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ABSTRACT

Vanadium-Doped Magnesium Oxide Nanoparticles as Electrodes in
Supercapacitor Devices

Abdalla Hroub
Advisor: Assoc. Prof. Dr. Emre Erdem

Keywords: Magnesium Oxide, Vanadium, EPR Spectroscopy, Supercapacitors, Electrochemical
Analysis.

Magnesium Oxide (MgO) occupies a special stature as a material for energy-storage purposes,
owing to its abundance, sustainability, and phenomenal electrochemical features. Vanadium (V)
is another unique material, where vanadyl ions (V**) can be utilized as probing agents to reveal
information in characterization spectroscopies that require paramagnetic centers, and to
introduce extrinsic defects into host materials to enhance the electrochemical properties. Here in,
we report V-doped MgO nanoparticles as electrode materials in all-in-one solid-state
supercapacitor devices. The prepared samples’ structural, morphological, electronic, and optical
properties were thoroughly analyzed utilizing XRD, Raman spectroscopy, STEM, EPR, and PL.
EPR spectroscopy was employed to analyze the paramagnetic centers induced in the host
material and showed that all VV-doped samples displayed a V** characteristic EPR signal. The
electrochemical analysis of the assembled symmetric supercapacitors was done using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic cycling
with the potential limitation technique (GCPL). The results reveal that the novel V-doped MgO
material displayed excellent capacitance performance between 0 and 1 V, delivering a specific
capacitance of 50 F/g at a 10 mV/s scan rate. It also exhibits a maximum energy density of 4.17
Wh/kg, comparable to values obtained from other symmetric supercapacitor configurations.
When a booster material like carbon black was added, the specific capacitance value increased
dramatically to 1200 F/g at 20 mV/s, values that were never reported before in the literature for

MgO-based materials.



OZET

Magnezyum Oksit (MgO), bollugu, siirdiiriilebilirligi ve olaganiistii elektrokimyasal 6zellikleri
nedeniyle enerji depolama amagli bir malzeme olarak 6zel bir konuma sahiptir. Vanadyum (V),
vanadil  iyonlarinm  (V*Y)  paramanyetik = merkezler  gerektiren  Karakterizasyon
spektroskopilerindeki bilgileri ortaya c¢ikarmak, elektrokimyasal 6zellikleri gelistirmek ve ana
malzemelere digsal kusurlar eklemek i¢in arastirma ajanlart olarak kullanilabilecek benzersiz bir
malzemedir. Burada, hepsi bir arada kat1 hal siiper kapasitor cihazlarinda elektrot malzemeleri
olarak V katkili MgO nanopargaciklart rapor edilmektedir. Hazirlanan numunelerin yapisal,
morfolojik, elektronik ve optik Ozellikleri XRD, Raman spektroskopisi, STEM, EPR ve PL
kullanilarak kapsamli bir sekilde analiz edilmistir. Konak malzemede indiiklenen paramanyetik
merkezleri analiz etmek i¢in EPR spektroskopisi kullanilmistir ve tiim V katkili numuneler bir
V4 karakteristik EPR sinyali gOstermistir.  Birlestirilmis simetrik siiper kapasitdrlerin
elektrokimyasal analizi, dongusel voltammetri (CV), elektrokimyasal empedans spektroskopisi
(EIS) ve potansiyel sinirlama teknigi (GCPL) ile galvanostatik dongii kullanilarak yapilmistir.
Sonuglar, yeni V katkili MgO malzemesinin 0 ile 1 V arasinda miikemmel kapasitans
performansi sergiledigini ve 10 mV/s tarama hizinda 50 F/g'lik bir 6zgiil kapasitans sagladigin
ortaya koymaktadir. Ayn1 zamanda, diger simetrik siiper kapasitor konfigiirasyonlarindan elde
edilen degerlerle Kkarsilastirilabilecek sekilde maksimum 4.17 Wh/kg enerji yogunlugu
sergilemektedir. Karbon siyah1 gibi bir yiikseltici malzeme eklendiginde, 6zgiil kapasitans degeri
20 mV/s'de 1200 F/g'ye, MgO bazli malzemeler eklendiginde ise literatirde daha once hig

bildirilmemis degerlere 6nemli dl¢iide yiikseldigi goriilmektedir.
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1. Introduction

In the past decades, the reliance on fossil fuels as a primary energy source has drastically
decreased as the world has shifted to cleaner and more diverse power solutions (e.g., solar, wind,
geothermal, nuclear, water electrolysis, and biomass energy) to satisfy the blooming energy
requirements of the 21st century [1-4]. Accordingly, energy storage systems have become the
fundamental basis for storing the surplus of energy harvested from renewable sources to be
utilized upon demand later due to their intermittent nature. Among different energy storage
devices, supercapacitors have acquired significant attention in recent years due to their ability to
bridge the gap between batteries and capacitors, combining a relatively high-power density with
a long cycling life as illustrated in Figure 1 [5]. Nonetheless, one of the main drawbacks of
supercapacitors remains that their energy densities are relatively low compared to batteries [6].
Consequently, many research efforts addressed this issue, focusing on one of the key

components of these energy storage devices: the electrode materials [7].

Ideal material candidates for electrodes exhibit large surface areas, high electrical conductivities,
controllable porosities, and good chemical stability with the consideration of cost-effectiveness
[8]. Metal oxides are investigated as potential electrode materials and have been proven to
exhibit all the properties above, increasing the specific capacitance drastically [9]. Transition
metal (TM) oxides such as ZnO [10, 11], MnO2 [12], C0o304 [13] as well as complex iron oxides
like FeCo— Fe2C004/Co30s [14] and BaFei2xAlxO19 (with x = 0.1-1.2) [15] have all
demonstrated high power densities and capacities when used as electrodes, with major structural
defects [16]. Such defects modify the electrical/chemical characteristics of the materials,
influencing the redox reactions occurring in supercapacitors during charge/discharge cycles,
where significant parameters such as the roughness, porosity, and surface area of the electrodes
are enhanced. Defects like metal and oxygen vacancies create different active sites to facilitate
ion adsorption/desorption, resulting in higher capacitance/conductivity and ultimately increasing
the energy and power densities of the devices [17]. Another way to improve electrical properties
is the combination of different compounds which have excellent electronic properties, leading to

new composite materials which have earned great technological interest in recent years. Adding



a second phase can significantly improve the electronic properties of the resulting composite
[18].
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Figure 1: A Ragone Plot displaying the energy and power densities of different energy storage
devices. Adapted from [19].

Even though defects might be perceived as imperfections that negatively affect material
properties, sometimes they result in improving the material’s electrical, magnetic, optical,
catalytic, and energy-conversion features [20-24], which are crucial, especially in industrial and
technological applications associated with sensors, adsorbents, catalysts, supercapacitors, and
luminescence devices [25-29]. Consequently, inducing material defects to attain desirable
properties has become a vital research area, which includes magnetic features in graphene [30],
plasmonic properties in Si nanocrystals, ferroelectric characteristics in CuO [31], electrochemical
features in MgO [32], and photoluminescence properties in ZnO [33, 34], CuO, and MgO [35-
39].



Magnesium Oxide (MgO), also referred to as Periclase, is a white, odorless, and non-flammable
solid used in a wide range of applications, mainly as a refractory material in high-temperature
applications. It is an inorganic compound with a molar mass of approximately 40.31 g/mol and a
density of 3.58 g/cm®. Mg?* and O% ions, with 1s22s?2p® electronic configurations, ionically bond
to form a rock-salt type MgO crystal structure with a lattice parameter of 4.21 A, as portrayed in
Figure 2 [40]. Recently, MgO has been attracting attention as a promising material for research.
However, much of the information regarding the effect of MgQO’s electronic structure on the
material’s properties has still not been fully explored in the literature.

2+ 2= [1m]

[ ] e | direction o ® o
L L
o' .%o

Magnesium lon Oxygen lon

Figure 2: Electronic configuration of Mg?* and O? ions, as well as the crystal structure of MgO.
Adapted from [40].

MgO nanoparticles, nano-powder, and nanodots, typically 5 nm to 100 nm in size, are spinel and
exhibit high surface areas, with specific surface areas ranging between 25 m?/g and 50 m?/g.
MgO possesses several electrochemical features that make it a good candidate for electrode
material. Firstly, MgO is a chemically stable compound with a high melting point that has good
resistance against acid/base corrosion in a variety of electrolytes. Secondly, in its natural form,
MgO is a good insulator, due to the lack of mobile electrons, but can become conductive in the
presence of intrinsic and/or extrinsic defects (doping with impurities). Thirdly, MgO has a high
dielectric constant value, signifying a promising ability to store electrical energy in capacitors.
Furthermore, it is a redox-active compound that easily participates in Faradic reactions when

immersed in a suitable electrolyte [40].

Although much of the information regarding the effect of MgO’s electronic structure on the
material’s properties has still not been fully explored in literature, MgO has the potential to be an

effective electrode material in supercapacitors due to several reasons. It has a high specific



surface area (25 m?/g - 50 m?/g) that provides a large active surface for faradic reactions to
occur, thus resulting in high capacitances and ultimately energy densities. It also has a high
electrical conductivity which facilitates an efficient electron transfer mechanism between the
electrodes. Furthermore, the fact that Mg is one of the most abundant elements on the planet
implies the low cost and availability of MgO, thus making it a good choice for large-scale energy
applications. Nonetheless, utilizing MgO electrodes in supercapacitors is associated with some
challenges. During charging/discharging cycles, MgO undergoes changes in volume, which in
turn results in the degradation of the structure, thus a decreased cycling stability. Also, in some
electrolytes MgO can display poor solubility, thus restricting the rate of ion transfer and the

electrochemical performance of the device [40].

Vanadium (V) has been first discovered by Mexican scientist Andrés Manuel del Rio Fernandez
in 1801, only to be later rediscovered in 1830 by Swedish scientist Nils Gabriel Edstrom. It is
classified as the 5" most abundant transition metal, and the 19" most abundant element, with
typical oxidation states alternating from +2 to +5. Vanadium is mainly utilized in industries to
enhance alloy steels and cast irons with better ductility and shock resistance. The pure form of
vanadium, like a typical transition metal, displays a high melting point with good resistivity
against corrosion at reduced temperatures. Nonetheless, it is quite challenging to find pure
vanadium in its metallic form in nature, as it readily reacts with oxygen, nitrogen, and carbon at

high temperatures [41].

Vanadium has an electronic configuration of [Ar]4s23d®, where vanadium oxides possess
crystalline structures with alternating oxygen coordination, thus resulting in the production of
octahedral, pentagonal-bipyramidal, square-pyramidal, and tetrahedral structures. The
physiochemical properties of vanadium oxides (color, morphology, density, etc..) are strongly
influenced by the oxidation state of the vanadium cations. The various oxidation states and
possible crystalline structure morphologies of vanadium oxides lead to superior intercalation
features to ions, outstanding catalytic properties, enhanced electron-electron correlations, and
excellent phase transitions and electrical conductivities as demonstrated in Figure 3. Different
synthesis methods of vanadium oxide can be manipulated to facilitate a shorter transportation

distance of electrons/ions, a more rapid solid-state diffusion in electrochemical energy



conversion systems, more active sites for ion interactions, and more exposed active crystal facets

for catalysis [41].

Vanadyl compounds have been recently investigated as potential electrode materials for
supercapacitors. The layered structure of vanadium oxide eases the flow of ions during
charging/discharging. The high specific capacitance of vanadium oxide signifies its ability to
store relatively large amounts of energy and combined with its low cost and abundance makes it
ideal for use as an electrode material. However, vanadium oxide displays poor conductivity in a
range of different electrolytes, thus limiting its electrochemical performance. Producing
vanadium oxide nanoparticles (increasing the surface area to volume ratio), and/or doping with
other conductive materials drastically improves the electrical properties of vanadyl compounds
[42].

" Catalyst

Figure 3: Schematic illustration of possible application fields for vanadium oxides. Adapted from
[41].

In this thesis, MgO was doped with different V** concentrations and utilized as electrodes in
symmetric supercapacitor devices. The different V-doped MgO samples are referred to with the

annotation MgO:Vx, where x stands for the doped V** mole percentage in MgO. In the first



chapter to follow, a thorough literature review regarding the types and electrode materials for
supercapacitors, and the electrochemical properties of MgO and vanadyl compounds is
presented. Furthermore, possible synthesis routes for MgO are briefly compared in Chapter 3,
and the chosen method is illustrated in further detail. Moreover, different morpho-structural
characterization techniques like X-Ray Diffraction (XRD), Raman spectroscopy, Scanning
Transmission Electron Microscopy (STEM), Photoluminescence (PL), and Electron
Paramagnetic Resonance (EPR) spectroscopy were employed to characterize the materials, and
equipment specifications were presented in Chapter 4. Subsequently in Chapter 5, an analysis of
the data obtained from the aforementioned characterization methods led to valuable information
about the intrinsic defects in the MgO samples, and the extrinsic defects introduced with V-
doping. Firstly, XRD data was processed, where the Scherrer Equation and Williamson-Hall
plots were utilized to calculate the average crystalline size of the samples. A Rietveld refinement
was conducted to further investigate the effect of doping on the lattice parameters of the crystal
solid. Secondly, to complement the XRD analysis, Raman analysis was performed to probe the
phononic mode changes occurring in the MgO crystals due to VV-doping. Thirdly, TEM analysis
led to a better understanding of the crystalline morphology and average particle size, while PL
analysis led to the calculation of the bandgap energies of the different samples. Fourthly, EPR
analysis (X-band and Q-band) was conducted to investigate the intrinsic defects in the undoped
MgO sample, and extrinsic defects associated with doping. Finally, the V-doped and undoped
MgO-based materials were tested as electrode materials in symmetric supercapacitors. Their
electrochemical properties were evaluated through Cyclic Voltammetry (CV), Electrochemical
Impedance (EIS) Spectroscopy, and Galvanostatic Cycling with Potential Limitation (GCPL).
The MgO:Vx sample displaying the best electrical properties was then used with carbon black in

the construction of an asymmetric supercapacitor device.



2. State of the Art

2.1. Electrochemical Performance of Supercapacitors

In recent years, the necessity to preserve natural resources and to regulate worldwide energy
consumption has become evident leading to vital demand for the design and development of
clean energy sources, as well as devices to store the intermittent energy produced from
renewable sources. Among a variety of different energy storage devices, such as batteries, fuel
cells, and capacitors, supercapacitors have attracted a lot of research attention due to their
superior electrochemical features, including high power densities, stable cycling life, and fast
charge/discharge rates [43]. Supercapacitors, otherwise referred to as ultracapacitors or
electrochemical capacitors, comprise an electrolyte, a current collector, large specific surface
area electrodes, and dielectric separators that aid in increasing the capacitance to values higher
than those exhibited by conventional batteries and capacitors [44]. The charge/discharge
processes occurring at the electrode-electrolyte interface dictate the energy storage mechanism in
supercapacitors, similar to the working principle of capacitors, but with the exception that the
charge/discharge rate is much more rapid. While conventional values of stored charge in
capacitors range from micro to millifarads, supercapacitors can store charge from 100 F up to
1000 F, maintaining low equivalent series resistance [45]. The energy density is a measure of the
usage duration of the energy storage device, whereas the power density is an indication of how
fast the device can deliver that stored energy. Depending on the design of the supercapacitor
devices, as well as the materials involved, the power and energy densities can exceed those of
batteries. Furthermore, supercapacitors are superior to batteries and capacitors (lacking a
dielectric material) in terms of safety, reduced heating, device stability, greater portability, and

more flexible packaging [46].

Supercapacitors can be classified into three main types: Electric Double Layer Capacitors
(EDLCs), Pseudocapacitors, and Asymmetric Supercapacitors (ASSC) as illustrated in Figure 4.
EDLCs utilize double-layer electrodes at the electrode—electrolyte interface to electrostatically
store the charge through non-faradaic interactions. Pseudocapacitors exploit redox reactions to
store the charge through faradaic interactions, where the generated electrons travel across the

electrode—electrolyte interface. Asymmetric Supercapacitors merge both faradic and non-faradic

7



behavior, where the mechanism of charge storage for the cathode is different from that of the
anode. Unlike “symmetric” supercapacitors, where both electrodes are identical, “asymmetric”
supercapacitors consist of distinct electrodes with different materials. Hybrid Supercapacitors
(HSCs) can be considered as a subtype of ASSCs, where the anode is made up of a battery
material, and the cathode consists of a supercapacitive material. Consequently, ASSCs, including
HSCs, exhibit the highest capacitance, energy density, and power density values with wider
voltage windows (depending on the nature of the electrolyte used) as they exploit the advantages
of the different electrode materials [47-49].
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Figure 4: A schematic illustration of the different classes of SCs: (a) EDLCs, (b)
Pseudocapacitors, and (c) ASSCs. Adapted from [50].

Capacitance, energy density, power density, cell potential, cycle life, self-discharge, reversibility
of the fabricated electrodes, capacity retention, and coulombic efficiency are all significant
parameters to characterize the electrochemical performance of supercapacitors and are dependent
on the type of electrolyte solution used, and the materials of the fabricated electrodes. Not only
do HSCs show superior performance in energy/power densities when compared against

Pseudocapacitors and EDLCs, but they also display longer cycling stabilities (up to 100,000
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cycles), and lower self-discharge or energy dissipation caused by redistribution of charges,

parasitic faradaic reactions, and/or ohmic leakage [51, 52].

Fabricating the electrodes with the selection of suitable materials is crucial to improve the
aforementioned electrochemical parameters of SCs. The fabricated electrodes should exhibit
high specific surface areas and electrical conductivities, good thermal and chemical stability,
resistance against corrosion, no negative externalities to the environment, and should be cost-
effective [53]. Aside from the specific surface area of electrodes, the electrolyte pore
morphology (pore size distribution and shape) influences the specific capacitance. Therefore,
when designing a SC device, large surface area electrodes should be used to improve the
electrochemically active sites, and the pore morphology should be tuned in a way that allows
maximal facilitation of electrolyte ions [54]. There is usually a trade-off between energy and
power density, where reducing pore sizes in electrodes results in higher capacitance and energy
density at the expense of higher equivalent series resistance, thus lower power density. However,
optimizing the pore size distribution in the electrode material can enhance the retention
capability of SCs leading to higher power densities since an effective pore morphology affects
the rate of mass and ion transport through the electrolyte [55]. Electrode materials are classified
into three main types: carbon-based electrodes, transition metal oxide (TMO) materials, and
conducting polymer electrodes. HSCs mostly operate with transition-metal-based electrodes,
either in the oxide or hydroxide form, owing to their high activity in redox reactions. TMOs are
commonly utilized as pseudocapacitive electrode materials since they display rapid and
reversible redox reactions that result in high capacitances and cycling stability [56]. Common
TMOs reported in literature to exhibit faradic behavior in charge storage as electrodes are
displayed in Figure 5 [10, 57-59].
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Figure 5: Common TMOs and mixed MOs as precursors for electrode materials along with their
surface areas. Adapted from [50].

2.2. Electronic Properties & Defects of MgO

MgO is a wide band gap insulator with a band gap energy of 7.8 eV (bulk form), with unique
electrical, magnetic, and photoluminescent properties due to various structural defects such as
Mg/O vacancies, interstitial, and Schottky defects [60]. However, intrinsic and extrinsic defects
in MgO decrease the material’s photon excitation energy drastically below 7.8 eV, as multiple
electronic states are produced within the wide band gap [61]. Possible intrinsic defects include:
(a) Mg vacancies (Vomg, Vi mg, VZMg), (b) Mg interstitial substitution (Mgi), (c) O vacancies (F,
F*, F2*, F22%, F2®Y), (d) O interstitial substitution (Oi, O%i, 0%, and (e) Schottky defects. It is
worth mentioning that Fs, rooting from the German word Farbe (meaning color), signifies
colored centers attributed to oxygen vacancies due to light activity, where the subscript “s”
denotes the center’s location on the surface. Although a more common notation for O vacancies
is Vo, the Fs nomenclature will be crucial in explaining color-centered defects in Chapter 5.5.
Pathak et al. reported that several of the desired magnetic and optical properties in the visible
region of MgO are caused by O vacancies (F*) and their clusters (F2%*) [62]. Furthermore, they
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found that altering the synthesis conditions, performing a thermal treatment, and applying
irradiation change the concentration of paramagnetic defect centers in MgO, thus affecting the

ferromagnetic behavior of the semiconductor.

An alternative approach to induce defects in the MgO structure is doping with different transition
metals (e.g., Mn, Co, and Zn) or rare earth metal ions (e.g., Eu** / Eu®*, Ce**, Gd**) to improve
the catalytic, luminescence, and electrical properties [63, 64]. For example, doping MgO with
Ce* improves its catalytic abilities in industrial areas such as automotive exhaust treatment,
water treatment, and fuel cells [65]. Several studies have been reported in literature on the
doping of MgO with different transition metals. Kantam et al. doped MgO nanocrystals with
ruthenium nanoparticles, incorporating choline hydroxide to catalyze the hydrogenation of
different carbonyl compounds [66]; Layek et al. described the synthesis of an excellent catalyst
by doping MgO with gold nanoparticles, followed by sodium borohydride reduction, via counter-
ion-stabilization route [67]; and Wang et al. reported the synthesis of very stable super magnetic
nanoparticles comprising of Mg, Mn, and Fe via the sol-gel route, and with the aid of diethyl
glycol as a reducing agent [68].

EPR spectroscopy is essential here to identify the defects in the MgO structure, allowing a clear
comparison between intrinsic defects already present in the undoped MgO sample, and extrinsic
defects forming as V dopant is introduced into the crystal structure. It should be noted that EPR
spectroscopy is sensitive to paramagnetic species only and that by calculating the g-factor at sites
where the resonance condition is achieved, it becomes possible to speculate about the type of
defects attributing to the corresponding signals. The EPR spectra of pure undoped MgO do not
show any characteristic lines due to the lack of unpaired electrons. However, Pathak et al.
demonstrated that as MgO is annealed at higher temperatures, intrinsic defects are generated in
the system (e.g., Mg/O vacancies), leading to sharpened intensities on the lower field side with
four unique signals at g = 1.96, g = 1.98, g = 2.03, g = 2.07 [62]. This makes sense since MgO is
not a paramagnetic material yet heating the compound spurs thermal dissociation in the clusters,
increasing the concentration of cationic vacancies. Ramadevudu et al. performed studies on a
ternary glass system of MgO-R.0-B,03 doped with V#* ions. Applying an EPR analysis with X-
band at 303 K, they found that V** exists as VO?* ions, occupying an octahedral coordination
with tetragonal compression in the glass system [69]. Furthermore, Boldu et al. characterized
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sol-gel Li/MgO catalysts with EPR demonstrating that irradiating the synthesized catalyst is not
sufficient for activation; however, when coupled with low-temperature measurements utilizing

liquid nitrogen, catalyst activity is optimized [70].

2.3. Spectroscopic Features of Vanadyl Compounds

Recently, VO?* has attracted much attention as an EPR spin probe of systems in applications of
biochemistry, materials science, and other fields [71]. The spectroscopic features and chemical
properties of V4" make it of particular prominence as a probe ion introduced into EPR silent
crystal structures. However, probing with VV** should be performed under a nitrogen atmosphere
or with the aid of a reducing agent since at pH values around 7, VO?* is oxidized by air to form
V®* an EPR silent ion [71]. Among the different oxidation states of vanadium, V** ions are the
most stable oxygen-containing ions of the first-row transition metal ions, forming under
physiological conditions. The oxo unit in VO?" enables V** to replace divalent cations, thus
forming strong anionic, cationic, and neutral complexes with almost any type of ligand.
Furthermore, the vanadyl oxygen in V#* tends to always occupy one coordination position, thus
extrinsically defecting metals with VO?* alters the metal-binding sites in the ligand geometry.
Such site distortions associated with V#* doping are utilized for probing purposes and have not

been reported in literature to induce any prominent issues [71].

The electromagnetic properties of vanadyl compounds make them excellent paramagnetic probes
in spectroscopy upon doping in EPR-silent diamagnetic compounds like MgO. When V-
containing compounds undergo hydrolysis, changing color from blue to green, vanadyl ion VO?*
is generated with a coordination number of 5 and a square pyramidal structure. Vanadyl
compounds exhibit a characteristic g factor of 1.968, less than that of a free electron. When a
magnetic field is applied, the unpaired electron in the d orbital (3d}) of the vanady! ion orients
itself either parallelly or antiparallelly to the field vector. This generates two energy levels with
spin quantum numbers ms= + 1/2. Since the ground state nuclear spin quantum number of V#* is
| = 7/2, hyperfine interactions between | and the electron spin operator, S, occur, resulting in the
additional splitting of the electronic states into 21 + 1 sublevels. The aforementioned interactions

result in an EPR spectrum with a set of 8 lines with alternating intensities. Among the different
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paramagnetic metal ion complexes, it has been reported that only VO?* consistently displays a
sharp and defined EPR spectrum in both room temperature and frozen solutions [72]. This is
particularly important for biological applications, extending the range of possible
experimentations, and making it easier to characterize any equilibria shifts occurring from

reducing the temperature to the freezing point.

Many researchers have investigated the effect of pH, temperature, and ball-milling on the EPR
signals produced. Chasteen et al. have reported that at a neutral pH, VO?* oligomerizes into
(VOOH),", and thus becomes EPR silent [72]. They further found that as the pH is reduced V
(IV) stabilizes in coordination complexes and produces EPR signals in the X-band. Furthermore,
Pathak et al. reported that heating vanadyl compounds reduces the intensities of these lines until
they completely vanish after calcination at 600 °C due to the complete oxidation of vanadyl ions
into V" ions, which are insensitive to EPR (3d° — no unpaired electron) [73]. Moreover,
Kolbanev et al. portrayed the effect of ball-milling on the generated EPR signals of Molybdenum
— Vanadium Oxide [74]. It was experimentally illustrated that as the time duration of mechanical
degradation is increased, two main differences are noticed: (a) EPR lines are drastically
broadened, and (b) a broad anisotropic single line superposes with the initial multiplet spectrum.
The latter observation verifies the formation of high-concentration paramagnetic centers with

increased ball-milling [74].

13



3. Synthesis of MgO

A wide range of different synthesis routes is described in the literature for obtaining MgO

nanostructures, among which the most common are

e sol-gel method,

e hydrothermal/solvothermal method,
e solution combustion method,

e electrospinning method,

e chemical precipitation method.

Each of these methods is associated with specific advantages and drawbacks, where a suitable
synthesis route is selected based on the desired properties of the synthesized nanoparticles and
the limitations of the available materials and technology. The sol-gel method is a relatively
simple wet chemical method that is both economically feasible and efficient in producing high-
purity nanoparticles, yet it requires a long processing time [75]. The hydrothermal/solvothermal
method involves a hydrolysis reaction at elevated temperatures to obtain large crystals of high
quality mainly when the synthesized material is unstable near the melting point. However, the
disadvantage of this technique is that it involves the use of high-cost equipment [75].
Furthermore, the solution combustion method is a feasible and versatile technique usually
employed in the preparation of oxides and contributes to the synthesis of high surface area
powders. However, this method causes the agglomeration of powder particles, limiting the
control over desired morphologies, and is associated with organic impurities resulting from
incomplete combustion [76]. On the other hand, the electrospinning method is based on a novel
technology that utilizes an electrostatic force to produce nanofibers allowing control over
morphology, composition, and porosity. A Polyvinyl acetate solution (PVA) is prepared by
dissolving a certain mass of PVA in distilled water under heat and magnetic stirring. Different
concentrations of a magnesium nitrate precursor are added to the PVA solution, and the resultant
mixture is electro-spun in a vertical electrospinning apparatus [77]. The synthesis route chosen in
this work is chemical precipitation because it allows for effective V-doping with a high
dispersion of dopant along the material surface, high final surface area to volume ratio, as well as

owing to its simplicity, low-cost, and eco-friendliness.
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3.1. Chemical Precipitation of MgO:Vx

In this work, V-doped MgO nanoparticles (MgO:Vx) were synthesized through chemical
precipitation using magnesium nitrate (MgNOs = 6H20) as a magnesium source, sodium
metavanadate (NaVOs) as a dopant (0 mol%, 0.2 mol%, 0.5 mol%, and 0.7 mol%) and sodium
hydroxide as a base. A typical synthesis procedure was employed to synthesize the V-doped
MgO samples, for which 2 g of (MgNOs * 6H20) and different mol% of NaVOs (0 mol%, 0.2
mol%, 0.5 mol%, and 0.7 mol%) were dissolved in 100 ml of deionized water. A 4 M sodium
hydroxide solution (NaOH) was added dropwise to the prepared magnesium nitrate solution until
pH 12 was reached while stirring it continuously. The solution was kept under magnetic stirring
for 2 h. The precipitate was filtered and washed several times using distilled water and ethanol.
The final product was kept overnight in a hot air oven at 65 °C for drying and removing
moisture. Finally, the obtained samples were treated for 2 h at 450 °C in a furnace, at a 5 °C/min
heating rate, to obtain MgO:V nanoparticles. A schematic diagram of the synthesis route is
shown in Figure 6. In later chapters, the samples will be abbreviated with MgO:Vx, where x

represents the vanadium concentration in mol%.
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Figure 6: A schematic diagram of the chosen chemical precipitation synthesis method.
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Detailed information regarding the chemicals used in the synthesis procedure is displayed below
in Table 1. A summary of the notations used to describe the samples throughout the thesis is

presented in Table 2.

Table 1: Detailed information about the chemicals used in the precipitation synthesis of

MgO:Vx.
Chemical Compound CAS No. Supplier Molecular
Formula Name Weight (g/mol)
MgNO3.6H20 Magnesium 13446-18-9 Sigma Aldrich 256.41
Nitrate
Hexahydrate
NaVOs Sodium 13718-26-8 Sigma Aldrich 121.93
Metavanadate
NaOH Sodium 1310-73-2 Sigma Aldrich 40.00
Hydroxide
C2HeO Ethanol 64-17-5 Sigma Aldrich 46.07

Table 2: Definition and description of the notations used to describe the MgO:Vx samples.

Sample Notation (MgO:Vx) Sample Description

(Undoped) MgO Pure magnesium oxide with no vanadium
doping.

MgO:V0.2 Magnesium oxide doped with 0.2 mol%
vanadium.

MgO:V0.5 Magnesium oxide doped with 0.5 mol%
vanadium.

MgO:V0.7 Magnesium oxide doped with 0.7 mol%
vanadium.
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4. Characterization Methods

4.1. X-Ray Diffraction (XRD)

XRD is a non-destructive characterization technique utilized in analyzing the morphologies,
identifying the phases, and providing the unit cell dimensions of several types of crystalline solid
materials based on constructive interferences. The material is irradiated with an incident X-ray,
where the intensities and scattering angles of the diffracted rays are measured when the
conditions satisfy Bragg’s Law. Prior to that the analyzed sample should be prepared by fine
grounding and homogenization, where the composition of the average bulk is identified.
Crystalline substances were revealed to act as three-dimensional diffraction gratings when
exposed to X-ray waves as discovered by Max Von Laue in 1912 [78]. From that point on XRD
became one of the most fundamental tools used in environmental, material, geological, and
biochemical sciences to analyze crystal structures and atomic spacing. An XRD diffractometer
comprises of three main components: the cathode ray tube, a sample holder, and a detector.
Firstly, the cathode ray tube produces x-rays, filtered to monochromatic radiation, and
concentrated on the tested sample. The rays interact with the sample, and when electrons acquire
the minimal energy required to knock off inner shell electrons from the sample, Bragg’s
condition (n 2 =2 dsin 0) is satisfied with constructive interferences leading to the formation
of characteristic x-ray spectra. Bragg’s Law encompasses significant parameters, such as the
radiation wavelength, the lattice spacing, and the diffraction angle. The diffracted rays are
detected, processed, and counted, where an analogy between the signal peaks and lattice spacings

enables the identification of an unknown material [78].

The crystal structure of the MgO:Vx samples was tested using a Bruker D2 Phaser
diffractometer. The diffractometer utilizes a Cu-Ka radiation source with a wavelength of A =
0.154 nm in the 20° range between 10° to 90° at room temperature. The obtained results were
used to calculate the average crystalline size using both the Scherrer equation and Williamson-
Hall plots. A Rietveld refinement was conducted to further investigate the effect of doping on the

lattice parameters of the crystal solid.
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4.2. Raman Spectroscopy

Raman spectroscopy is a spectroscopic method that relies on light-matter interactions and
polarizability alterations in the state of a molecule during its vibrational motion. In working
principle, this technique utilizes scattering of light to measure the vibrational energy states of a
sample. In 1928, Indian Physicist C. V. Raman first observed the Raman scattering phenomenon
along with his research colleague K. S. Krishnan [79]. Following this discovery, Raman
spectroscopy became a prominent methodology for inducing valuable chemical and
morphological information about materials by means of identifying substances through their
Raman fingerprint signal. As a molecule scatters light, a photon polarizes the electron cloud
promoting it to a high-energy, unstable, virtual state, before directly reemitting the photon with
different intensities and in different directions. Rayleigh scattering dominates this process, where
the molecule’s energy does not change, and scattered photons have equal wavelengths to the
incident photons. In some rare cases, the scattering is inelastic, and some energy is transferred
between the molecule and the photon, leading to what is known as Raman Scattering. In Stokes
Scattering, the molecules acquire energy from the photon during the process, unlike the photon
that loses energy when scattered. In Anti-Stokes Scattering, the opposite is true, as molecules
relax to lower vibrational states by losing energy. It is expected that the probability of Stoke lines
occurring is much higher than that of Anti-Stoke lines since the concentration of molecules in the
ground state exceeds that of excited molecules. Consequently, Raman Spectroscopy is almost

always involved with measurements related to Stokes Raman Shifts [79].

In 1948, Sir Chandrasekhara Raman stated that MgO “should prove a perfect choice to
demonstrate by its spectral behavior” since the atomic vibration frequencies of the crystals
occupying the cubic system display a unique monochromatic character [80]. Sir Raman further
hypothesized that the Raman spectrum of MgO should resemble that of sodium chloride with an
inverted symmetry. To complement the XRD analysis, the phononic mode changes that may
occur in the MgO structure owing to the V-sites when doped were probed by Raman

spectroscopy.
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In this thesis, the Raman measurements were performed using an InVia Raman Spectrometer
(Renishaw, UK) coupled with an upright microscope and a 532 nm frequency-doubled Nd:YAG

solid-phase laser with maximum power at the sample surface.

4.3. Scanning Transmission Electron Microscopy (STEM)

The first person to build a STEM device was Baron Manfred von Ardenne, who was working for
Siemens in Germany in the year 1938 [81]. The imaging results were of poor quality as
compared to the ones possible nowadays because von Ardenne developed the device for a short
duration before it was destroyed in a raid during the events of World War 1I. Thirty years later,
the method was further enhanced with the design of a field emission gun and high-quality lenses
to build the modern STEM device. In the 1990s, STEM technology was developed to enable
imaging with 2 A resolution, which would allow visuals of atomic structures in certain materials.
A typical STEM consists of scanning coils, detectors, and circuit equipment allowing for an
operational transition between STEM and Conventional Transmission Electron Microscopy
(CTEM). The working principle is based on a beam of electrons focused by an optical lens to
create a tiny probe that illuminates across the sample. The tested material is made as thin as
possible to allow for maximum number of electrons to be transmitted, and ultimately for more
scattered electrons to be detected. The intensity of each corresponding position as the microscope

scans through the materials creates high-quality images [81].

The identification of the crystalline morphology of the synthesized MgO:Vx samples was
accomplished using scanning transmission electron microscopy (STEM). STEM measurements
were carried out on a Hitachi HD-2700 at a 200 kV electron acceleration, coupled with a double
EDS detector (Oxford Instruments, Oxford, UK, AZtecSoftware, version 3.3). The samples were
deposited on a 300-mesh copper electrolytic grid, to which a carbon film was attached. The
sample was cleaned before being introduced into the electron microscope with a TEM ZONE,

which removes unattached parts of the sample from the grid.
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4.4, Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy, otherwise known as Electron Spin Resonance (ESR), is a powerful tool
employed in species depicting paramagnetic behavior, such as radicals, in order to acquire a
better understanding of the extrinsic defects introduced to the crystal structure by doping. In
1944 Soviet physicist Yevgeny Zavoisky first explored EPR at Kazan State University. During
the same period, British physicist Brebis Bleaney further developed the technique at the
University of Oxford [82]. From that point on, EPR studies have been developed drastically,
making this technology prominent in detecting and characterizing crucial processes such as
polymerization, redox, and catalyzed reactions in a wide array of disciplines including but not
limited to the natural, materials, and medical sciences. EPR is remarkably similar to Nuclear
Magnetic Resonance (NMR) in working principle, with the exception that EPR utilizes
microwaves instead of radio waves to investigate the interaction of an applied magnetic field
with unpaired electrons instead of nuclei. According to the Zeeman Effect, or Zeeman Splitting
phenomenon, in the presence of an external magnetic field, unpaired electrons either align their
orientations with or against the field, creating in the process two spin states with an energy

difference AE. The resonance condition is achieved when:
AE=hv=gBBo [1]

where h is Planck’s constant (6.626 x103 J.s1), v is the frequency of radiation (s%), g is the g-
factor (2.0023 for a free electron), which is a unitless measurement of the intrinsic magnetic
moment of the electron and holds as a distinct fingerprint of the material, p is the Bohr magneton
(9.274 x10%* J).TY), and By is the applied magnetic field (T). Depending on the strength of the
applied magnetic field (commonly lying in the microwave region — 9.5 GHz (X-band) & 35 GHz
(Q-band)), a certain radiation frequency is needed to spur the excitation between the spin energy
level. The spectrum generated from EPR exhibits two significant properties: the Proportionality
Factor (g), and Hyperfine Interactions. The g factor generates valuable information about the
electronic structure of a paramagnetic center by measuring the total magnetic moment,
considering not only the effect of the device’s applied magnetic field but also the influence of
neighboring atoms/molecules with their distinct magnetic moments. Hyperfine Interactions, on

the other hand, involve interactions between the unpaired electron(s) and the magnetic moment
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of surrounding nuclei, leading to crucial information such as the number/identity of atoms in the

examined species, as well as their relative distances from the unpaired electron [82].

EPR spectroscopy was performed on a CW EPR dual-band X and Q-band spectrometer Bruker
ELEXSYS E500. The X-band measurements were carried out with an X-SHQ 4119HS-W1
Bruker microwave resonator working at a 9.63 GHz frequency and a 2 G modulation amplitude.
An ER 5106 QT standard Bruker Q-band microwave resonator operating at 33.3965 GHz was
employed for the Q-band measurements. Furthermore, to create the Aniso-Spin simulations, X-
band EPR measurements were conducted using a Bruker EMX Nano device, as shown in Figure
7, at room temperature with a 9.63 GHz microwave frequency, a 3.162 mW microwave power,
and a 2 G modulation amplitude with 50 scans.

Figure 7: Bruker EMX Nano device utilized in EPR spectroscopy at Sabanci University
(Location: FENS Lab 2110).

4.5. Photoluminescence (PL) Spectroscopy

PL spectroscopy is an optical-based, contactless, non-destructive method efficient for probing
the electronic structure of materials and provides valuable information about the band gap
energy, energy levels, and intrinsic/extrinsic defect-induced emissions. Photoexcitation occurs

when a sample absorbs light energy and is excited to higher electronic states/energy levels. As
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the material relaxes, electrons fall back to lower electronic states, releasing excess energy in the
form of photons during the process. This emission of light or luminescence is referred to as
photoluminescence. Typical applications of PL spectroscopy include understanding
recombination mechanisms, investigating the substance quality, determining impurity

concentration, detecting defects, and deciding on band gap energies [83].

The PL analysis of the samples was done using an FS5 Spectrofluorometer from Edinburgh
Instruments. The measurements were conducted at room temperature with a 350 nm (3.54 eV)

excitation wavelength, an excitation slit distance of 5 nm, and an emission slit distance of 10 nm.

Figure 8: Spectrofluorometer FS5 device utilized in PL spectroscopy at Sabanci University
(Location: FENS Lab 2110).

4.6. Electrochemical (EC) Tests

The performance of the supercapacitors and the electrochemical performance of the electrode
material was tested using CV, EIS, and GCPL. CV is a direct current (DC) technique that
investigates the current response of a system to a series of potential steps to get a better
understanding of the reaction kinetics and electrochemical behavior of the energy-storage device.
On the other hand, EIS is an alternating current (AC) technique that studies the response of a
system to sinusoidal fluctuations in current or potential as the system undergoes a frequency

sweep from high range (MHz) to low range (mHz) frequencies. This is particularly crucial in
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characterizing the electrochemical system in terms of its impedance, thus further analyzing the
effective resistance of the device components towards an AC. GCPL explores the charging and
discharging between two distinct potential points at a constant applied current to analyze the
electrochemical stability, Kinetics, and reversibility of the intercalation processes in the system
[84].

Electrochemical (EC) measurements were performed using a Biologic VMP 300 multi-
potentiostat with the standard two-electrode technique. The electrolyte used for all the test
samples was 6 M KOH with glass fiber as a separator in a symmetric configuration design
displayed in Figure 9. A potentiostat is required to conduct impedance tests in a linear regime so
that the test results remain consistent throughout. CV curves were recorded in a voltage range of
0 to +1 V at different scan rates, with a standard scan rate for comparison of 50 mV/s. EIS results
were obtained by applying a sinusoidal signal of 10 mV in a 10 mHz to 1 MHz frequency range.
GCPL was conducted with a voltage window from 0 to +1 V at a specific current of 0.6 A/g

(discharge current of 2.40 mA and a standard 4 mg sample mass).

Glass Fiber - separator
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Figure 9: A schematic diagram of the tested symmetric supercapacitors constructed from the
MgO:Vx samples.
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5. Results & Discussion

5.1. X-Ray Diffraction Analysis

XRD measurements were carried out on the MgO:Vx samples, as illustrated in Figure 10, to
evaluate changes in the crystalline plane and morphology before and after adding vanadium as a
dopant in different mole percentages. The indexed diffraction peaks correspond to a typical rock-
salt cubic MgO structure, otherwise referred to as Periclase [85]. Characteristic diffraction peaks
of the undoped/VV-doped MgO samples at diffraction angles of 26° = 37°, 42°, 62°, 76°, and 78°
correlate to the expected orientation of the standard cubic structure of MgO along the planes
(111), (200), (220), (311) and (222), respectively [86]. The first peak at 37° is associated with the
(111) plane of magnesium hydroxide, whereas the following peaks outline the calcination of

magnesium hydroxide to MgO [42].
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Figure 10: X-ray diffractogram of undoped MgO (black), MgO:V0.2 (red), MgO:V0.5 (green),
and MgO:V0.7 (blue).
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It is observed that the addition of V does not contribute to generating new peaks at different
diffraction angles, implying that doping with this rare earth metal ion does not influence the
crystal structure of MgO. Nonetheless, it is noticed that as the mole percentage of V dopant
increases, the diffraction peak intensities increase accordingly, indicating higher levels of
crystallinity due to the presence of V [87]. As described in literature, the effect of the crystallite
size distribution can influence the surface compression of the crystal lattice, leading to a
significant increase in the band gap, mass transport, and especially oxygen vacancies transport,

directly influencing the electrochemical properties of the material [88, 89].

The Scherrer Equation and Williamson-Hall Plots were used to estimate the average crystallite

size of the samples.

KA
b= BpCosb [2]

where D is the average crystallite size (nm), K is the shape factor determined by the lattice
morphology (unitless), A is the wavelength of the X-ray source (= 0.154 nm), ), is a measure of

peak broadening (radians), and 6 is the angle associated with the diffraction peak (radians) [90].

Since The Scherrer Equation is only valid in the nanoscale, and only concerned with the
broadening of peaks due to crystal size, disregarding broadening due to strain, Williamson Hall

(W-H) plots are incorporated to investigate broadening due to the strain effect [90].

Be= Bp + B [3]
KA

BD - DCos6 [4]

Be = 4eTanb [5]

Where P is the total broadening (radians), By, is the broadening due to crystal size (radians), S¢ is

the broadening due to strain (radians), and ¢ is the strain.

By rearranging the variables, with some mathematical manipulations, the final form of Equation

3 is linearized as shown below.

B CosO = %’1+ 4 ¢Sinf  [6]

As can be noticed, the strain ¢ is related to the slope of the W-H plots, shown in Figures 11 & 12,

when plotting 8, Cos8 versus 4 Sinf, whereas the average crystallite size D (with consideration
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of the strain effect) is calculated from the y-intercept. The difference between the average
crystallite size D and the actual particle size should be highlighted. The average particle size
should always be larger than the average crystallite size since a single particle can comprise of
multiple agglomerated crystals. Further investigation of the average particle size will be

demonstrated in STEM analysis in Chapter 5.3.
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Figure 11: W-H plots for undoped MgO with a linear fit.
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Figure 12: W-H plots of MgO:V0.7 with a linear fit.
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The W-H plots revealed negative slopes for MgO:V0.2 and MgO:V0.5, whereas for MgO
undoped and MgO:V0.7 the slopes were positive as illustrated in Figure 11 and Figure 12. Thus,
this implies that the undoped MgO crystal structure exhibited the highest strain effect (with the
largest slope value). Nonetheless, at small doping concentrations of 0.2 and 0.5 mol% V, the
micro-strain effects were of no impact anymore as signified by the negative slope values. After a
threshold doping percentage of 0.7 mol%, it was found that a higher concentration of V restores
the micro-strains in the cubic MgO structure; however, the strain was found to be less than that
in the original undoped MgO sample (smaller slope value). In Figure 13 below, the average
crystallite size obtained from both The Scherrer equation and W-H plots is demonstrated. For
MgO:V0.2 and MgO:V0.5, W-H plot results invalidated the average crystallite size calculated
from The Scherrer equation. This is because it is always expected that the average crystallite size
incorporating the strain effect (W-H plots) would be larger than that disregarding the strain effect

(The Scherrer Equation), opposite to what is observed in the aforementioned samples.
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Figure 13: Average crystalline sizes (D) of the MgO:Vx samples calculated from The Scherrer
Equation (Black) and W-H Plots (Red).
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As the dopant concentration increases, the average crystallite size increases, as shown in Figure
13. Based on the difference between the ionic radius of Mg?* (0.72 A with a coordination
number of VI in MgO) and V** (0.53 A with a coordination number of V in VO?*) [91], the
formation of a single-phase doped oxide was expected, as the smaller V4* cations participate in
partial ion exchange and penetrate smoothly the MgO crystal lattice [92]. The existence of the
V#* jons is demonstrated in Chapter 5.4. The addition of V results in internal stresses in the cubic
structure of MgO, and as the dopant mole percentage exceeds a certain threshold value, the strain
increases, eventually leading to structural defects. Although some works by Letifi et al. [93] and
Nourmohammadian et al. [94] report that adding V as a dopant reduces the average crystalline
size, as V** ions substitute Mg?* ions in the crystal, Figure 13 shows the opposite with increasing
crystallite size. The increasing tendency is probably associated with the type of defects in the
samples, where V** ions must penetrate the crystal lattice and fill in Mg?* vacancies, thus
increasing the crystal size. A similar result was reported by Aksay et al. [86], where it was found
that doping MgO with 0.5, 1, and 3% of AI** increased the average crystallite size from 14.43 to
17.90 nm.

Furthermore, a Rietveld refinement was done for the XRD results obtained for the undoped and
0.7% doped MgO samples. The fit was performed with the CIF. file no. 1000053 with the Fm3m
space group. The results are summarized in Table 3 and Figure 14 below.

Table 3: Lattice parameter, unit cell volume and occupancy of individual atoms in the structure.

Sample Lattice Parameter Unit Cell Volume Occupancy

“a” | A] “vr | AS] Mg:O: (V)
MgO Undoped 4.217 75 0.02:0.02
MgO:V0.7 4.217 75 0.02:0.02:0.0001
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Figure 14: Rietveld refinement with discrepancy from experimental data and Bragg positions
displayed for (a) MgO, and (b) MgO:V0.7.

Despite the fact that it has been seen in literature [95, 96] how doping can significantly affect the
stoichiometry of a host material, the Rietveld refinement revealed that even at the highest
vanadium doping concentration, the unit cell parameters (a = b = ¢ = 4.217 A and V = 75 A%)
were unaffected. Additionally, the occupancy obtained from the Rietveld refinement (0.02 : 0.02
: 0.0001), which is a measure of the presence of an atom at its mean position, shows a negligible
change in the stoichiometry, indicating that the doping process did not affect the structure of the

host MgO material. This can be justified by the small doping percentages utilized in this work.
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5.2. Raman Analysis

Considering the high refractive index of MgO, Sir Raman first characterized the material in the
form of thin flakes, utilizing long wavelength exciters; 4047 A and 4358 A of mercury.
Consequently, the first Raman spectroscopy of MgO displayed two peaks corresponding to
wavenumbers of 617 cm™ and 355 cm™ [80]. Later in 1985, Ishikawa et al. reported the first-
order Raman scattering in MgO microcrystals with peaks generated at 280 cm™, 446 cm™, and
1088 cm™ (the strongest peak was at 446 cm™) [97]. Furthermore, Athar et al. found that the
Raman spectrum of MgO displayed intense peaks at several regions in different bands,
confirming the cubic structure with reference to the tangential modes of the material in the

amorphous phase [98].

Although 14 different crystal structures have been revealed for VO2, the most common is the
monoclinic crystal VO2 (M1). The lattice structure is tetragonal and rutile-like, contributing to
several broad and weak lines. For VO (M1), 18 Raman active vibrations exist; 9 Ag + 9 Bg [99].
Shvets et al. reported that while the Aq phonons were located at wavenumbers of 137, 194, 224,
310, 340, 393, 499, 612, and 663 cm™, the By phonons corresponded to wavenumbers of 143,
224, 262, 393, 442, 484, 582, and 820 cm™* with the 9" mode being missing but speculated to be
at 450 cm [99]. Points of overlap between both phonons occurred near 224 cm™ and 393 cm?,
although they have not been resolved experimentally.

Figure 14 shows the comparative Raman spectra of undoped and V-doped MgO samples. The
alterations in the vibration bands in the range of 200 - 1400 cm™* are given. These peaks situated
below 1500 cm™ correspond to the D-band, otherwise referred to as the breathing mode. To
emphasize the effect of the presence of V in the structure, the undoped MgO spectrum
normalized to the MgO:V0.7 spectrum is given in the inset of Figure 15. MgO exhibits a rock-
salt structure indexed in the cubic Fm3m space group. The structure of MgO contains a basic
unit of four atoms in the unit cell. Thus, the number of optical phonons is 9 (3XLO, 6 XTO).
According to the group theory, the possible Raman active modes of MgO are Aig, Eg, and Tog
[100]. Therefore, the symmetrical stretching vibration band centered at 1085 cm™ can be
ascribed to the TO-LO surface phonon modes in the MgO lattice. The band around 440 cm™ can
be assigned to the E> double-degenerate vibration mode of MgO [97, 101]. The effect of the
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presence of V in the structure on the phonon modes can be seen in Figure 15. The broad band at
around 820 cm™ might be attributed to the shorter symmetric V=0 stretching mode (Ay),
implying a local formation of vanadium oxide. To the best of knowledge, these peaks cannot be
linked to the coexistence of VOx along with MgO, i.e., whether or not vanadium fully dissolves
in MgO. The asymmetric bending vibration was also detected at about 322 cm™ as a weak
shoulder [102, 103].
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Figure 15: Raman spectra of undoped and V-doped MgO powder.

Since Raman spectroscopy did not strongly validate the existence of V in the crystal structure,
the presence of the dopant element was confirmed by complementary Energy Dispersive X-Ray
Spectroscopy (EDX) measurements for the MgO:V0.7 sample, presented in Figure 16. The EDS
layered image and the elemental mapping images show the material’s Mg, O, and V
distributions. Even though the vanadium concentration used to dope the MgO sample was near
the EDX detection limit, which generated artifacts in the detection of this element, it is
observable that there is an agglomeration of detected vanadium signals at the MgO site, as best

depicted by the mapping of the elements.
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Figure 16: EDX and mapping images of the MgO:V0.7 sample showing the main elements O
(purple) and Mg (red), as well as the dopant element V (yellow).
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5.3. Scanning Transmission Electron Microscopy Analysis

The morphology and average particle size distributions of the MgO:Vx nanoparticles were
further investigated and evidenced by STEM. Figure 17 illustrates the STEM images of all
MgO:Vx samples at a scale of 2 um, further magnified into a scale of 100 nm for average
particle size analysis.
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Figure 17: STEM Images of (a) Undoped MgO, (b) MgO:V0.2, (c) MgO:V0.5, and (d)
MgO:V0.7.

The STEM images reveal the formation of almost polyhedral nanoparticles with a strong
tendency to form clusters. This can be attributed to the selected synthesis method of co-
precipitation, whereby insufficient heating leads to incomplete calcination, thus a greater

presence of the precursor and a greater degree of irregularities in the final morphology. Although
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it has been found in literature that pure MgO nanoparticles characterized with SEM displayed a
combination of nanosphere and nanorod-shaped structures, this was correlated to the sol-gel
synthesis method, and the morphology was said to be influenced by the presence of ionic liquids
[42]. Furthermore, Patil et al. reported the morphology of V-doped magnesium hydroxide (3.9,
5.1, and 6.0 wt%) before and after calcination [42]. They affirmed that the majority of the
particles were agglomerated, forming fused masses at random sites, similar to our case. The
particles were compact, and voids were only formed upon heating to 400 °C for a duration of 4
hrs. After calcination, V-doped MgO nanoparticles were formed with a more evident porous
network. They deduced that the particle sizes dropped from values greater than 200 nm before

calcination to particle sizes less than 80 nm after calcination [42].

ImageJ software was utilized to further analyze the STEM images of the undoped MgO and the
MgO:V0.7 samples with a 100 nm scale. Histograms were created to illustrate the count or
frequency of particles exhibiting the corresponding average particle sizes in the analyzed images.
A Gaussian curve was fitted for the undoped MgO, whereas a log-normal distribution was fitted
for MgO: V0.7 to calculate the average particle size of each sample. The graphs are shown below

in Figure 18.
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Figure 18: Histograms fitted with a Gaussian curve (left) and log-normal distribution (right) to
calculate the average particle sizes of undoped MgO and MgO:V0.7.
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The undoped MgO sample was found to exhibit an average particle size of (54 nm + 2 nm),
whereas MgO:V0.7 was revealed to possess an average particle size of (57 nm + 2 nm). It was
expected that the average particle sizes via STEM would be greater than the average crystalline
sizes via XRD illustrated in Figure 13. This is because as mentioned earlier in Chapter 5.1, a
particle can comprise of many crystals structured in an extended network involving pores.
According to Figure 13, the average crystalline size of undoped MgO was 6.5 nm, and that of
MgO:V0.7 was 7.9 nm. With STEM analysis, Figure 18 firstly confirmed the prediction of an
average particle size greater than the average crystallite size for both samples, secondly verified
the increase in particle diameter with doping, and thirdly complied with literature where 40 — 80

nm V-doped MgO nanorods/nanospheres were reported [42].
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5.4. Electron Paramagnetic Resonance Analysis

As mentioned before in Chapter 2.2, MgO crystallizes to form a Halite or a rock-salt cubic

structure with an octahedral coordination geometry of Mg?* and O%, where each Mg atom

exhibits a coordination number of six (with neighboring oxygen atoms) in the bulk. In literature,

the following defects have been reported to exist in the MgO structure [61]:

Anionic vacancies: these include oxygen vacancies denoted with colored F-type centers,
and their clusters denoted with colored F.-type centers. They mostly exist as neutral or
single anionic vacancies.

e.q., F, F, F?" F?*, Fo', and F23*.

Cationic vacancies: these include magnesium vacancies denoted with V.

e.0., Vmg’, Vmgh, and Vg

Interstitial defects: these are point defects where oxygen occupies interstitial sites in the
crystal structure and are denoted with O;.
e.g., 0, Oi*, and O%.

Schottky defects: these are point defects and involve a cation and an anion leaving their
original sites.

e.0., Vmg’ + F

Figure 19 below illustrates an MgO supercell comprising 64 atoms, with possible sites for lattice

vacancies indicated in the diagram.
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Figure 19: Diagram of a MgO supercell. Red: O ions, Black: Mg ions, Blue: Mg vacancy, Empty
Dotted Spheres: O vacancy. Adapted from [61].

X-band EPR measurements, shown in Figure 20, revealed that the undoped MgO sample
presented two EPR signals that are overlapping. In contrast, the V-doped MgO samples show a
complex EPR signal with eight hyperfine lines characteristic to V#* paramagnetic ions. Since the
same quantity of sample was used, a direct comparison of the EPR signal intensities is possible,
revealing an increasing linear tendency, which indicates that the concentration of V** dopant ions

increases linearly as expected.
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Figure 20: X-band EPR spectra of the MgO:Vx samples.
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The undoped MgO presented two EPR signals (at a magnetic field value of approximately 350

mT), an axial one with g7 = 2.0032 and gL = 2.0001, and an anisotropic one with giso =

1.97866. The first signal with characteristic g matrix components has been attributed to oxygen
vacancy F-centers (designated in the following as hole centers). The second signal feature with
the g value slightly smaller than the free electron spin value has been attributed to electrons
trapped at the material’s surface [104]. In fact, Pathak et al. confirmed the presence of four
distinct signals for the MgO structure at g = 2.07 (Si), 2.03 (Su), 1.98 (Si), and 1.96 (Swv) [62].
Broad peaks at S; and Sy were attributed to the strong coupling of electron spins in the system,
and the tendency to produce a cluster of spins. The S, signal was correlated to trapped holes at
Mg vacancies that create paramagnetic species (EPR active), whereas the Sy signal was linked
with F* centers. On the other hand, the Siy and Siv signals were attributed to trapped superoxide
radicals. Both EPR MgO-based signals, denoted by the pink vertical lines in Figure 21 and
confirming the results of Pathak et al., are present in all V** doped samples, indicating that they

do not interact with the dopant element.

MgO
,/).
B sconanndiiSiaas WY W 1T MgO:V0.2
' I\ ‘,.. AV ot ",\',_Q—V\.-w---—"w—" e
g¢
T ¥ T 2 T ) T
1100 1200 1300 1400

Magnetic Field / mT
Figure 21: Q-band EPR spectra of the MgO:Vx samples. The pink dashed lines portray MgO

intrinsic defects, whereas the purple dashed lines show the well-resolved hyperfine lines due to
the V** ions.
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The V-doped MgO samples present, as observed in the X-band measurements, an eight-line
hyperfine splitting structure (purple lines), attributed to the strongly localized 3d electrons of the
V#* ion, which interact with only one vanadium nucleus. The nature of the EPR signals observed
in the X-band was further investigated using Q-band measurements, as presented in Figure 21, to
reveal anisotropies and better separate overlapping EPR signals. Using the experimental
microwave frequency of 33.925 GHz, a g-value of 1.97 was calculated, similar to other values
reported in the literature for vanadium-based compounds with an (IV) oxidation state [105].
Since the V** ion has an electronic spin S = 1/2, and the nuclear spin for the 5V isotope (with a
natural abundance of 99.5%) is | = 7/2, the isotropic EPR spectrum of isolated V** species
consists of a set of eight hyperfine lines (21 +1) due to the dipole-dipole interaction between the
magnetic moment of the 'V nucleus and the electronic moment of the unpaired V** electron
[106].

Furthermore, Aniso-Spin curves were automatically fitted for all samples tested in the X-band
with 50 scans at a power of 3.162 mW (attenuation of 15 dB) as seen in Figure 22. The Aniso-
Spin fits successfully simulated the sharpest signal attributed to the F/F>-type intrinsic defects,

which correlate to the g-factor of 2.0032.
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Figure 22: X-band Aniso-Spin fits of the MgO:Vx samples (50 scans at a power of 3.162 mW).
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With the aid of the Aniso-Spin simulation program, a report involving the electron spin density,
total spin angular moment, and total number of spins is generated. Figure 23 below displays the

effect of VV-doping on the electron spin density at a corresponding g-factor of 2.0032.
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Figure 23: The electron spin density of the MgO:Vx samples.

It can be clearly seen that the MgO:V0.7 sample has an electron spin density (2.378 x 10
spins/mmq) five times greater than that of the undoped MgO sample (4.187 x 102 spins/mm?).
This higher electron spin density reveals that doping with VV promotes a greater activity of
paramagnetic centers and free electrons, thus increasing even the intensity of the intrinsic defects
at the 2.0032 g-factor (peaks become sharper). This electronic activity will be further illustrated
and discussed in PL analysis in Chapter 5.5, and eventually, the impact of this higher electron
spin density on the electrochemical performance of the constructed supercapacitors will be
highlighted in Chapter 5.6.
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55 Photoluminescence Analysis

The optical properties of the undoped and V-doped MgO samples were analyzed utilizing PL
spectroscopy. Unlike EPR spectroscopy, which is only sensitive to paramagnetic species, PL
spectroscopy provides sensitivity towards all types of defects, thus allowing the detection of a
wider range of intrinsic and extrinsic structural defects. Figure 24 below shows the PL emission

spectra of the undoped and V-doped MgO samples at room temperature with a 350 nm (3.54 eV)
excitation wavelength and an emission slit distance of 10 nm.
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Figure 24: PL spectra of the MgO:Vx samples.

As reported in previous studies, MgO has a band gap energy between 4.2 - 7.8 eV [107-109].
Herein we utilized an excitation wavelength of 3.54 eV to report PL activities below the usual
band gap energy. Figure 24 shows two major peaks around 560 nm (2.21 eV) and 675 nm (1.84
eV). As noted previously, these emissions can be attributed to the recombination of electrons and
holes from the conduction and valence band [94]. In order to further investigate the nature of

these emissions it is necessary to analyze the possible transitions occurring in the free-electron
model of MgO as illustrated in Figure 25 below.
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Figure 25: A free-electron model demonstrating possible electron-hole recombination. The blue-
filled circles represent occupied electronic states, whereas the white ones represent vacant
electronic states or holes. White circles in the valence band demonstrate cationic holes.

Utilizing UV-Visible light spectroscopy (UV-VIS), the MgO samples were illuminated with
electromagnetic rays of wavelengths ranging from 300 nm corresponding to the ultraviolet (UV)
spectrum up to wavelengths of 750 nm associated with the visible light (VIS) spectrum. It is
worth noting that neutral oxygen vacancies denoted as F centers exist within the bandgap of
MgO between the range of 3.0 — 4.5 eV [61]. As a result of UV-VIS illumination, electrons
trapped in F centers undergo a photo conversion process, where the trapped electrons either get
promoted to the conduction band or get stuck in shallow traps close to the conduction band. As
the photoconversion process occurs, cationic oxygen vacancies (denoted with F* centers) and

clustered cationic oxygen vacancies (denoted with F2*) form at 5.4 and 6.0 eV, respectively.

The first photoluminescent peak at 560 nm can be associated with green field emissions in the
visible region as an electron in the conduction band or a shallow trap (below the conduction

band) recombines with a cationic oxygen vacancy [61].
Either: F* + e (conduction band) < F+hv  [7]

Or: F" + ¢ (shallow-trapped) < F+hv [8]
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The second photoluminescent peak at 675 nm can be associated with red field emissions in the
visible region as an electron in the conduction band recombines with a dicationic oxygen-cluster

vacancy [61].
F22* + e (conduction band) & Fo* +hv  [9]

When comparing the undoped MgO with the MgO:V0.7 sample in Figure 24, it can be seen that
doping with V flattens the PL emission signals, which implies that the introduction of dopant-
induced extrinsic defects suppressed the effect of intrinsic defects, further implying the
successful incorporation of V into the MgO lattice, and affirming the XRD and EDS results.
Furthermore, at both peak signals, it was revealed that the MgO:V0.7 sample displayed a
reduced PL intensity when compared to the undoped MgO sample, thus signifying reduced
optical activity with the insertion of the dopant. Consequently, a correlation between these PL
results and the performance of the constructed supercapacitors is discussed later in Chapter 5.6.
The MgO:V0.7 sample reveals the lowest values of PL peaks intensities, indicating a reduction
in vacancies and a lower recombination rate of electrons and holes, thus providing more charge

carriers at excited states that, in turn, increase the performance of the supercapacitor device.

In order to calculate the band gap energies of the undoped and MgO:V0.7 samples, Tauc plots
were constructed by normalizing the transmittance as the samples were swept in the UV-Visible
light regions. Transmittance values were converted to absorbance, and by incorporating the
absorption coefficient (a), the energy (h v) in eV was plotted against (a h v)?. Figure 26 displays
the Tauc plots of the undoped and MgO:V0.7 samples, where the intersection of the linear

portions of the curves with the x-axis denotes the bandgap energies.
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Figure 26: Tauc plots of undoped MgO (left) and MgO:V0.7 (right).

It is evident that the MgO:V0.7 sample exhibits a lower bandgap energy of approximately 3.6 eV
when compared to the undoped MgO sample, which was found to have a bandgap energy of
approximately 4.1 eV. Diachenko et al. reported bandgap energy values between 4.1 and 4.6 eV
for MgO nanofilms synthesized via chemical precipitation, similar to this work’s synthesis route
[110]. Thus, the introduction of V dopant in the MgO structure reduced the gap between the
valence and conduction bands, increasing the conductivity of the doped material, and ultimately
improving the electrochemical performance of supercapacitors constructed with MgO:V0.7
electrodes as discussed further in Chapter 5.6. Figure 27 below presents a visual demonstration

of the calculated bandgap energies of the undoped and MgO:V0.7 samples.
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Figure 27: A visual demonstration of the bandgap energies of undoped MgO (left-side) and
MgO:V0.7 (right-side).
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5.6. Electrochemical Analysis

Four symmetric supercapacitors with identical undoped and V-doped MgO electrodes were
designed, as presented in Figure 9, to evaluate their electrochemical performance. A
concentrated 6 M KOH electrolyte solution was utilized instead of a standard 1 M solution to
avoid oxygen evolution reaction (OER) associated with water electrolysis at higher voltage

windows.

5.6.1. Cyclic Voltammetry (CV)

CV tests were performed on all supercapacitors to acquire information on electrochemical
activity, conductivity, and the chemical/physical mechanism type. At a scan rate of 50 mV/s, the
potential is swept from 0 to 1 V (voltage window) as the current response is recorded to generate

cyclic voltammograms shown in Figure 28.
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Figure 28: Cyclic voltammetry of the MgO:Vx samples carried out between 0 and 1 V at a scan
rate of 50 mV/s.
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The measured voltammograms for the MgO-based materials deviate from the ideal rectangular
shape associated with EDLCs and the inverted pyramid shape observed in typical batteries.
Instead, a quasi-rectangular shape is detected, implying pseudocapacitive behavior, where only a
small fraction of the charge is due to EDLC. A major part of charge transfer and storage is
attributed to fast and reversible faradaic reactions (redox reactions, intercalation, and
electrosorption) occurring at the electrode surfaces, and resulting in higher energy densities and
specific capacitances than for EDLCs, yet at the expense of a reduction in power density and
cyclic stability [111]. The area under the voltammograms represents the amount of charge
actively participating on the electrode surface, thus leading to specific capacitance (Cp) values.
By employing a Poly Area function, the area of the voltammograms is computed and used in

Equation 10 below [112] to obtain the Cp values. The results are summarized in Figure 29.

f]l/_fl av
Cp = : [10]

2xmxvX(Ve=Vy)

Cp: specific capacitance (F/g)

f;/ifl dV: area of voltammogram computed by Origin Poly Area function
Vi: initial voltage (= 0 V)

Vs final voltage (= 1 V)

m: mass of the sample (= 4 mg)

v: scan rate (= 50 mV/s)
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Figure 29: Cp values obtained for MgO:Vx samples from CV curves at a scan rate of 50 mV/s.

Comparing the obtained Cp values of the MgO:V0.7 sample (30 F/g) with the undoped MgO
sample (12.5 F/g) shows that the V-doping enhances the electrical properties of the host material.
Considering the average crystalline sizes obtained from the XRD diffractograms analysis in
Figure 13, where the MgO:V0.7 sample presented the largest crystallite size (= 7.75 nm) as
compared to the undoped sample with the smallest crystalline size (= 6.25 nm), it can be
assumed that a greater average crystallite size implies a more significant nanolayered structure
and a higher electrochemical surface area, eventually leading to electrons interacting with a
greater number of active sites [113]. Additionally, the improved performance of the V-doped
samples compared to the pure MgO sample can be attributed to the extrinsic defects introduced
into the semi-crystalline structure of MgO, as evidenced by the PL and EPR results, where the
MgO:V0.7 sample illustrated the lowest optical activity yet highest electron spin density.
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Since the MgO:V0.7 sample showed the most promising electrochemical performance in the CV
analysis, an additional investigation was carried out to optimize the supercapacitor’ s specific
capacitance and energy density. Thus, a CV test was conducted for the MgO:V0.7 sample at
different scan rates, as shown in Figure 30. Subsequently, the Cp values were calculated from

Equation 10 and plotted as a function of the scan rates as displayed in Figure 31.
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Figure 30: CV of the MgO:V0.7 sample carried out between 0 and 1 V at different scan rates.

50 --------e- L]

40 -]

) \
|.:|_/ 30 l\
g | \
BN
20 \
\, o
5 —-u
T * T * T *  § = T
0 50 100 150 200

Scan rate (mV/s)

Figure 31: Cp values obtained for the MgO:V0.7 sample at different scan rates.
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It is evident that as the scan rate increases, the Cp values drop, and ultimately the energy density
decreases because the ions have a narrower time range to react, thus a smaller surface response.
At scan rates of 100 and 200 mV/s, the ions/electrons have less residence time, so redox
reactions involved in diffusion-dominated ionic transport at electrode/electrolyte interfaces are
restricted. Alternatively, reducing the scan rate enables more accumulated charge to diffuse
through the material smoothly; thus, higher capacitance values are obtained [114]. Since higher
Cp values (50 F/g at 10 mV/s) were obtained at lower scan rates for MgO:V0.7, this reflects the
effective synergy between the supercapacitor components and good stability before degradation.
Karthikeyan et al. reported a specific capacitance of approximately 50 F/g for asymmetric MgO-
MWCNT electrode supercapacitors at a scan rate of 50 mV/s, additionally concluding the inverse
relationship between the scan rate and specific capacitance and attributing this to surface
adsorption processes and reduction of ion mobility [115]. The Cp value of 50 F/g at a 10 mV/s
scan rate is an important finding since no booster material like carbon was used for this
symmetric supercapacitor design. The enhanced values can be attributed to the highly defective

nature of the MgO:V0.7 sample, as shown in the previous EPR and PL Chapters 5.4 and 5.5.

Since the MgO:V0.7 sample displayed the best electrical properties as a Symmetric
supercapacitor, further analysis was carried out by designing an asymmetric supercapacitor with
one electrode fabricated from MgO:V0.7, and the counter electrode constructed from carbon
black (CB). Figure 32 demonstrates the Cp values (obtained from the CV curves and Equation
10) of the mentioned asymmetric supercapacitor as a function of the scan rate, where symmetric
Cp values were plotted on the same scale for comparison purposes. The asymmetric
supercapacitor device shows a tremendous increase of the Cp values at all scan rates, when
compared against symmetric supercapacitors, reaching a peak value of 1200 F/g at 20 mV/s. The
significant increase in the Cp values can be attributed to the improved synergy of the asymmetric
electrode materials. In addition to that, CB is well known for its high surface-to-volume ratio
[116, 117]. While the main focus of this thesis was dedicated to symmetric supercapacitors
displaying promising performance complementary to previous studies [115], such analysis of
asymmetric supercapacitors increases the applicability potential of MgO-based electrode

materials.
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Figure 32: Cp values plotted as a function of the scan rate for the MgO:V0.7 sample in
symmetric (below) and CB-asymmetric (above) supercapacitor devices.

5.6.2. Electrochemical Impedance Spectroscopy (EIS)

The impedance of the MgO:Vx supercapacitor devices were assessed with EIS by applying an
AC voltage and recording the real impedance values against the negative imaginary impedance
on a Nyquist Plot as shown in Figure 33. Although this would provide further insight into the
kinetic properties of the electrodes, it is expected that metal oxide electrodes (as in our case

MgO) generally display resistive instead of conductive behavior before eventual degradation [8].
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Figure 33: Nyquist Plot of the MgO:Vx supercapacitor devices. The inset highlights the high-
frequency zone.

The Nyquist Plot curves can be split into three different segments of interest: the x-intercept in
the high-frequency zone, which represents the sum of the electrolyte’ s ionic resistance, the
electrode’ s intrinsic resistance, and the interface resistance in what is referred to as the
Equivalent Series Resistance (Rs); the diameter curvature in the high-frequency zone signifies
the Charge Transfer Resistance (Rct); and the linear slope in the low-frequency zone correlates
to the Diffusion Resistance of the hydroxyl ions into the electrodes [118]. Utilizing the Z-Fit tool
in the EC-Lab® program, equivalent circuit fits were produced for the undoped MgO and
MgO:V0.7 samples, with a particular focus on the high-frequency zone (0 — 15 Q), to compute
the Rs values. Figure 34 displays the Z-Fits in addition to the equivalent circuit scheme and
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computed Rs values. Table 4 summarizes the values of the electronic parameters comprising the

equivalent circuits.
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Figure 34: Z-Fits & equivalent circuits of Nyquist Plots in the high-frequency zone of undoped
MgO (left-side) and MgO:V0.7 (right-side)

Table 4: A summary of the values of the electronic parameters comprising the equivalent

circuits.
R1 (Q) R2 (Q) R3 (Q) Q1 (F/s) Q2 (Fls) | W3 (Q.s2) | Rs (@)
0.25| 9.53x10%| 3.03x10° ~0| 11.35x10° 15000 | 0.27
MgO:V0.7 0.22 19.71 435 | 6.38 x10° ~0 5000 | 0.22
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The Rs value obtained for the MgO:V0.7 and undoped MgO-based supercapacitors were 0.22
and 0.27 Q, respectively. The Rct value of both supercapacitors is negligible, indicating
negligible charge transfer or low faradaic resistance since the curvatures in the high-frequency
zone are not evident. The diffusion resistances of both supercapacitors are similar since the
slopes of both linear regions are almost identical. Consequently, it can be concluded that the
sample with the highest doping concentration has the lowest equivalent series resistance, thus
overall impedance, and simultaneously shows the best capacitance and energy density. This was
affirmed by the PL analysis where MgO:V0.7 displayed the least optical activity as V-induced
defects trapped electrons at high energy bands near the conduction band instead of allowing them
to recombine with lower energy state holes. Thus, higher conductance, and ultimately lower

impedance, was anticipated for the MgO:V0.7 sample.

5.6.3. Galvanostatic Charge-Discharge with Potential Limitation (GCPL)

A GCPL assessment was utilized to compute the discharge time of the MgO:Vx samples with a
voltage window from O to +1 V at a specific current of 0.6 A/g (discharge current of 2.40 mA
and a standard 4 mg sample mass). Subsequently, the energy and power densities of the
constructed symmetric supercapacitors were calculated based on Equations 11 and 12 [112], and

the results are summarized in a Ragone Plot in Figure 35.

R AV
Energy Density (Vkv—;) = % W [11]

__ Energy Density X3600 [12]

Power Density (W)

E Discharge Time
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Figure 35: A Ragone Plot showing the energy and power densities for the MgO:Vx samples.

The MgO0:V0.7 sample has the highest energy density of 4.17 Wh/kg. In contrast, the undoped
sample has the lowest energy density of 1.74 Wh/kg, implying that a higher V-dopant
concentration leads to greater capacitance values and energy densities, ultimately signifying
enhanced electrochemical performance.

Furthermore, the reversibility of the fabricated pure MgO and MgO:VO0.7 electrodes was
investigated through GCPL tests at a 0.6 A/g current density and with a voltage window of 1 V.
Figure 36 conveys the electrochemical reversibility and stability of the MgO electrodes in their
undoped and doped states, where the cell potential displayed a linear and symmetrical time
dependence during the measurement cycles. In addition, the fact that the charge and discharge

curves overlap each other, as seen in Figure 36, confirms the reversibility of the fabricated
electrodes [115].
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Figure 36: GCPL electrochemical reversibility assessment for undoped MgO (left-side) and

MgO:V0.7 (right-side).

The long-term electrochemical performance was investigated by examining the capacity

retention and coulombic efficiency over several number of cycles. Figure 37 confirms the

excellent cyclic stability of the undoped and V-doped MgO-based electrodes, where both cases

displayed capacity retention and Coulomic efficiencies above 90% after 50 cycles.
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6. Conclusions

This thesis provides insight into the capacitive behavior of MgO, an abundant and sustainable
material, highlighting the potential to utilize this non-carbon material as electrodes in the design
of symmetric supercapacitor devices, which display outstanding electrochemical performances.
It is worth emphasizing the fact that the purpose of this work was not to optimize the electrical
performance of the constructed supercapacitors but rather to shed some light on the unique
properties of MgO that make it an ideal candidate material in energy storage applications.
Furthermore, in the scope of this thesis, the other aim is to stress the significance of V** ions as
paramagnetic probing agents that reveal much of the electronic and optical properties of MgO,
that otherwise would not be possible due to the diamagnetism of MgO, as well as to underline
the prominence of doping in introducing extrinsic defects into a material, and ultimately

improving the electrochemical performance of energy storage devices.

The MgO:Vx samples were synthesized through chemical precipitation, owing to its simplicity
and low cost, where undoped, 0.2, 0.5, and 0.7 mol% V-doped MgO samples were prepared
(MgO, MgO:V0.2, MgO:V0.5, and MgO:V0.7). Characterization techniques were utilized to
investigate the structural, electronic, and optical properties of the MgO:Vx samples, and to
explore the electrochemical performance of the constructed supercapacitors with the MgO:Vx
samples as electrodes. XRD revealed information about the crystalline structure of the MgO:Vx
samples, where average crystalline sizes were calculated by employing Scherrer’s Equation and
W-H Plots. A Rietveld refinement was included to investigate the effect of V-doping on the
crystal structure of MgO. STEM images provided insight into the nanostructure and morphology
of the synthesized samples, where average particle sizes were calculated and compared to
average crystalline sizes. A Raman analysis was conducted to study the chemical structure and
vibrational modes of the samples, where it was reinforced with EDS analysis to confirm the
success of doping and the presence of the V** ions. EPR analysis revealed the intrinsic and
extrinsic defects in the MgO:Vx samples, where an Aniso-Spin fit was simulated to obtain
electron spin densities. The optical properties of the samples were investigated by means of PL
spectroscopy, emphasizing the free-electron core-shell model, analyzing the intrinsic defects in

the UV-VIS range, and calculating the band-gap energies from Tauc plots. Eventually, EC
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measurements (CV, EIS, and GCPL) were employed to test the electrochemical performance of
the constructed supercapacitors. Consequently, specific capacitances and energy densities were
calculated, while voltammograms, Nyquist plots, and Ragone plots were constructed.
Correlations between the several characterization techniques were established, and the results

proved to complement one another.

While the energy storage applications of MgO are still in the early stages of development,
ongoing research suggests that its capabilities in this area could be expanded in the future. Even
though the electrical properties of MgO are limited due to the large band gap (up to 7.8 eV),
doping the material with paramagnetic V-ions enhanced its electrical properties, making it
possible to use it as an electrode material in symmetric supercapacitor devices with no additional
booster material like carbon. The cyclic voltammetry suggested that MgO:V0.7 exhibited
excellent capacitance behavior between 0 and 1 V at low scan rates, delivering a maximum
specific capacitance of 50 F/g and an energy density of 4.14 Wh/kg at 10 mV/s scan. The
enhanced performance of such symmetric supercapacitors is mainly due to the electro-catalytic
activity of MgO and the induced V-based defects. For comparison purposes, one asymmetric
supercapacitor device was constructed with the MgO:V0.7 sample as one electrode and CB as a
counter electrode, where a tremendous increase in Cp values was achieved at all scan rates,
reaching a peak value of 1200 F/g at 20 mV/s. The low cost and environmentally-friendly nature
of MgO with high specific capacitance and energy density empower the possibility of using them
in practical energy-storage applications, as we have successfully proven in our latest publication
in the Journal of Alloys and Compounds, titled “Vanadium-Doped Magnesium Oxide

Nanoparticles as Electrodes in Supercapacitor Devices” [119].

This thesis provides encouraging results that yield the way for future work and publications we
plan to pursue. The effect of ball-milling on the structural properties of the samples, and
eventually the electrochemical performance of the supercapacitors, can be investigated.
Furthermore, the selection of alternative electrolyte materials provides an interesting perspective
for research as different electrolytes correspond to different voltage windows, and thus influence
the electrochemical performances. Moreover, this work can be extended into optimizing the
performance of asymmetric supercapacitors with the MgO:Vx samples and other unique

materials comprising the counter-electrode.
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