

core states were treated as valence states for Fe potentials in all calculations. Standard
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potentials were used for all other elements. The cut-off energy for a plane wave expansion
of 500 eV was used for the relaxation of the bulk and surface structures to achieve an
accurate stress tensor, and the cut-off energy of 400 eV was used in the case of adsorption
calculations. During bulk relaxation, atomic position, cell shape, and cell volume were
relaxed, whereas only atomic positions were relaxed during the surface and adsorption
calculations. We included on-site Coulomb interaction to treat the highly correlated Fe
3d-electrons in the framework of Dudarev et al. [90] using an effective Hubbard energy
of U = 3.7 eV [78]. Collinear spin-polarized calculations were performed for all struc-
tures. Magnetic moments were initialized with opposing spin orientations of magnitude
4.0 uB for tetrahedrally and octahedrally coordinated Fe atoms [91]. Full self-consistent
structural optimization was performed for the bulk, while only forces were relaxed for
surface models of Fe;O, with additional constrains (see Section 5.3.2 for more details).
The structure was considered as optimized when the magnitude of Hellmann-Feynman
forces acting on atoms dropped below 50 meV A~! and components of the stress tensor
did not exceed 1 kbar. The ground- state energy was calculated using first order Meth-
fessel-Paxton smearing with a width of 0.02 eV. A blocked-Davidson algorithm with
high precision is used during the relaxation of the bulk and surface Fe;O, structures.
The Brillouin zone was sampled with a I'-centered k-mesh generated automatically with
a linear density of 15 divisions per 1 A=1 of the reciprocal space. Adsorption calcula-
tions utilize a preconditioned conjugate gradient with normal precision and automatic
I'-centered k-mesh with 30 divisions per 1 A~!. Construction of the Fe;0, (001) surfaces
is discussed in the results and discussions section. All structure files and VASP input
files used in this work can be found in the Supporting Information section. Structure

files can be visualized in VESTA [92].
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5.5 Conclusions

We have investigated the role DHBA has on the electrochemical performance of com-
posite Fe;O,-MWCNT anode material for use in supercapacitors. DHBA’s exceptional
adsorption and dispersing properties, utilized during synthesis of Fe;O,, contribute to
the significant increase in capacitance at low values of impedance. With a mass loading

2 was obtained from CV data at a scan rate

of 40 mg cm ™2, a capacitance of 4.59 F cm™
of 2mV s~! and 4.72 F cm™? from GCD data at a current density of 3 mA cm~2. DFT
surface and adsorption study of DHBA and BA on the Fe;O, (001) surface sheds light
on the adsorption and dispersion mechanisms seen experimentally. The largest magni-
tudes of adsorption enthalpies, 1.8 and 1.7 eV, are seen for DHBA chelating bidentate
and DHBA bridging bidentate configurations, respectively. Lower adsorption enthalpies
were calculated for adsorption of DHBA and BA via bidentate bonding of the carboxyl
group, where we see comparable adsorption enthalpies of 1.2 and 1.3 eV, respectively.
One can therefore conclude that, due to favourable and comparable adsorption enthalpies
of DHBA and BA utilizing a carboxyl functional group, the difference in dispersion and
electrochemical performance seen when comparing these two molecules as dispersing
agents is dependent on the means of electrostatic repulsion. We see that the more
favourable adsorption configurations for DHBA are those that rely on the phenolic OH
groups for adsorption, allowing the carboxyl group to facilitate electrostatic repulsion.
The Fe;0,~-MWCNT anode obtained with the use of DHBA as a dispersing agent, show-
ing improved electrochemical properties, is favourable in the development of advanced

energy storage devices.

Supplementary Materials: The following supporting information can be down-
loaded at: https:// www.mdpi.com/article/10.3390 /molecules28041562/s1. This paper
is accompanied by a ZIP archive file that contains VASP files (POSCAR) for all struc-

tures calculated in the present work. In addition, structure-specific input files (INCAR)
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as well as KPOINTS files are provided. POSCAR files can be visualized using VESTA
[94].
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6.1 Abstract

In this study, we investigate the effectiveness of murexide for surface modification of
Fe;0,4 nanoparticles to enhance the performance of multi-walled carbon nanotube-Fe;0O,
supercapacitor anodes. Our experimental results demonstrate significant improvements
in electrode performance when murexide is used as a capping or dispersing agent com-
pared to the case with no additives. When murexide is used as a capping agent, we
report a capacitance of 4.2 F cm™2 from cyclic voltammetry analysis with good ca-
pacitance retention at high scan rate. From impedance measurements, we reveal a
substantial decrease in the real part of impedance for samples prepared with murexide,
indicating easier charge transfer at more negative electrode potentials, and reinforcing
the role of murexide as a capping agent and charge transfer mediator. Density func-
tional theory is used to investigate interactions between the murexide adsorbate and the
Fe;0, (001) surface, with a specific emphasis on adsorption strength, charge transfer,
and electronic properties. This theoretical investigation uncovers a strong adsorption
enthalpy of —4.5 eV, and allows us to identify the nature of chemical bonds between
murexide and the surface, with significant charge transfer taking place between the
Fe;0, surface and murexide adsorbate. The transfer of electrons from the Fe;O, surface
to murexide is recognized as a vital component of the adsorption process. By examining
the bonding nature of murexide on Fe;O,, this research study uncovers insights and
proposes a novel bonding configuration of murexide that incorporates a combination of

bridging and chelating bonding.

6.2 Introduction

Supercapacitors have emerged as promising energy storage devices due to their high

power density, fast charging and discharging rates, and long cycle life [1]. Advanced
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electrode materials play a critical role in the electrochemical performance of supercapac-
itors, as they are responsible for storing and releasing charge during the charge/discharge
cycles [2]. However, the electrochemical performance of these materials can be limited
by factors such as low surface area, poor wettability, and high resistance at the electrode-

electrolyte interface.

Surface modification has been identified as a key strategy to overcome these limita-
tions and enhance the electrochemical performance of anode materials for supercapacitor
applications [3, 4]. Surface modification techniques such as surface roughening, the use
of nanostructured materials, and the control of surface chemistry can increase the sur-
face area, improve the wettability, and reduce the resistance at the electrode-electrolyte
interface [5, 6, 7]. These modifications can lead to higher capacitance and energy density,

improved rate capability, and cycling stability of supercapacitors.

By utilizing distinct materials for the anode and cathode, a supercapacitor device
can optimize its operational voltage window by capitalizing on the unique potential
ranges offered by each electrode [8]. Such an asymmetric device, containing Fe;0, and
MnO, electrodes, can exhibit an expanded voltage window of 1.8 V in aqueous K550,

electrolyte and have a reported capacitance of 50 F g*

at electrode mass density of
8.8 mg cm~2 [9]. However, the negative electrodes display a significantly lower gravi-
metric capacitance than the positive electrodes, leading to a greater active mass in the
negative electrode needed to match the capacitance of the positive electrode. This em-
phasizes the need to increase the specific capacitance of the negative electrodes, while
ensuring excellent performance at high active mass. Designing electrodes with high
active mass poses several challenges, including the poor charge transfer between Fe;O,
and conductive additives. Metal oxide nanoparticles and carbon nanotubes (CNTs) have

high surface areas, making them prone to agglomeration, which further complicates the

charge transfer process. Additionally, a decline in specific capacitance is observed as the
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active mass of capacitive material increases, primarily due to the weak electronic and

ionic conductivities [10] of metal oxide-based electrodes.

Recently, significant interest has been generated in application of chelating molecules
for surface modification of materials [11]. The strong adsorption of such molecules on
particle surface is an important factor for many applications. Molecules of different types
are currently under investigation, including catecholates, gallates, salicylates, and other
molecules from phosphonic acid and chromotropic acid families [11, 3]. Such molecules
show strong bidentate or tridentate bonding to metal atoms on the particle surface,
which is critical for their applications as capping agents for synthesis of nanoparticles,
dispersing agents for colloidal processing and extractors for liquid-liquid extraction of
nanoparticles[11, 3, 12]. Surface modification of metals with various catecholates such as
Tiron and alizarin red, and molecules of other types such as chromotropic acid, facilitated
electron transfer, reduced electropolymerization potential, and enabled electropolymer-
ization of polypyrrole on non-noble substrates [13, 14, 15, 16]. Of particular interest
are applications of catecholates as photosensitizers for surface modification of semicon-
ductors for photovoltaic applications [17]. Catecholates were used as capping agents for
synthesis of nanoparticles for supercapacitor electrodes with enhanced capacitive prop-
erties [6]. To enhance the capacitance of supercapacitor electrodes, a catecholate-type
celestine blue molecule was employed as a capping agent during synthesis, a cationic

dispersing agent for colloidal processing, and a charge transfer mediator [18].

Charge transfer mediators introduce a fast and reversible redox reaction that enhances
the ionic conductivity and increases the pseudocapacitive capacity of the supercapacitor
[19]. They can also store charges through valence changes and electron transfer between
the mediators and electronic conductors, such as activated carbon, which provides ad-
ditional charge capacity beyond that of electrostatic double layer capacitors [20, 21].

Unlike pseudocapacitance, the redox mediator-induced capacitance is not dependent on
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the number of electrochemically active sites. The energy density of a redox mediator-
based supercapacitor relies on the solubility of the redox mediators and their interaction
with the electrodes. If highly soluble redox mediators are used, the volumetric energy
density can be significantly improved as the dissolved mediator molecules or ions do not
cause any significant volume changes in the entire system [22]. [23] have shown that
using hydroquinone as a redox mediator in an electrolyte supporting 1 M H,SO, with
a chemically activated carbon electrode can result in a two-fold increase in specific ca-
pacitance. This increase is due to the additional pseudocapacitive contribution from the
faradaic reactions of the hydroquinone/quinone system in the redox electrolyte. These
studies have generated interest in the search for charged chelating molecules with redox

properties for the development of advanced supercapacitor electrodes.

Murexide is a versatile and widely used indicator in analytical chemistry. Murexide
has been employed in complexometric investigations involving 3d or 4f ions, where the
formation of a complex results in a modification of the solution’s color [24, 25, 26, 27]. Tt
can form stable, colored complexes with a range of metal ions, including transition metals
such as iron, cobalt, nickel, and copper [28]. These complexes have distinctive hues that
can be easily observed and quantified, making murexide an excellent tool for identifying
and measuring metal ions in a sample. Furthermore, murexide can be employed in both
aqueous and non-aqueous solvents, expanding its potential applications in a variety of

fields [29)].

Murexide has emerged as a promising capping and dispersing agent for the surface
modification of cathode materials in supercapacitor applications [30, 12]. Murexide has
been used as a capping agent for Mn;0O, nanoparticles and as a co-dispersant for Mn;O,
and CNTs. The adsorption of murexide on Mn;O, and CNTs facilitated electrostatic
co-dispersion of Mn;0O, with CNTs with enhanced mixing to significantly increase the

performance of the Mn;O,-CNT electrodes [12].
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The redox properties of murexide have been investigated in various solvents and
electrolytes, and the results have shown that it can exhibit multiple redox peaks with high
redox potentials and good reversibility in aqueous electrolytes, indicating its potential
for high energy density applications. In aqueous electrolytes, reversible cathodic and
anodic peaks are well defined in a voltage window of 0 to —1.5 V vs. saturated calomel

electrode (SCE) [29].

In this work, we are conducting the first density functional theory (DFT) study to
investigate the adsorption mechanism and binding energy of murexide on a surface of
Fe;O,. The bonding mechanism of murexide on surfaces remains poorly understood,
and therefore, we propose a novel bonding configuration that utilizes four atoms in
the murexide molecule, forming a combination of bridging and chelating bonds. This
proposed configuration contrasts with the tridentate [12, 28, 31] bonding previously sug-
gested in the literature and offers a promising explanation for the strong adsorption
observed experimentally. The charge density and Bader charge analyses are performed
to understand the mechanism of molecular adsorption and magnitude of charge trans-
fer during the adsorption process. The results of this study provide insights into the
underlying principles governing the interaction between murexide and Fe;O, and will
help to identify the optimal conditions for using murexide as an effective adsorbent in
various applications. To corroborate the theoretical findings with experimental results,
we have fabricated Fe;O,-CNT composite electrodes using murexide as a capping and
dispersing agent. This study aims to investigate, for the first time, the difference in elec-
trode performance when the same molecule is used strictly as a dispersing agent, or as a
capping agent. This combination of theoretical and experimental approaches provides a
comprehensive understanding of the behavior of murexide as a dispersant agent, capping

agent, and charge transfer mediator, and its potential use in energy storage applications.
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6.3 Results and discussion

6.3.1 Experimental results

In this investigation murexide was investigated as both a dispersing and capping agent
to facilitate the co-dispersion of Fe;O, nanoparticles and CNTs to be used as the active
material in supercapacitor anodes. Five techniques were conducted and tested where an
electrode was fabricated from Fe;O, and CNTs with no additives (NA), 5% murexide
added as a dispersing agent to synthesized Fe;O, particles and CNTs in a solution of
ethanol and dispersed in ethanol via probe ultrasonication (DE), 5% murexide added as
a dispersing agent to synthesized Fe;O, particles and CNTs in a solution of water and
dispersed water via probe ultrasonication (DW), 5% murexide as a capping agent added
during synthesis of Fe;O, (C5), and 10% murexide as a capping agent added during
synthesis of Fe;O, (C10).

The cyclic voltammetry (CV) curves in figure 6.1 clearly show that the addition of
murexide provides an increase in electrode performance compared to the case where no
additive is used. In the cases where murexide is used as strictly a dispersing agent (DE
and DW) we can see a slight increase in the peak capacitance of the electrodes from
2.4 F cm™2 for NA to 2.6 F cm™2 and 3.0 F cm™2 for DE and DW, respectively, at a
scan rate of 2 mV s~'. We see capacitance retention at increasing scan rate improving
greatly for DE and DW, where capacitance at 100 mV s~! is 2.3 F cm ™2 and 2.0 F cm 2,
respectively, compared to 0.9 F cm ™2 for NA. For C5 and C10, peak capacitance increases
much more significantly, reaching a peak capacitance of 4.5 F cm™ and 4.2 F cm™2,
respectively, at 2 mV s~! scan rate. The improved capacitance retention is not seen
for C5 as capacitance fades to 1.9 F cm™2 at 100 mV s~!. When the concentration of
murexide used as a capping agent increases from 5% to 10%, we see capacitance retention

similar to DE and DW, where capacitance at 100 mV s~! is reported at 3.4 F cm™2.
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Ficure 6.1: (A, B, C, D, E) CVs at scan rates of (a) 20, (b) 10,
and (c) 2 mV s™! for for (A) NA, (B) DE, (C) DW, (D) C5, and
(E) C10. (F) Capacitance vs. scan rate for for (a) NA, (b) DE, (c)
DW, (d) C5, and (e) C10.

We see a greater increase in the peak capacitance with murexide used as a capping
agent compared to as a dispersing agent. We do, however, see better capacitance re-
tention when murexide is used as a dispersing agent compared to a capping agent at a

concentration of 5%.

When synthesis of Fe;O, is conducted without additives, particles are able to agglom-
erate into larger particles after synthesis. Once murexide is introduced as a dispersing
agent, these particles are no longer able to agglomerate further. This in combination
with the adsorbed murexide playing the role of a charge transfer mediator results in a
slight increase in peak capacitance and an improvement in the capacitance retention at

higher scan rates.

It is known that increasing the scan rate can result in a decrease in the measured

capacitance [32]. This is because the scan rate affects the amount of time that the
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electrochemical reactions have to take place at the electrode-electrolyte interface [33, 34].
This results in the resistance at the electrode-electrolyte interface becoming a limiting
factor in the charging and discharging processes at high scan rates [35, 33]. Murexide
shows redox active peaks in the negative potential range, leading to a reversible 1 electron
transfer process[29] and allowing murexide to serve as a charge transfer mediator in a
negative potential window. This charge transfer mediation allows for a decrease in
resistance at the electrode-electrolyte interface. This means that electrons can more
easily transfer during the surface redox reactions necessary for charge storage, which at

high scan rates, need to happen very quickly in order to retain capacitance.

As a capping agent during synthesis, murexide is able to form complexes with the
actively forming Fe;O, surfaces. This prevents agglomeration as well as controls the
growth of the Fe;O, particles during formation. This results in a suspension containing
smaller particles, which allows for the fabrication of an electrode with a higher active

surface area for the necessary surface redox reaction to take place during cycling.

When the concentration of murexide as a capping agent is increased from 5% to 10%,
there is more murexide to facilitate charge transfer from electrolyte to the active electrode
material, effectively decreasing resistance at the electrode-electrolyte interface due to the
redox properties of murexide. The redox properties of murexide will contribute indirectly
to the capacitance of the electrode. This is evident in the samples where murexide is
used as a capping agent (figure 6.1 D and E) where we see an increase in the CV
area specifically in the more negative potential range. The increase in CV area in only
this range can be attributed to the influence of the adsorbed murexide molecule, which

exhibits redox peaks in this range.

Figure 6.2 compares the galvanostatic charge-discharge (GCD) curves (panels A-E)
for different electrodes, with corresponding capacitance (panel F) calculated from the

discharge data at different current densities. GCD was performed in a potential window
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of —0.8 V to 0 V vs SCE. Nearly symmetrical and triangular charge-discharge curves are
seen, confirming the pseudocapacitive behavior. Similar to the trends we see with the
CV data, when electrodes showed only a slight increase in capacitance when murexide is
used as a dispersing agent. For murexide as a dispersing agent in ethanol and water we
see a peak capacitance of 2.8 F cm™2 and 2.7 F cm™2, respectively, at the current density

2 compared to a value of 2.4 F cm™2 for the case where no additive is used.

of 3 mA em™
When murexide is used as a capping agent, we again see a much more significant increase
in the value of capacitance. For murexide as a capping agent with a concentration of 5%

and 10% we see a peak capacitance of 4.6 F cm™2 and 4.1 F em™2, respectively, at the

current density of 3 mA cm™2. At current densities above 10 mA cm™2, we see that the
capacitance of C10 exceeds that of C5.
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FIGURE 6.2: (A, B, C, D, E) charge-discharge curves at current
densities of (a) 7, (b) 5, and (c) 3 mA ecm~2 for (A) NA, (B) DE,
(C) DW, (D) C5, and (E) C10. (F) Capacitance vs. current density
profiles for (a) NA, (b) DE, (c) DW, (d) C5, and (e) C10.
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The analysis of impedance data further provides evidence of the improved perfor-
mance of the electrodes fabricated using murexide for surface modification of Fe;O,. In
figure 6.3, we present the impedance at more negative potentials via Nyquist plots. We
see a substantial decrease in the value of the real part of impedance for samples that
were prepared with murexide, indicating that the presence of murexide results in easier
charge transfer at more negative potentials. Although DE and DW samples exhibit the
lowest real part of impedance at an electrode potential of 0 V vs. SCE, we see that the
C5 and C10 samples exhibit much lower impedance at more negative electrode potentials
(below —0.2 V vs. SCE). This decrease in impedance at lower electrode potentials is

explained by the redox and electron mediation properties of murexide in this potential

range.
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Figure 6.4 shows the real part of capacitance for each of the five electrodes at 0, —0.2,
—0.4, —0.6, and —0.8 V vs. SCE. We see a significant improvement in the real part of
capacitance (C”) for the C5 and C10 samples at electrode potentials below —0.2 V vs.
SCE compared to other samples. This is consistent with what we see in the CV data,
where the area of the CV curves drastically increases at lower electrode potentials when
murexide is used as a capping agent. We see similar results with the dispersing agent
samples (DE and DW) where the real part of capacitance is comparable to the case

where no additive is used.
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FIGURE 6.4: Real part of capacitance (C”) plots for (A) NA, (B)
DE, (C) DW, (D) C5, and (E) C10 at electrode potentials of (a) 0,
(b) —0.2, (c) —0.4, (d) —0.6, and (e) —0.8 V vs. SCE.

From figure 6.5 an increase of relaxation frequency from the imaginary part of
impedance (C") for the electrodes prepared with murexide as a dispersing agent (DE and
DW) is observed. With the analysis of impedance at more negative electrode potentials,
we see an increase in both the real part of capacitance (figure 6.4) and the relaxation
frequency (figure 6.5) for samples prepared with murexide, indicating the indirect contri-

bution to the overall capacitance of the electrode via the charge mediation properties of
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FIGURE 6.5: Imaginary part of capacitance (C”) plots for (A) NA,
(B) DE, (C) DW, (D) C5, and (E) C10 at electrode potentials of
(a) 0, (b) —0.2, (c) —0.4, (d) —0.6, and (e) —0.8 V vs. SCE.

murexide. Additionally, the decrease observed in the real part of impedance (figure 6.3)
indicates relatively low resistance and the the large slope shown in the Z” vs. Z’ curves

shows good capacitive behaviour, especially at lower electrode potentials.

6.3.2 DFT modelling of murexide adsorption on Fe;O, (001) surface

DFT modelling of the adsorption process of murexide on the surface of Fe;O, is con-
ducted. The structural model (in the lowest energy configuration) is illustrated in fig-
ure 6.6. One hydrogen atom is cleaved from the murexide molecule and accommodated
by Fe;O, to form a surface OH group. Relaxation of bulk cubic Fe;O, unit cell and
subsequent construction of the (001) surface was performed following the procedure de-
scribed elsewhere [36]. The selected stochiometric surface terminated with tetrahedrally
coordinated Fe atoms, is in line with previous computational studies [37, 38] which have

identified this (001) surface and its termination as the most energetically favourable.

87


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/materials/

M.A.Sc.— Coulton Boucher; McMaster University— Materials Science & Engineering

Adsorption strength of murexide to the surface of Fe;O, is evaluated by the calcula-
tion of an adsorption enthalpy (H,gs), which represents the difference between the total

energy (Eiot) of the adsorbed and desorbed states

_ ads des
Hags = Hegy — Hioy - (6.1)

The desorbed state is modelled as the surface slab with the murexide molecule positioned
10 A above the surface in the vacuum layer. Our calculations yield an enthalpy of
H,qs = —4.5 eV. This value indicates very strong adsorption, consistent with previous
studies reporting adsorption enthalpies ranging from —1.8 eV for other organic molecules
[36] to —5.5 eV for adsortion of single adatoms [39, 38] on the Fe;O, (001) surface. In
comparison to other organic molecules, the adsorption enthalpy of murexide onto the
surface of Fe;O, exhibits a remarkable increase, attributed to the formation of four bonds
with the surface. This significant enhancement in adsorption energy can be attributed to
the unique bonding mechanism of murexide, which involves the simultaneous formation
of both bridging and chelating bonds. The adsorption of murexide results in bonding to
surface Fe atoms in a manner that maintains the octahedral or tetrahedral coordination,
and distorts the surface to result in coordination of surface Fe atoms closer to that of

the bulk Fe atoms in the Fe30y,.

In addition to the calculation of adsorption energies, the adsorption mechanism is
also investigated using charge density difference plots and Bader charge analysis. Fig-
ure 6.7(B) presents the three-dimensional charge density difference where the charge
density of the separate surface (psyf) and molecule, which includes the accomodated
H, (pmo1) is subtracted from the charge density of the adsorbed molecule on the Fe;0,

surface (pads)

Ap = Pads — Psurf — Pmol- (62)
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FIGURE 6.6: Adsorption of murexide on the (001) furface of Fe;O,.
The adsorption is accompanied by the surface adsorption of an H™
ion displaced from the OH group on the murexide molecule. The
value of adsoprtion enthalpy is indicated.
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Figure 6.7(A) plots the charge density planar average along the z-direction where the

panel (C) plots the amount of charge transferred up to z, and is given by

AQ(z) = /OZ Ap(z) dz. (6.3)

From figure 6.7(A), we can see that the charge density around the Fe;O, surface
changes from positive to negative, indicating a transfer of negative charge from the Fe;O,
surface to the murexide molecule. From panel (C) we see that the largest magnitude of
charge transfer occurs at z = 13 A, which is in the region where the bonds are formed
between murexide and the Fe;O, surface during adsorption. The total net number
of electrons transferred between the Fe;O, surface and adsorbed murexide is 0.79 e,
which implies an electron deficiency of in the Fe;O, slab due to the adsorbed murexide

molecule.

Since the charge density planar average is an average of the charge density at each
point along the z-axis, we use Bader charge analysis [40, 41] to further investigate the
charge transfer between Fe;O, and murexide during adsorption on an atom-by-atom
basis. The Bader charges can be seen in table 6.1, where we list the difference in
Bader net atomic charges between the adsorbed molecule on Fe;O, and the separate
Fe;0, surface and molecule. The bonds between murexide and Fe3O, can be seen in
figure 6.8 from the three-dimensional isosurface of charge density difference before and
after adsorption. It is clear that electron accumulation occurs on the atoms involved
in bonding that are part of the murexide molecule, where they are depleted from the
surface Fe atoms, shown by the yellow and blue surfaces, respectively. This formation

of a dipole results in the ionic nature of bonding of murexide onto the Fe;O, surface.

By investigating the Bader charge difference between atoms in the adsorbed and

desorbed states, we can gain insight into the charge transfer that occurs during the
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FIGURE 6.7: (A) Charge density difference planar average of
murexide adsorbed on Fe;O, surface, plotted along the z-axis, (B)
schematic of adsorbed murexide on Fe;O, with three-dimensional
isosurface of the charge density difference (rendered value of
40.0065 e A‘3), where yellow region represents area of electron
accumulation and blue region represents area of electron deple-
tion during the adsorption process, and (C) integral charge transfer
AQ(z) with respect to position along the z-axis.
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FIGURE 6.8: close-up view of three-dimensional isosurface of the
charge density difference (rendered value of 40.0065 e A=3) for
atoms involved in murexide bonding to Fe;O, surface, where yel-
low region represents area of electron accumulation and blue region
represents area of electron depletion during the adsorption process.

adsorption process, and which specific atoms play a role. From Bader charge analysis
(table 6.1), during the adsortpion of murexide onto the Fe;O, surface, we see a decrease
in the Bader charge of 0.60 for the murexide molecule with a subsequent increase of 0.62
for the Fe;O, surface. This indicates a depletion of electrons from the Fe;O, surface
with accumulation occuring in the murexide molecule. We can see this charge transfer
takes place directly at the adsorption sites, where the bonds between the atoms in the

murexide molecule form with the Fe atoms in the Fe;O, surface.

From the charge density difference and Bader charge analysis, we can clearly see
that the transfer of electrons from the Fe;O, surface to murexide plays a critical role in
the adsorption of murexide on FesO,. Additionally, this pathway for electron transfer
may provide insight into the charge transfer mediation that murexide provides in Fe;O,

supercapacitor anodes at negative electrode potentials.

From figure 6.10, we can see that, for both spins, the lowest unoccupied molecular
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TABLE 6.1: Bader charge (in units of |e|) of selected atoms associ-

ated with murexide adsorption (see Fig. 6.9 for labels).

Location  Separate Bonded Difference

Surface
Feq 1.58 1.73 0.15
Fes 1.33 1.66 0.33
Fes 1.58 1.70 0.12
Sum — — 0.60
Murexide
(O —1.00 —-1.17 —0.17
(O] —0.98 —1.10 —0.12
O3 —1.04 —1.15 —0.11
N —0.95 —1.17 —0.22
Sum — — —0.62

FIGURE 6.9: Close-up view of murexide adsorbed onto Fe3Oy4 sur-
face with atoms labelled for Bader charge analysis.
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FIGURE 6.10:  Schematic energy band alignment for (A)
spin up and (B) spin down electronic states at the interface
Fe;0,/murexide.

orbital (LUMO), and the highest occupied molecular orbital (HOMO) of the murexide
molecule are positioned lower in energy compared to the conduction band edge (CBE)
and valence abnd edge (VBE) of the Fe;O,, respectively. This energetic arrangement
plays a pivotal role in electron transfer dynamics during the adsorption process. Specif-
ically, the lower energy positioning of the murexide’s LUMO facilitates the acceptance
of electrons from the Fe;0, conduction band, enabling efficient charge transfer from the
metal oxide surface to the adsorbed molecule. This energetic alignment may also pro-
motes enhanced electron transfer efficiency, with the possibility to increase the overall

conductivity and performance of the system.

Further investigation of the density of states (DOS) reveals the formation of a band
gap after the adsorption of murexide, while the surface is metallic (for one of the spin
channels) in the non-adsorbed state (figure 6.11. This band gap formation can be seen
in figure 6.11, where the density of states for the Fe;O, surface before (A) and after (B)
adsorption is shown. The formation of a band gap after murexide adsorption suggests
a change in the electronic structure of the system. Adsorption-induced modifications,

such as charge redistribution, can open up a band gap in the energy spectrum [42]. From
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FIGURE 6.11: Density of states of the Fe;O, surface before (A) and
after (B) adsorption of murexide, where the red and black curves
represent spin up and spin down, respectively. The Fermi energy is
normalized to 0 eV.

charge-density and Bader charge analysis, the adsorption of murexide molecule on the
Fe;0, surface leads to a redistribution of charge. We see that the interaction between
the murexide molecule and the surface atoms results in charge transfer, which can alter

the occupancy of electronic states near the Fermi level.

6.4 Materials and Methods

6.4.1 Materials and Experimental Methods

Iron (II) chloride tetrahydrate, iron (III) chloride hexahydrate, ammonium hydroxide,
murexide (Ammonium 2,6-dioxo-5-[(2,4,6-trioxo-5-hexahydropyrimidinylidene)amino]-3H-
pyrimidin-4-olate), poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB, Milli-
poreSigma, Canada), multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm,

length 1—2 pm, Bayer, Germany), and nickel foam (porosity 95%, thickness 1.6 mm,
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Vale, Canada), were used as starting materials.

Synthesis of Fe;O, was performed by a chemical precipitation method [18, 43] us-
ing aqueous solutions of iron (II) chloride and iron (III) chloride. The molar ratio of
FeCl, to FeCl; in the solutions was 1:2. For the synthesis of Fe;O, in the presence of
MWCNT, a 3 g L' MWCNT suspension was initially prepared. Preparation included
ultrasonication of the MWCNT suspensions using a high energy Cole-Parmer (Canada)
ultrasonic processor. Iron (II) chloride tetrahydrate and iron (III) chloride hexahydrate
were added to the suspension, allowing for an Fe;O,:MWOCNT mass ratio of 4:1. The pH
of the solutions was adjusted to pH=9 by ammonium hydroxide. Chemical precipitation
was performed at 50 °C at continuous stirring. Obtained suspensions were separated via
centrifuge, washed, filtrated, and dried overnight in an oven at 60 °C. For DE and DW
samples, Fe;O,-MWCNT suspension was redispersed in ethanol and water, respectively,
via ultrasonication before being separated, washed, filtrated, and dried. For C5 and
C10 samples, murexide was added to the Fe salt solution during synthesis in a weight

percentage of 5% and 10%, respectively, then separated, washed, filtrated, and dried.

Electrodes were prepared by impregnation of Ni foam current collectors with slurries,
containing Fe3O,, MWCNT and PVB binder. The mass ratio of Fe30,:MWCNT:PVB
was 80:20:3. The mass of the impregnated material after drying was 40 mg cm~2. The
impregnated Ni foams were pressed to 30% of their original thickness in order to improve

electrical contact of the impregnated material and current collector.

Electrochemical studies were performed in aqueous 0.5 M Na,SO, electrolyte using
Biologic VMP 300 potentiostat (BioLogic, France) for CV, electrochemical impedance
spectroscopy (EIS), and GCD investigations. Testing was performed using a 3-electrode
electrochemical cell containing a working electrode (impregnated Ni foam), counter-
electrode (Pt mesh), and a reference electrode (SCE, saturated calomel electrode). Mass

and area normalized capacitances were calculated from the corresponding CV and GCD
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data, as described by previous studies [44, 45]. The capacitances calculated from the
CV and GCD data represented integral capacitances measured in a potential window
of —0.8...0 V versus SCE. The capacitances calculated from the EIS data represented
differential capacitances measured at a potential 0 V, —0.2 V, —0.4 V, —0.6 V, and
—0.8 V versus SCE, at voltage amplitude of 5 mV. CV results were obtained at 2, 5, 10,
20, 50, and 100 mV s~! scan rates with EIS measurements performed afterwards. GCD

results were obtained at 3, 5, 7, 10, 20, 30, and 40 mA cm™2 current densities.

6.4.2 Computational

The first-principles electronic structure calculations were performed in the framework
of DFT [46] using Perdew—Burke-Ernzerhof (PBE) generalized gradient approximation
[47] for the exchange correlation functional, augmented by the DFT-D3 correction with
Becke-Johnson damping [48, 49] to capture van der Waals interactions. The Vienna ab
initio simulation program (VASP) (version 5.4.4, University of Vienna, Vienna, Austria)
[50, 51, 52] and projector augmented-wave potentials [53] were used, where the p semi-
core states were treated as valence states for Fe potentials in all calculations. Standard
potentials were used for all other elements. The cut-off energy for a plane wave expansion
of 400 eV was used for adsorption calculations. We included on-site Coulomb interaction
to treat the highly correlated Fe 3d-electrons in the framework of Dudarev et al. [54] us-
ing an effective Hubbard energy of U = 3.7 eV [39]. Collinear spin-polarized calculations
were performed for all structures. Magnetic moments were initialized with opposing
spin orientations of magnitude 4.0 pup for tetrahedrally and octahedrally coordinated
Fe atoms [55]. Only forces were relaxed for surface models of Fe;0, with an additional
constraint of atomic position for the middle three layers of the Fe;O, surface structure,
to maintain bulk atomic positions. The structure was considered as optimized when the
magnitude of Hellmann-Feynman forces acting on atoms dropped below 50 meV A~!

and components of the stress tensor did not exceed 1 kbar. The groundstate energy
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was calculated using first order Methfessel-Paxton smearing with a width of 0.02 eV.
A blocked-Davidson algorithm with high precision is used during the relaxation of the
bulk and surface Fe;O, structures. The Brillouin zone was sampled with a I'-centered
k-mesh generated automatically with a linear density of 30 divisions per 1 A=1 of the

reciprocal space.

The electronic and charge properties of the murexide adsorbate and Fe;O, system was
investigated by analyzing the Bader charge [41] and DOS analysis. In Bader analysis, the
electron charge distribution from the DFT calculation was partitioned and assigned to
individual atoms. The differences in the partitioned charge before and after adsorption
indicate charge transfer between the surface and adsorbate. DOS analysis examines
chemical bonding interactions by showing the changes in the occupation of the electron
energy levels associated with adsorption. Charge density planar average and DOS plots

were obtained from data using VASPKIT [56].

All structure files and VASP input files used in this work can be found in the Sup-

porting Information section. Structure files can be visualized in VESTA [57].

6.5 Conclusions

In conclusion, the experimental results presented in this study provide evidence for the
effectiveness of murexide as a capping agent to enhance the performance of MWCNT-
Fe;O, supercapacitor anodes. The addition of murexide, whether as a dispersing agent
or a capping agent, resulted in significant improvements in electrode performance com-
pared to the case without any additive. When used as a dispersing agent, 5% murexide
in ethanol and water led to slight increases in peak capacitance and remarkable im-
provements in capacitance retention at higher scan rates. On the other hand, murexide
as a capping agent during synthesis resulted in a more substantial, 1.9-fold increase in

peak capacitance, reaching values as high as 4.6 F cm™? in the case of the C5 sample,
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and maintaining the improved capacitance retention when murexide concentration is

increased.

The analysis of impedance data further supported the enhanced performance of
murexide-modified electrodes, showing easier charge transfer and improved capacitance
at negative electrode potentials. GCD data confirmed the pseudocapacitive behavior
of the electrodes and demonstrated the superior charge storage capacity of murexide-

modified electrodes.

The atomistic modelling of the adsorption process of murexide on the Fe;O, surface
provided valuable insights into the adsorption strength, bonding characteristics, charge
transfer, and electronic properties. The strong adsorption of murexide on the Fe;O,
surface is indicated by an adsorption enthalpy of —4.5 eV. Additionally, it is evident
that the coordination of Fe atoms in bonding significantly influences the interaction
between atoms. Specifically, O and N from murexide forms bonds with surface Fe atoms
in a manner which restores their respective bulk tetrahedral or octahedral coordination.
Further analysis using charge density difference plots, Bader charge analysis, and DOS
demonstrated the transfer of electrons from the Fe;O, surface to murexide and was
found to play a critical role in the adsorption process. This electron transfer pathway
may have implications for the charge transfer mediation provided by murexide in Fe;O,
supercapacitor anodes at negative electrode potentials. Additionally, the band alignment
analysis reveals that the lower energy levels of the LUMO and HOMO of the murexide
molecule compared to the CBE and VBE of Fe;O,, respectively, allows for the transfer
of electrons from the Fe;O, surface to murexide during adsorption, and may illustrate

a conductive pathway for electrons to decrease electrode resistance.

Overall, these findings contribute to a deeper understanding of the interaction be-
tween murexide and Fe;0O, and have implications for the development of advanced en-

ergy storage systems. The demonstrated improvements in electrode performance and
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the insights into the adsorption process and charge transfer mechanisms provide a foun-
dation for further exploration of murexide and its potential applications in various fields,

including energy storage devices.
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Chapter 7

Conclusions and Future Work

Investigations have successfully explored the use of 3,4-dihydroxybenzoic acid and murex-
ide as effective dispersing and capping agents in the synthesis of CNT-Fe;0, composite
electrodes for supercapacitor applications. The incorporation of these agents has proven
to be instrumental in controlling nanoparticle size, reducing agglomeration of particles,
and improving the overall performance of the composite electrodes. Notably, these stud-
ies incorporated the use of DFT calculations, which provided an in-depth and novel
understanding of the adsorption phenomena occurring during the electrode fabrication
process. These calculations have played a pivotal role in unraveling the molecular-level
interactions and shedding light on the mechanisms through which these molecules en-

hance the anode performance.

Both experimental investigations and computational simulations have played a crucial
role in gaining a comprehensive understanding of the structural, electronic, and surface

properties of Fe;O,, as well as the interactions with additives and dispersing agents.

The successful utilization of 3,4-dihydroxybenzoic acid and murexide as dispersing
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and capping agents highlights their potential as effective strategies for enhancing the
performance of supercapacitor electrodes based on CNT-Fe;O, composites. The im-
proved control over particle size and reduction in agglomeration have been demonstrated
to positively impact the capacitive behavior, leading to enhanced energy storage capa-

bilities.

The use of DFT calculations has offered valuable insights into the adsorption behav-
ior of 3,4-dihydroxybenzoic acid and murexide on the Fe;O, surface, enabling a deeper
understanding of their roles as dispersing and capping agents. By studying the struc-
tural, electronic, and surface properties of the materials, as well as the energetics of the
adsorption process, DFT simulations have provided crucial information on the stability
and binding strength of these molecules, elucidating their impact on nanoparticle size
control, reduction of agglomeration, and ultimately, the improved performance of the

supercapacitor anode.

The understanding gained from this research can serve as a foundation for the devel-
opment of novel materials and design approaches that address the limitations of Fe30 -
based electrodes. Exploring different surface modification techniques, investigating the
effect of nanostructuring, utilizing different dispersing molecules, or incorporating other
conductive materials may offer opportunities for further enhancement of the conductive
and capacitive performance of Fe;O, nanoparticles to be fabricated and tested in fully

functional supercapacitor devices.

Looking ahead, the use of DFT calculations can continue to play a pivotal role in
future research endeavors. The computational approach offers a platform for exploring
a broader range of dispersing and capping agents. The computational model developed
during these investigations can continue to be expanded upon, and be used for different
dispersing molecules and different material surfaces to continue to gain insights into the

phenomena governing adsorption and dispersion of inorganic nanoparticles.

110


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/materials/

	Abstract
	Acknowledgements
	Introduction
	Motivation
	Structure of this thesis
	Bibliography

	Literature Review
	Electric Double-Layer Capacitors
	Pseudocapacitors
	Underpotential Deposition
	Surface Redox System
	Intercalation

	Fe3O4 in Supercapacitors
	Dispersing and capping agents
	Density Functional Theory
	Local Density Approximation
	Generalized Gradient Approximation
	Pseudopotentials

	Bibliography

	Problem Statement
	Bibliography

	Objectives
	Supercapacitor Performance of Magnetite Nanoparticles Enhanced by a Catecholate Dispersant: Experiment and Theory
	Abstract
	Introduction
	Results and Discussion
	Experimental Results
	DFT Modeling of Adsorption on Fe3O4 001 Surface

	Materials and Methods
	Materials and Experimental Methods
	Computational

	Conclusions
	Bibliography

	Application of murexide as a capping agent for fabrication of magnetite anodes for supercapacitors: experimental and first-principle studies
	Abstract
	Introduction
	Results and discussion
	Experimental results
	DFT modelling of murexide adsorption on Fe3O4 (001) surface

	Materials and Methods
	Materials and Experimental Methods
	Computational

	Conclusions
	Acknowledgement
	Bibliography

	Conclusions and Future Work

