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The overview of the energy storage, mechanism, and device configuration 

of the supercapacitor is briefly discussed in this chapter. The significance 

of binary and ternary metal oxides and mesoporous structures is discussed 

in detail, which has helped to understand the research gaps and perform 

research on mesoporous metal oxides electrode material for 

supercapacitor. The motivation and objectives of the research work are 

briefed at the end of this chapter. 
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1.1 Overview of energy storage  

Global industrialization and enriched living standards consumed 610 Quads of 

energy in 2020, and this demand is expected to rise by 50 % until 2050. Most of the 

increase will be due to the energy requirement of the developing countries fall outside of 

the Organization for Economic Cooperation and Development (OECD) called non-

OECD to drive their economic growth. Notably, India is expected to driven half of this 

increase along with China. Although fossil fuels are dominant primary energy resources 

providing nearly 20 % of the global electricity need (IEO-2019 report), they have 

significantly contaminated the environment by CO2 emissions. Therefore, renewable 

energy sources have attracted significant attention and are expected to collectively 

contribute 30 % of electricity needs. However, the risks involved and limitation of energy 

generation in both cases demand an urgent hunt for excellent energy storage technologies.  

Of the several available electrical energy storage systems, fuel cells, Li-ion 

batteries, capacitors, and supercapacitors attract the scientific and industrial community 

for various usage. These systems exhibit distinct specific energy and specific power, as 

shown in Figure 1.1, [1] and restrict themselves for particular functions. However, Li-ion 

batteries and supercapacitors have attracted the scientific and industrial community and 

become the foremost choices for most applications. In general, batteries offer the highest 

specific energy in the range of 120 to 200 Wh/kg with a relatively low specific power of 

0.4 to 3 kW/kg. Conventional capacitors deliver relatively lower specific energy (i.e., < 

0.1 Wh/kg) and high specific power (i.e., <100 kW/kg). Conversely, the electrochemical 

supercapacitors deliver a relatively much higher specific power in the range of 5 to 55 

kW/kg and a reasonable specific energy of 4 to 8 Wh/kg. Therefore, the electrochemical 

supercapacitors are likely to bridge the energy-power gap between the batteries and 

conventional capacitors and dominate to lead various technological development in the 

near future. The battery stores energy electrochemically, where the chemical reaction 

between electrode-electrolyte during the charge-discharge process releases electrical 

carriers. The slow charging-discharging process in the batteries can degrade the chemical 

compounds or working electrode materials over time and lose their ability to retain energy 

throughout their lifetime. However, in the supercapacitors, energy is stored 

electrostatically on the surface of the material without any chemical reaction. They can 
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be charged quickly and do not lose their storage capabilities over time. The main 

limitation of the supercapacitor is the amount of energy stored per unit weight, called 

energy density. The very small energy density and cost involved in preparing high-

performing supercapacitor materials often direct the utilization of cost-effective batteries. 

However, the recent development in producing novel supercapacitor materials and 

enhancing their energy storage performance may soon bridge the energy density gap 

commercially. The complementary utilization of supercapacitor and battery can expand 

their usage in practical applications.  

 

Figure 1.1. The plot of Power density vs. Energy density, called a Ragone plot, for 

various electrical energy storage devices. [1] 

Supercapacitors have several practical applications, which includes 

Transportation: The most promising market for supercapacitors is the transportation 

industry. They can be used in automobiles by coupling with batteries. They can also 

improve fuel efficiency by storing energy when an automobile is braking and releasing 

energy while accelerating. Automobiles powered by coupling fuel cells with 

supercapacitors are ideal choices for stop-and-go traffic, where supercapacitors provide 

sudden bursts of energy during start-up, and fuel cells provide sustained energy. 

Supercapacitors also perform well at extremely low temperatures (-40 °C). 

Consumer electronics: Supercapacitors are widely used in consumer electronics as 

backup energy sources for system memories, microcomputers, toys, clocks, mobile 

phones, and system boards. They are ideal for devices requiring quick charges. 
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Uninterrupted power supply systems (UPS): Supercapacitors can be used for temporary 

backup power in UPS systems, providing an instantaneous supply of power without 

delays and preventing malfunctions of missions. Supercapacitors quickly bridge the 

power applications for stationary UPS systems that are augmented with fuel cells.  

Other applications: Supercapacitors show promise for critical-load operations such as 

banking centers, hospitals, cell phone towers, airport control towers. The critical time 

between a power outage and the start of a generator can be bridged effectively by 

supercapacitors because they provide power within milliseconds to a few seconds after 

an outage. 

1.2 Mechanism of supercapacitor 

Based on the charge storage mechanism and electrode material used, the 

supercapacitors can be classified into three categories, such as (i) Electrical Double-layer 

Capacitors (EDLCs), (ii) Pseudocapacitors (PCs), and (iii) hybrid capacitors (HCs), as 

shown in Figure 1.2. EDLCs mainly employ carbon electrode materials, such as 

graphene, activated carbon, and carbon aerogels, [2] to accumulate charge via reversible 

adsorption/desorption of ions at the electrode-electrolyte interface. The charge-discharge 

process in EDLC is equivalent to the dielectric behavior of conventional capacitors, as no 

faradaic reactions occurred during the energy storage process. EDLC materials have been 

studied extensively due to their high specific surface area, good electrical conductivity, 

and excellent mechanical stability, but they suffer from low specific capacitance. The 

pseudocapacitors (or redox capacitors) store the energy via fast and reversible faradaic 

redox reactions at the surface of the electrode material. Transition metal oxides (TMO) 

and conducting polymers (CPs) are the most preferred electrode materials for 

pseudocapacitors. [2,3] The TMO offers relatively high specific capacitance and superior 

energy density, while CPs are unique candidates for high-performance supercapacitors 

due to their excellent intrinsic conductivity. Unfortunately, the lower conductivity of 

TMOs significantly hinders them from reaching the high theoretical specific capacitance 

value. On the other hand, CPs suffer from poor cycling stability performance due to the 

repeated swelling and shrinking of the polymer chains during the ion diffusion and 

extraction process. Due to these specific constraints of individual material, many attempts 
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have been made to fabricate hybrid supercapacitors (HCs) that combine the advantages 

of both EDLC and pseudocapacitors and enhance the overall electrochemical 

performance. 

 

Figure 1.2. Schematic representation of the types of Electrochemical supercapacitors. 

1.3 Device configuration of the electrochemical supercapacitor 

Generally, the electrochemical properties of supercapacitors are evaluated in three 

or two electrode systems. The three-electrode system employed to investigate the 

electrochemical performance of the active materials is composed of a working electrode 

(WE), reference electrode (RE), and counter electrode (CE), as illustrated in Figure 

1.3(a). The working electrode comprises active materials, and the voltage across it is 

measured with respect to the reference electrode. [4] The working electrode is generally 

made by coating the active material onto the surface of stable electrodes such as Ni foam, 

carbon paper, glassy carbon, etc. The active material was added with NMP and 

isopropanol solvents to form a viscous ink, and subsequently mixed with activated carbon 

to make the active material conductively efficient. Moreover, PVDF/PTFE, added to it, 

acts as a binder and keeps the active material attached very strongly on the electrode 

surface in the electrolyte solution. A reference electrode with stable and reproducible 

potential is preferably reversible in nature, where a small anodic current produces the 

oxidation reaction and a cathodic current produces the reduction reaction. Most 

commonly used reference electrodes are Ag/AgCl electrode, Saturated Calomel Electrode 

(i.e., SCE), normal hydrogen electrode (i.e., NHE). Finally, an auxiliary electrode, also 

known as a counter electrode, is made up of exceptionally conductive materials like 
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graphite or platinum foil, stabilizes the electrochemical reaction at the working electrode 

by calibrating its potential. 

The two-electrode system is composed of a pair of closely spaced electrodes 

isolated from electrical contact by a porous separator, as shown in Figure 1.3(b). [5] The 

electroactive material is attached to the current collector from where the electrical current 

conducts and acts as either a positive or negative electrode. The separator, an ion-

permeable but electrically insulating dielectric porous membrane, allows the migration 

of electrolyte ions while keeping both electrodes electrically apart. The separator and the 

electrodes are impregnated with an electrolyte, allowing ionic current to flow between 

the electrodes while preventing electronic current from discharging the cell. The 

supercapacitor with a two-electrode configuration is categorized as symmetric and 

asymmetric devices based on the nature of electrode materials. [6] 

 

Figure 1.3. Schematic representation of the construction of (a) three-electrode, (b) two-

electrode supercapacitor. [4,5] 

The same material loaded with the equal mass for both the positive and negative 

electrodes configure a symmetric supercapacitor, where the applied voltage is distributed 

equally on two electrodes. It possesses both electrical double-layer capacitance and 

pseudocapacitance. The electrical double-layer capacitance type devices store 

electrostatic charges from the accumulation and separation of ions at the electrode and 

electrolyte interface. [7] However, the pseudocapacitive type device reveals the faradic 

charge transfer originated from the progression of reversible redox or intercalation 

process on the electrode surface. The Pseudocapacitance is accompanied by electron 

charge transfer between the electrode and electrolyte to absorbed ions. Asymmetric 
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supercapacitors, consisting of one pseudocapacitive electrode and other electric double 

layer capacitive electrodes, achieve a wider operating potential window and deliver a high 

energy and power density. [8] Therefore, an asymmetric supercapacitor employing 

dissimilar electrode materials that can be operated at different potential windows can be 

manufactured with the cell voltages extending to 2 V in an aqueous electrolyte. [9] 

However, the reformed electrode materials architectures and the optimized mass ratio of 

positive and negative electrodes should be considered for smart supercapacitors 

configuration. [10]   

Likewise, more extended cycling stability, retainability, and flexibility are crucial 

parameters in assessing the supercapacitor performance. The longer cyclic stability of ≥ 

10000 cycles while retaining the initial Cs value is expected from the best performing 

device. The higher electrical conductivity generates a higher charge carrier mobility, and 

a high surface area promotes charge absorption or provides more redox reaction sites. 

Therefore, the good electrical conductivity and larger surface area of the electrode 

materials contribute to high specific capacitance and hence to the energy and power 

density. All these properties are highly dependent not only on the electrode material itself 

but also on the electrolyte used. To date, the supercapacitors offered much higher specific 

power but suffering for specific energy compared to Li-ion batteries. Consequently, the 

biggest challenge is improving energy density while maintaining high specific 

capacitance, higher power density, and excellent cycling ability for their widespread 

utilization to replace/compete with the batteries. 

1.4  Significance of metal oxides for supercapacitor 

Transition metal oxides are a unique class of solid functional materials that 

usually consist of multiple oxidation states and ionic bonding and exhibit semiconducting 

properties. Most metal oxides actively participate in faradaic redox reactions and are 

thereby extensively utilized as electrode materials for supercapacitors. Unlike conducting 

polymers, the metal oxide never suffers from swelling and shrinkage. [11] Therefore, 

metal oxides are known for more extended cyclic stability and better retentivity. So far, 

several research groups across the globe have explored different classes of metal oxides 

as a working electrode for supercapacitors, which are discussed below. 
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1.4.1 Binary metal oxides 

Metal oxides are crystalline solids that hold a metal cation and an oxide 

anion. Oxides of the transition metals with +1, +2, and +3 oxidation states are an 

ionic mixture, and those oxides with +4, +5, +6, and +7 oxidation numbers behave 

as covalent compounds containing covalent metal-oxygen bonds. Redox 

transition metal compounds, in particular oxides of several metals like Mn, Co, 

Ni, Ti, Fe, Cu, and Mo, are emerging as promising electrode materials for 

supercapacitors. [12] Metal sites act as an active redox center and sustain 

processes involving different valence states, a property that enables increased 

charge storage capacity. Furthermore, their valence changes at different 

potentials, e.g., valence changes of Co2+/Co+3 and Ni2+/Ni+3 obtained in a potential 

window of ~ 0 - 0.6 V; Ti3+/Ti4+, and Mn3+/Mn4+ obtained in the potential range 

of ~0-1.0V in aqueous electrolytes. [13] Furthermore, crystal structure, 

crystallinity, morphology, and specific surface area are the key parameters to 

decide the electrochemical performance of metal oxides. [14] The high 

crystallinity enhances the conductivity but reduces the specific surface area. 

Therefore, the heat treatments at optimum temperature are essential to achieve 

better electrochemical performance from metal oxides. 

Various binary metal oxides have been explored for application in 

supercapacitor. RuO2 is the first well explored pseudocapacitive material [19] 

exhibiting high theoretical capacitance (i.e., 1400-2000 F/g), [20] higher 

conductivity (i.e., 35.2 μΩ.cm), [21] rich redox activity, and more significant 

reversibility (up to 10000 cycles). [22] However, the high cost of RuO2 diverted 

the scientific and industrial community to explore the inexpensive and abundant 

oxides of transition metals like Ni, Co, Mn, Cu, Fe, Ti, etc., as working electrodes 

for supercapacitors. [15-18] Manganese oxide is another well-explored electrode 

material that exists in MnO, MnO2, Mn2O3, and Mn3O4 forms. [11] In which, 

MnO2 has gained considerable attention for the theoretically predicated 

capacitance of 1370 F/g. [14] The amorphous MnOx exhibiting Mn3+ and Mn4+ 

states displayed the specific capacitance of 174 F/g and best cycling stability (up 

to 300 Cycles), which eventually decreased due to morphological transformation 
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after heat treatment at 300 oC and disappeared after the formation of crystalline 

Mn2O3 at 500 oC. [14,23] The porous MnO2 nanotubes exhibited a specific 

capacitance of 365 F/g in a three-electrode system and 50 F/g after accompanied 

with activated graphene in a two-electrode system but delivered excellent cyclic 

stability with capacitance retention of 76.3 % after 10000 cycles. [24] 

The highly abundant and low toxic nickel oxide existing in NiO, Ni2O3, 

and NiO2 forms have appealed to the scientist with its rich redox electrochemical 

mechanism. [25] Moreover, NiO becomes a more popular electrode material after 

theoretical prediction on gaining capacitance of 2573 F/g. [25] The distinct 

controlled morphologies such as nanoflower, nanoparticle, nanoslice of NiO 

ascertain that the surface area, chemical composition, and openness of 

morphologies determine the supercapacitor performance. [26] Moreover, NiO is 

known to tailor the ionic distribution and ion diffusion at the interface after 

forming the core-shell morphologies with other metal oxides. [27] Cobalt oxide 

has gained the crown as another promising electrode material for supercapacitor 

due to its environmentally benign and low-cost nature. Its theoretical specific 

capacitance of 3560 F/g has triggered lots of excitement among scientists and 

industries hunting for the best performing supercapacitor. [28] Cobalt oxides exist 

in CoO and Co3O4 forms. Its electrochemical supercapacitive performance has 

been explored in its pristine, [29] composite [28] and core-shell forms [30] to 

reach the theoretically predicted specific capacitance. Recently, a well-aligned 

CoO nanowire array grown on 3D Ni foam coated with polypyrrole exhibited a 

specific capacitance of 2223 F/g at 1 mA/cm2. The conducting polypyrrole might 

have assisted CoO nanowires in gaining such high specific capacitance and good 

cyclic stability. Iron oxide exists in α-Fe2O3, and Fe3O4 forms is another electrode 

material of choice. The low intrinsic conductivity and aggregated morphology 

restrict their use as electrode material despite their rich redox reaction by tailoring 

Fe+3/Fe2+. Other metal oxides have accompanied it to form composites electrodes 

or asymmetric devices searching for better supercapacitive performance. [31] An 

asymmetric supercapacitor fabricated using Fe2O3 nanowires as an anode and NiO 

as a cathode exhibited a considerably high energy density of 105 Wh/kg at a power 
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density of 1400 W/kg, which retained up to 72.6 Wh/kg at a power density of 

12700 W/kg. [32] 

Titanium dioxide is one of the fascinating electrode materials for 

supercapacitors due to its high chemical stability, low processing cost, non-toxic 

nature compare to available alternative materials. [33] TiO2 existing in TiO2, TiO, 

Ti2O3, Ti3O5, Ti4O7, Ti5O9, Ti7O13, and Ti9O17 forms, [11,34] and crystallize in 

anatase, rutile, and brookite phase. [11,35] The transition of Ti4+ and Ti3+ during 

diffusion of ions from electrolyte ensure the electric double-layer capacitor 

(EDLC) behavior for TiO2. The better conductivity of TiO2 offers excellent 

electrochemical stability and hence can provide long cyclic stability and 

retentivity. [16] Therefore, TiO2 can be one of the best choices for forming the 

composite or core-shell structure with other performing metal oxides and improve 

the total energy storage performance. [36,37].  

1.4.2 Ternary metal oxides 

The ternary transition metal oxides in the form of spinel or perovskite 

compounds are a new class of electrode materials exciting the scientific 

community. The existence of +2 (≡A) and +3 (≡ B) oxidation states at tetrahedral 

and octahedral sites, respectively, in the AB2O4 spinel structure [38] offer rich 

redox sites as electrode material for energy storage devices. [38] The NiCo2O4, 

[39] MnCo2O4, [40] ZnCo2O4, [41] CuCo2O4, [42] and CoFe2O4, [43], etc., spinel 

structures are extensively used as electrode materials for supercapacitors. The 

plentiful availability of cations, i.e., Ni2+/Ni3+, Co2+/Co3+, Mn2+/Mn3+, Zn2+, Cu2+, 

Fe2+/Fe3+, directed the spinel materials to exhibit relatively high pseudocapacitive 

performance. Their decoration on carbon materials has strengthened the interface 

and promoted the charge transfer, improving the specific capacitance, capacitance 

retention, and cyclic stability. [40,44] Moreover, the hybrid devices consist of 

their composites and activated carbons as working and counter electrodes are 

observed to demonstrate battery type energy storage mechanism. [45] 

Likewise, the perovskite metal oxides with ABO3 formula consisting of 

divalent (≡A) and tetravalent (≡ B) metal ions facilitate the redox mechanism 

owing to their multiple cations, vacancies, and excellent oxygen ion mobility. [46, 
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47] Selection of metal ions in perovskite oxides is exceptionally important as it 

determines the cyclic stability, charge storage, and the electrochemical potential 

window during the electrochemical reaction. Despite the fact that perovskites 

store charge through bulk and not required high surface area, the charge storage 

via faradaic redox reactions required nanostructured form cannot be ignored. 

[62,63] The post-heat treatment of smooth textured SrMnO3 nanofibers converted 

into the porous structure after post heat treatment at > 700 °C showed relatively 

better electrochemical performance. [58] The oxygen deficiency to keep the 

charge neutrality and increment in the surface area possibly causes enhancement 

in specific capacitance. [65] Structural stability is one of the major problems to 

be overcome during electrochemical analysis. The surface mitigation through 

other stable materials can restrict the perovskite from collapse. Therefore, 

perovskite synthesis with another metal oxide or carbon allotropes has been 

considered as its solution. [59-61] Cation leaching is also one problem for 

reducing capacitance during the electrochemical cycling stability. [64] which can 

be preserved by doping or forming composites. The doping at either A or B site 

has influenced oxygen deficiency sites for the redox process and charge storage. 

Partial substitution of Sr2+ at A sites in LaNiO3 (i.e., La0.7Sr0.3NiO3-δ) nanofibers 

synthesized using electrospinning delivered specific capacitance 719 F/g at 2 A/g, 

which reduced for increased doping of Sr2+ due to uncontrolled oxygen 

deficiency. [50] The A sight doping also influenced the morphology and, 

therefore, energy storage performance. [51,52] Up to 15 % Sr doping attended 

uniform particle distribution in the LaMnO3 but resulted in the agglomeration for 

further increase in the doping percentage. The reduction in the surface area after 

agglomeration restricted the ion diffusion, but the individual and uniform particle 

distribution observed maximum specific capacitance 102 F/g at 1 A/g. [53] 

SrCoO3, a highly redox-active electrode material due to various oxidation states 

of B-site cation (i.e., Co), is not stable at ambient air. [54-56] However, the doping 

of Mo6+ at B-sites in SrCoO3 has made the crystal structure stable and 

simultaneously created a large number of oxygen vacancies, which enhanced the 

cycling stability (93.5% capacitance retention after 5000 cycles). [57] Moreover, 
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perovskite derivatives supplement the perovskite oxides such as Ruddlesden-

popper (RP) Ca2MnO4-δ oxide composed of CaMnO3 and rock-salt CaO layer [66] 

were explored to enhance electrochemical anion intercalation and hence energy 

storage mechanism. Overall, the perovskites are competent supercapacitor 

electrode material to enhance the specific energy/power density and capacitance 

by replacing the carbon or polymers. 

1.5 Significance of mesoporous structures  

Decreasing the particle size to the nanometer scale or incorporating porosity in 

the material are two approaches to increase the specific surface area of the material. When 

pores are an integral part of the structure, they do not collapse during the post-synthesis 

process. The porous materials have gained importance in fuel cells and electrochemical 

energy storage applications. The porous nanomaterial morphology offers more open 

channels for the electroactive species (i.e., electrolyte) to percolate deep inside and get 

adsorbed/intercalated on the surface of the material. Creating porosity in nanostructures 

successfully diminishes the ion diffusion length. The empty spaces available in porous 

materials can accommodate the volume changes associated with the electrochemical 

reactions, limiting the structure degradation during charging-discharging cycles. The 

pores or hollow regions available in the porous materials can act as a host for filling with 

the other materials and enable multifunctional applications. Such porous materials 

classified as microporous (pore size < 2 nm), mesoporous (2 nm > pore size > 50 nm), 

and macroporous (pore size > 50 nm). The mesoporous structure with a uniform and 

balanced pore size is more suitable for the quick transport of electrolytes.  

Several techniques/routes have been reported to prepare meso/macro-porous 

materials for the application in energy storage and conversion, sensing, and catalysis. 

Initially, the template filling was exploited to obtain the mesoporous structures. The 

ligand-assisted soft template synthesis protocol was adopted to prepare the ordered 

mesoporous metal oxides, such as Nb2O5, Ta2O5, VOx, and ZrO2. [68-70]. Which was 

modified further to gain semicrystalline mesoporous oxides from self-assembling 

induced evaporation of most metals such as Ti, Al, Zr, Ta, Nb, W, Hf, Sn, and Si. [71-

73] However, these soft template methods always demand careful removal of the template 
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material eventually to gain pure metal oxides. After the first report on the synthesis of 

ordered single-crystalline porous Cr2O3 nanowire array via a hard templating method, 

[74] various hard templating methods are explored to obtain the pore size between 15 to 

150 nm. [75-82] The template filling contributed to limited morphological form and 

uncontrolled porous growth. Therefore, researchers explored various physical and 

chemical routes in search of optimistic porous structures. The chemical methods, such as 

sol-gel, hydrothermal, solvothermal, micro-emulsion, and sol-gel processes, have been 

employed to develop porous materials with micropores or mesopores in different shapes 

and sizes. Electrospinning is also used to make a large variety of porous nanofibers. 

However, the heat treatment for expelling gaseous components by decomposition or 

carbonization is often the final step in synthesizing nanoporous material.  

The ratio of closed to open pores (i.e., accessibility of pores), amount of pores, 

interconnectivity, shapes (i.e., fiber, thin film, etc.,) and chemical composition were 

controlled to make porous transition metal oxide materials [83,84] suitable for attaining 

the desired electrochemical performance. Metal-organic frameworks (MOFs) offering 

larger surface area, tunable porosity, and controllable composition have come up as a 

good template for obtaining porous metal oxide. [85] The oxidation of metal ions and 

release of CO2 and NO2 gases from the decomposition of organic linkers during annealing 

at ambient atmosphere give rise to the porous metal oxides. The shape and porosity of 

MOF templates inculcate the favorable and desired surface area in the metal oxide. To 

date, numerous porous transition metal oxides such as NiO, [86,87] Co3O4, [88,89] CuO, 

[90] Fe2O3, [91,92] Mn2O3, [93,94] TiO2, [95,96] and ZnO, [97] have been extracted from 

MOF, which are further expanded to ternary metal oxides such as CuCo2O4, [98] 

ZnCo2O4, [99] and NiCo2O4. [100] These MOFs are also used for the synthesis of 

different core-shell heterostructures and metal oxide nanocomposites. However, 

hydrothermal and sol-gel synthesis routes have gained importance for the synthesis of 

porous nanomaterials. The mesoporous NiO nanotubes synthesized using the 

hydrothermal method offered larger surface area than nanowire bundles, dandelions, and 

hollow spheres and provided better specific capacitance (i.e., 405 F/g at a 0.5 A/g) and 

good cycling stability (i.e., 91 % after 1500 charge-discharge cycles). [105] Ding et al. 

[106] investigated the effect of experimental conditions on the growth of mesoporous 
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Co3O4 nanostructures. The morphology controlled flower-like mesoporous Co3O4 

nanosheets exhibited higher specific capacitance (i.e., 327.3 F/g at 0.5 A/g) and 

outstanding retention (i.e., 96 % at 5 A/g) for 10000 charging-discharging cycles. 

Moreover, doping and composite formation of mesoporous nanomaterials have shown 

excellent improvement in energy storage performance. [107] Likewise, La, Mn, Fe, and 

Ni based perovskite materials such as LaNiO3, LaMnO3, LaFeO3, LaCrO3, and NiMnO3 

have attracted attention by delivering high specific capacitance and good long term 

cycling stability. [109,110]  

1.6 Motivation  

(a) The environmentally friendly and easy processable transition metal oxides are 

promising electrode material for energy storage devices due to their wise 

nanostructure morphology, high surface area, and high theoretical specific 

capacitance. [2,112,113] Moreover, their energy storage performance can be 

enhanced by modifying and controlling their defects and interfaces under 

nanoscale. [114] Nevertheless, their energy density has shown an increment to a 

certain degree; the low electrical conductivity and slow ions diffusion in bulk have 

hampered their practical usage. [115,116] Moreover, the nanostructured 

morphology of transition metal oxides enhances the specific capacitance and rate 

capability by improving the reaction sites and reducing the ion diffusion length. 

[2] Especially, well-designed mesoporous morphologies that hold two or three-

dimensional (3D) interconnected pores of 2-50 nm diameter have been accepted 

as the most promising. The ordered mesoporous metal oxides have numerous 

advantages over the bulk form in the electrochemical field, [4,111] such as high 

surface area furnishes numbers of charge storage sites. 

(b) Interconnected mesopores facilitate the diffusion of electrolyte ions. 

(c) Nanometer-sized walls develop small crystallites and grain boundaries. 

(d) Porous structures act as a host for loading high capacitance guest materials.  

Therefore, investigation of the electrochemical properties of mesoporous 

transition metal oxides is essential and urgent to improve their performance in energy 

storage. In recent years, the synthesis of the nanobelts of transition metal oxides has 
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fascinated researchers due to their high specific surface area, excellent mesoporous 

structural stability, and outstanding transport properties than those of their high-

dimensional counterparts. Many methods have been utilized to prepare nanobelts of metal 

oxides, [11] such as SnO2, ZnO, TiO2, V2O5, Bi2O3, Fe2O3; however, no reports have 

focused on the synthesis of perforated mesoporous NiO nanobelts using cost-effective 

synthesis techniques. 

The nanosized perovskite metal oxides with ABO3 formula are considered a 

replacement for binary metal oxides in the stipulated application and are under 

comprehensive investigation for their applications in catalysis, water splitting, super 

capacitance, and batteries, etc., demonstrate their capabilities as a promising candidate 

for supercapacitor. The structural stability of the cations, oxygen ion mobility, and 

vacancies mediate the redox mechanism in the perovskite. Moreover, the presence of 

multiple transition metal ions in the perovskite structure shall apprehend distinct charge 

storing mechanisms and hence capable of delivering the breakthrough performance of the 

supercapacitor. However, most of the studies are focused on Lanthanum based 

perovskites, which might be owing to their better electrical conductivity. Even though 

few reports are available on the synthesis of Ni, Co, Mn, and Ti based perovskite 

nanostructures, none of them are focused on synthesizing one-dimensional mesoporous 

nanostructure for utilization as the working electrode in the supercapacitor. One-

dimensional nanostructural morphologies provide direct pathways for electron/ion 

transfer at the electrode-electrolyte interface. Moreover, the mesoporous form adds a 

larger surface area to the 1D morphology, which may contribute to improving the 

electrochemical performance. Therefore, mesoporous 1D morphologies of NiTiO3 and 

CoTiO3 are explored for their electrochemical energy storage performance.  

1.7 Aim of the Thesis 

This thesis work reports the investigation with the following aims to answer the 

questions pertaining to the literature survey. The mesoporous nanostructured oxides of 

Ni, Ti, Co, and Mn metal elements are studied for electrochemical energy storage 

applications. The mesoporous 1D nanostructures of the binary and ternary metal oxides 
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are explored to understand their redox reaction mechanism and further subjected to form 

the core-shell structure  

The aims are: 

• Morphology controlled synthesis of NiO nanostructures employing the cost-

effective technique. Optimization of synthesis condition to gain the 

mesoporous NiO nanostructures and understand their surface morphology, 

crystalline nature, chemical composition, pore size distribution, etc.  

• To investigate the influence of morphology and mesoporous nature on the 

electrochemical performance of NiO nanostructures. 

• To design mesoporous ATiO3 (where A = Ni and Co) one-dimensional 

nanostructures using cost-effective chemical routes.  

• To investigate the crystalline nature, electronic structure, surface morphology, 

pore size distribution, surface wettability, etc., of the ATiO3 (where A = Ni 

and Co) one-dimensional nanostructures. 

• To investigate the influence of mesoporous nature on the electrochemical 

performance of ATiO3 nanostructures. 

• To synthesize the heteroarchitecture of 2D MnO2 shell and 1D NiTiO3 

perovskite core and study the influence of their morphology and 

physicochemical properties on the electrochemical performance. 
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Chapter 2 is focused on synthesis and characterization techniques, which 

are utilized to complete the thesis work. The sol-gel and hydrothermal 

methods used for the synthesis of mesoporous 1D nanostructures are 

briefly discussed. Most relevant characterization techniques, such as XPS, 

Nitrogen adsorption-desorption isotherm analysis, contact angle 

measurements, and electrochemical analysis, are discussed in this 

chapter. 
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2.1 Introduction 

Size reduction of the material to the nanoscale and integrating porosity are two 

tactics to increase the surface area of the material for their prominent use in 

electrochemical energy storage. The porous morphology offers more open channels for 

the electrolyte ions to penetrate deep inside and reduce the ion diffusion length. 

Moreover, it can accommodate the volume changes and control the structure degradation 

due to swelling and shrinkage during electrochemical reactions. The mesoporous 

structures with moderate dimensions in the range of 2 to 50 nm are more appropriate for 

observing better electrochemical performance. Various techniques have been explored to 

synthesize and characterization of mesoporous materials of uniform dimensions.  

2.2 Synthesis methods 

Hydrothermal and sol-gel synthesis methods have gained prominence for 

obtaining porous nanostructures with optimized dimensions, morphology, 

interconnectivity, and chemical composition. Therefore, I have considered these 

techniques to achieve the mesoporous structure of NiO, CoTiO3, NiTiO3, and 

MnO2@NiTiO3. 

2.2.1 Hydrothermal synthesis 

The hydrothermal method was explored for geographical studies to 

explain the development of minerals by hot water solutions jumping from cooling 

lava. Subsequently, substantial studies have been carried out to evolve the 

hydrothermal method and understand the mechanism behind the reactions and 

synthesis of new materials. This method includes the chemical reactions of 

substances in the presence of an aqueous solution or organic solvent in a sealed 

container at a suitable temperature (50-1000 °C) and pressure (1-100 MPa). 

Generally, the sealed container is made up of Teflon liner or high-pressure 

autoclave under supercritical conditions of used solvent (Figure 2.1). The size, 

morphologies, and structure of nanomaterials can be tuned easily by adjusting the 

reaction temperature, reaction time, pH of the solution, and the concentration of 

the reactants. This is one of the best suitable methods widely adopted for the 

growing distinct nanostructures morphologies in various forms. Moreover, post 
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and pre hydrothermal synthesis treatments may lead to the fabrication of materials 

with extended porosity, improved meso/micro-scopic nature, and better stability. 

Nevertheless, systematic studies on the synthesis of mesoporous nanostructure 

morphologies using the hydrothermal technique are yet to be explored thoroughly 

to understand the effect of reaction temperature and time and solution 

concentration on the mesoporous morphology. Therefore, this method is 

employed to synthesize mesoporous NiO nanostructures and the formation of 

MnO2@NiTiO3 core-shell nanostructures.  

 

Figure 2.1. Teflon lined stainless steel autoclave used for the synthesis of 

nanomaterials. [1]  

Mesoporous NiO nanostructures  

The large area arrays of morphology-controlled NiO nanostructures were 

synthesized on ITO coated glass substrates via a hydrothermal synthesis approach. 

0.234 g of nickel Sulfate (NiSO4. 6H2O, 99.9%, Sigma Aldrich) dissolved in the 

5 ml of de-ionized water was reacted with the 15 ml of ethanol (C2H5OH, 99.9%, 

SRL chemicals) solution for 10 min to form a 1:1 solution. The pH of the solution 

was maintained to 12 after reacting the 3 ml of aqueous ammonia solution 

(NH3.H2O, Extra pure, 25%, SRL chemicals) for 30 min. at room temperature and 

then transferred to the autoclave containing well-aligned ITO coated glass 

substrates. The hydrothermal reaction was carried out at 180 °C for different time 

intervals of 6, 12, 18, 24, and 48 h to understand the effect of reaction time on the 



34 
 

growth of NiO nanostructures. After the reaction, the autoclave was cooled down 

to room temperature. The NiO nanostructures deposited ITO coated glass 

substrate was cleaned gently with deionized water to remove the unreacted 

precursors and further dried on a hot plate. The variation in the reaction time has 

altered the morphology from nanobelts to nanosheets of NiO over the ITO coated 

glass substrate. The NiO nanostructure morphologies were further analyzed to 

understand their electrochemical performance. The details on the synthesis and 

characterization of NiO nanostructures are discussed in Chapter 3. 

2.2.2 Sol-gel synthesis 

The sol-gel method has been widely studied for the tunable nanostructural 

dimensions of various materials with remarkable electrical, optical, mechanical, 

and magnetic properties. [2] This method is recognized for its cost-effectiveness, 

high yield, high surface to volume ratio, reproducibility, and low-temperature 

chemistry of prepared materials. [3] It allows the synthesis of any type of 

oxide/non-oxide composition and hybrid organic-inorganic materials, which does 

not exist obviously (Figure 2.2). Generally, the sol-gel route involves the 

formation of sol from a homogeneous mixed solution, its conversion into a gel by 

polycondensation method, and finally heat treatment. Typically, metal alkoxides 

or chlorides type precursors form colloids after the hydrolysis and 

polycondensation and produce the discrete colloidal particles network. The size, 

morphology, and composition of the materials can be tuned by varying the 

capping agent and metal precursor concentration and selecting a suitable reducing 

agent and thermal treatment. However, it is often challenging to attain the desired 

structure due to fracture generated by large capillary forces created after shrinkage 

of a wet gel upon vacuum drying, and also observe unavoidable existence of 

residual porosity and OH groups in sol-gel synthesized materials due to 

precipitation of alkoxide precursors during the sol formation. Therefore, the sol-

gel synthesis technique is employed under well-optimized reaction conditions to 

synthesize mesoporous CoTiO3 and NiTiO3 nanostructures. 
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Figure 2.2. Schematic diagram showing the sol-gel method and its desired 

products. [4] 

(a) Mesoporous CoTiO3 nanostructures  

The mesoporous CoTiO3 microrods were synthesized via a sol-gel method 

utilizing Cobalt (II) acetate tetrahydrate (Co(CH3COO)2; 99.999 %), Tetrabutyl 

titanate polymer (Ti(OBu)4), ethylene glycol (AR grade), and ethanol (ACS 

reagent, 96 %). 2.49 g of cobalt acetate tetrahydrate and 3.4 ml of tetrabutyl 

titanate were dissolved successfully for 60 min. in a 60 ml EG at room temperature 

under constant magnetic stirring to form a red solution. The red solution gradually 

turns to light pink after the further stirring of 5 hr. This indicates the formation of 

Co-Ti-EG polymer chain precursor after the reaction of EG with Co2+ and Ti4+.  

The Co-Ti-EG solution was reacted for various reaction times, i.e., 5, 6, 7, 

and 8 hr under constant magnetic stirring. The obtained Co-Ti-EG powder was 

washed several times with ethanol and deionized water, which was further 

subjected to annealing at 600 °C for 5 hr at a heating rate of 2 °C/min in the 

ambient atmosphere to remove the organic component. The change in reaction 

time has altered the morphological features. The observed rod-like mesoporous 
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morphology has collapsed into the independent particle formation after increasing 

the reaction time from 5 to 8 hr. Therefore, only rod-like mesoporous 

morphologies were considered for further electrochemical studies. The details on 

the synthesis of mesoporous CoTiO3 rods are discussed in Chapter 4. 

(b) Synthesis of Mesoporous NiTiO3  

The analytical grade chemicals were used to synthesize mesoporous 

NiTiO3 rods using the sol-gel method. A typical preparation of NiTiO3 nanorods 

was as follows: 2.48 g of nickel acetate (Ni(CH3COO)2.4H2O, 99.999 %) and 3.4 

ml of titanium butoxide (Ti(OC4H9)4) were dissolved in 60 ml of ethylene glycol 

(EG) to form a green solution. Ethylene glycol acts as a solvent, and it reacts with 

the transition metal ions to form a metal-glycolate polymer through a chain-like 

structure. In the green solution of nickel acetate, titanium butoxide, and ethylene 

glycol, ethylene glycol reacts with nickel and titanium metal precursors to form 

Ni-Ti-EG polymer chain-like structure. After stirring at room temperature for 10 

min., the green solution changes to light blue. Further, this reaction was continued 

for 1, 2, 3, and 4 hr. This has resulted in the agglomeration of the Ni-Ti-EG 

polymer chain-like structure due to the van der Waals interactions. The light blue 

residue was gathered and cleaned by centrifugation and redispersion cycles with 

ethanol and dried at 60 °C for 4 hr. under vacuum. Lastly, it was annealed at 600 

°C for 2 hr at ambient atmosphere to obtain NiTiO3 microrod structure. The 

reaction at ambient atmosphere was carried out for 1, 2, 3, and 4 h to observe the 

controlled mesoporous morphology. The increase in reaction time delivered 

diverse nanostructure morphology. The desired mesoporous rod-like morphology 

was observed for 1 h reaction time, and an increase in the reaction time (i.e., 2 to 

4 h) resulted in the collapsing of the rod morphology. The collapsed morphologies 

were not considered for further electrochemical studies. The details on the 

synthesis of mesoporous NiTiO3 rods are discussed in Chapter 5. 

(c) Mesoporous NiTiO3@MnO2 core-shell heterostructure  

The well-optimized mesoporous NiTiO3 rods were subjected to forming a 

core-shell structure with MnO2 nanosheets using the hydrothermal method. The 

10 mg of NiTiO3 rods were dispersed in 30 mL of deionized water under 
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ultrasonic treatment for 10 min., which was subsequently reacted with 80 mg of 

KMnO4 (99 %, alfa aesar) at 90 °C under constant magnetic stirring for another 

30 min. The whole solution was transferred to Teflon lined stainless steel 

autoclave and reacted at 140 °C for 4 h to form MnO2 over the NiTiO3 rods. This 

as-synthesized core-shell MnO2@NiTiO3 was rinsed thoroughly with deionized 

water and ethanol after centrifugation and further dried under vacuum at 60 °C 

for 4 h. Additionally, some more reactions have been carried out by varying the 

KMnO4 concentration from 90 and 100 mg for the same amount of NiTiO3 rods 

(i.e., 10 mg in 30mL). The increased amount of 90 or 100 mg has resulted in the 

formation of MnO2 nanoflakes independently, leading to the formation of 

nanocomposites rather than core-shell structures. Therefore, the core-shell hetero-

architecture of MnO2@NiTiO3 was further analyzed to understand the 

electrochemical performance. The details on the synthesis and characterization of 

MnO2@NiTiO3 nano-heterostructures is discussed in Chapter 6. 

2.3 Materials characterization techniques 

The synthesized mesoporous NiO, CoTiO3, NiTiO3, and MnO2@NiTiO3 

materials were further characterized to investigate their physicochemical and 

electrochemical properties. The surface morphology and mesoporous appearance were 

confirmed from Field emission scanning electron microscopy (FESEM, JEOL JSM-

6500F). The crystal structure was confirmed from X-ray diffraction (XRD) studies. The 

XRD measurements were performed in the range from 20 to 80° at a step size of 2 °/min 

on a D2-phase Bruker equipped with CuKα radiation (λ = 1.54 Å). The elemental analysis 

was done using energy dispersive spectroscopy (EDS, OXFORD X-MAX 20 mm). These 

more generalized equipment are vastly utilized and explained in the literature. Therefore, 

their experimental details are not included in this thesis. Moreover, characterization 

techniques, such as X-ray photoelectron spectroscopy (XPS), contact angle 

measurements, nitrogen adsorption-desorption isotherm, and electrochemical 

measurements, which are crucial to understanding the effect of morphology, porous 

nature, and chemical composition in the electrochemical energy storage performance, are 

discussed below.  
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2.3.1 Drop shape analysis 

In supercapacitors, specific capacitance (Cs) or energy density depends on 

the physical adsorption of electrolyte ions on the surface of the electrode. 

Therefore, appropriate electrode materials and electrolyte selection are important 

to improve electrolyte adsorption and storage ability. Furthermore, the potential 

window and charging-discharging rate, key factors for high-performance 

supercapacitors relying on the suitability of electrolytes such as organic, aqueous, 

and ionic liquids. The good ion fluidity of aqueous electrolytes leads to a high 

charging rate, but the potential window is limited to ~ 1 V before water 

decomposes. The ionic liquids with operating potential windows of 4 V maximum 

suffer from slower ionic transport and poorer electrochemical performance. The 

most widely used organic electrolytes where salts dissolved in organic solvents 

provide a good balance of operating voltages (approximately 2.5 V) and ionic 

conductivities (approximately 20-60 mS/cm). However, ionic concentration is a 

tricky and critical problem in organic electrolytes. A high ionic concentration 

enhances the specific capacitance of supercapacitors, but its improved viscosity 

results in a low charging rate. Therefore, significant trial and error testing is a 

prerequisite to optimizing the proper concentration of electrolytes. 

An essential surface property of the electrode is its wetting phenomena 

that is how the aqueous electrolyte makes an interface with the electrode material. 

The electrode-electrolyte interface, which will be either hydrophobic or 

hydrophilic, plays a significant role in energy storage performance through 

electrolyte ion diffusion. Better wettability (i.e., hydrophilicity) is one of the 

prerequisites for improved energy storage performance. Therefore, contact angle 

measurement is the best way to quantify the wetting performance of the electrode 

materials in the desirable electrolytes. Quantitatively, the contact angle varies 

between > 0o to <180o (Fig. 2.3), and the 90o angle is considered to define the 

hydrophilic (< 90o) and hydrophobic (> 90o) nature of the working electrode 

materials with electrolyte. Various concentrations/molarities of the aqueous KOH 

electrolyte (i.e., 0.5, 1, 1.5, and 2 M) were considered to measure the contact angle 

using a drop shape analyzer (DSA-25, Kruss GmbH, Germany). The 
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concentration of aq. KOH electrolyte showing a lower contact angle was 

considered to evaluate the electrochemical performance of the materials under 

study. The contact angle of the electrolyte with the mesoporous materials is 

estimated from the contact between the tangent of the electrolyte drop surface and 

the upper layer of materials placed on a flat surface (i.e., substrate) to study the 

wettability of electrolytes.  

 
Figure 2.3. Schematic representation of wetting behavior. 

2.3.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is a surface-sensitive technique that 

quantifies the chemical and electronic states and the chemical composition of the 

elements that exist within the material. [5] In XPS, soft X-rays of energy between 

100-2500 eV are generally used under ultra-high vacuum to examine the core-

levels of the sample. XPS spectra are acquired by irradiating a material with an 

X-ray beam and evaluating the kinetic energy of the number of secondary 

electrons escaped from the initial atomic layers up to 10 nm. The irradiation of 

sample surface with X-rays of enough energy guides ionization and emission of 

core electrons, as shown in Figure 2.4. A hemispherical electron analyzer collects 

these emitted photoelectrons to calculates their kinetic energy and constructs an 

energy spectrum of an ejected photoelectrons vs. binding energy using equation 

2.1. [6] 

B.E. = hʋ- K.E.- ɸ          ……..(2.1) 

Where, B.E. is the binding energy of the photoelectron, K.E. is the kinetic energy 

of the emitted photoelectrons, hʋ is the energy of the photon, and ɸ is the work 

function. 
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The experimental setup of XPS is well reported in the various literature, 

therefore, not included in the current thesis. The X-ray photoelectron spectrometer 

(XPS, Thermo Scientific Inc. K-alpha) with microfocus monochromated Al Kα 

X-rays was used to study the chemical stoichiometry and electronic structure of 

the mesoporous NiO, CoTiO3, NiTiO3, and NiTiO3@MnO2 materials. The 

observed XPS results are correlated with the electrochemical performance. The 

related details are available in their respective chapters. 

 

Figure 2.4. Principle of X-ray photoelectron spectroscopy. 

2.3.3 Nitrogen adsorption-desorption isotherm analysis 

Adsorption is a phenomenon of adhesion of molecules, ions, gas, and 

solids on a surface. The material on which surface the adsorption happens is 

known as the adsorbate. The adsorption-desorption properties are affected by the 

surface area of material, adsorbent activation, nature of adsorbent and adsorbate, 

and experimental conditions such as reaction temperature and pressure. Our 

adsorption studies mostly concentrate on physisorption (i.e., physical adsorption), 

which usually observes at low temperatures (i.e., ~77 K) in the presence of an N2 

gas atmosphere and lower heat of adsorption (i.e., 20-40 kJ/mol). The adsorption 

process materializes through the following steps. [7] 

1. At initial low temperature and pressure, the gas molecules try to get adsorbed 

on the sample surface. 
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2. As the gas pressure rises, numbers of gas molecules get adsorbed on the sample 

surface in the monolayer form, and the smaller pores will get occupied first. 

3. The rise in the gas pressure occupies relatively larger pores by developing 

multilayers of the gas molecules.  

4. Afterward, a further rise in the gas pressure gives total coverage of the sample 

specimen and fills nearly all the pores. 

Several models have been suggested to study the adsorption-desorption 

phenomena, such as the Langmuir adsorption isotherm model, Freundlich 

adsorption isotherm model, linear adsorption isotherm model, and Brauner-

Emmett-Teller (BET) adsorption isotherm model. Out of all these, the BET model 

is used in our research work to study the nitrogen adsorption-desorption isotherm. 

The adsorption-desorption isotherm can be divided into six types (Figure 2.5). [8] 

Type І isotherm is usually obtained in microporous solids having minimal external 

surfaces (i.e., Metal-organic frameworks, zeolites, and activated carbon). It comes 

up with the monolayer adsorption phenomena, which the Langmuir Isotherm 

model can describe. Type II isotherm that shows macroporous nature is a 

reversible isotherm constitutes the unimpeded monolayer-multilayer adsorption. 

Although Type III isotherm indicates unimpeded multilayer formation, it is the 

vapor based adsorption. Type IV and V isotherms with distinct hysteresis loops 

specify the presence of capillary condensation in mesoporous materials. The 

starting part in the Type IV isotherm is allocated to monolayer-multilayer 

adsorption. The Type VI isotherm constitutes the stairwise multilayer adsorption 

on a macroporous surface, and the sharpness of the stair depends on the 

temperature. The shape of the hysteresis (i.e., H1 to H4) is governed by 

agglomerated or spherical particles organized uniformly (H1), the pore with 

confined openings showing constant channel-like pores (H2), loose plate-like 

particles set up a slit-like pore (H3), and confined slit-like pores with non-uniform 

internal shape and broad size distribution (H4). The mesoporous nature plays a 

significant role in enhancing ion diffusion; therefore, the role of porosity and 

surface area in energy storage performance cannot be neglected. Therefore, 

isotherm studies were carried out at 180 oC using a nitrogen adsorption-desorption 



42 
 

study with an automated gas adsorption analyzer Quantachrome Autosorb iQ2. 

The Liquid N2 gas mixed with 5 % H2 was soaked in 1-3 mg of material for 8 h 

to know the pore size distribution and surface area accessible for ion diffusion in 

the synthesized materials.   

Figure 2.5. Different types of adsorption isotherms as classified by IUPAC. [9] 

2.3.4 Electrochemical analysis 

The electrochemical performance of the materials as a working electrode 

for supercapacitor is evaluated from cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) in 

terms of specific capacitance (Csp), energy density (E), and power density (P).  

(a)  Cyclic voltammetry (CV) 

s  

Figure 2.6. Typical representation of cyclic voltammogram (CV) of 

pseudocapacitive based materials existence of oxidation and redox peaks. [10] 
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Cyclic voltammetry is one of the most basic electroanalytical 

characterization methods used to investigate electroactive species. In cyclic 

voltammetry, a fixed potential of active working electrode materials is employed 

as a ramp signal with some known sweep rate (i.e., mV/s) and is calculated with 

respect to a reference electrode. The voltage is varied at a constant sweep rate 

between two initial (≡ Vi) and final (≡ Vf) values, but when the potential reaches 

Vf, the scan is reversed to achieve the potential to Vi. In the forward scan, potential 

scans start at a greater negative potential (Vi) and end at a lower potential (Vf), 

whereas in the reverse scan, it is the opposite (i.e., from Vf to Vi). The potential 

Vf at extreme conditions, called switching potential, is sufficient enough to have 

originated oxidation and reduction of the material. Figure 2.6 shows the schematic 

of the distinctive cyclic voltammetry graph plotted between current (i) and voltage 

(V). The CV provides quantitative and qualitative insights such as charge 

transport, ion diffusion, redox behavior, polarization, reversibility, etc., related to 

the electrochemical reaction of the electrode material. It also helps to understand 

the nature of charge storage in materials under investigation. 

Cyclic voltammetry (CV) measurements for mesoporous NiO, CTO, 

NTO, and MnO2@NTO were performed in an aqueous KOH electrolyte within 

the optimized operating potential range at various scan rates. The CV plots gave 

a distinct pair of anodic and cathodic peaks independent of variation in the scan 

rates. The positive and negative currents observed in the operating potential range 

explain their oxidation and reduction peaks. The CV analysis and diffusion 

coefficient, and specific capacitance (Cs) evaluated from CV measurements using 

the following equations, are detailed in the respective chapters.  

The scan rate dependent variation in the current density was interpreted by the 

Randles-Sevcik equation 

21212351069.2 DnCi op =
  

                            ……. (2.2)
 

Where, the peak current density (ip) of the electrochemical reaction is proportional 

to the square root of the scan rate (υ), ip is the peak current density (mA/g), Co is 

the concentration of ions in the electrolyte solution (mol/cm2), n is the number of 
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electrons, υ is the scan rate (mV/s), and D is the diffusion coefficient for ions in 

the electrode material.  

The specific capacitance (Cs) was measured from the cyclic voltammetry 

(CV) using the following equation 

Vm

idV
CS




=

2
                                  ……. (2.3) 

Where, m is the mass of the active electrode material (g), ʋ is the scan rate in 

mV/s, ʃidV is the area under the CV curve, and ΔV is the potential window. 

(b) Galvanostatic charge-discharge (GCD) 

The galvanostatic charge-discharge analysis is also called 

chronopotentiometry. GCD is a method where a constant current is applied 

between the counter and working electrode, and the potential of the active 

working electrode is calculated with respect to the reference electrode. The 

supercapacitor is charged with respect to the particular current density, and once 

it touches the desired value, it discharges with the same current density till 

achieving the original potential. During the GCD analysis, the electrode material 

will undergo different charge and discharge cycles at various current densities to 

explore the charge storage performance. The charge storage (i.e., specific 

capacitance) is expected to be in close approximation at the lower and higher 

current density for reasonable rate capable electrode materials. The specific 

capacitance, IR drop, energy density, power density, cycling stability, and 

coulombic efficiency can be evaluated from the GCD analysis. Figure 2.7 shows 

the schematic GCD plot of electrochemical pseudocapacitive material. The 

specific capacitance of the electrode material was calculated from the GCD plot 

by taking care of the mass of the active material (m), potential window (ΔV), 

discharge time (Δt), and current density (I). The specific capacitance (Cs), energy 

density (E), and power density (P) were evaluated from GCD measurements using 

the following equations and are detailed in the respective chapters. 

The specific capacitance of the electrode material was evaluated from the 

equation, 

𝐶𝑠 = 𝐼 ⋅ 𝑑𝑡
𝑚 ⋅ 𝑑𝑣⁄                             ……..(2.4) 
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 Besides the specific capacitance (Cs), power and energy density are highly 

crucial for supercapacitors. The energy density and power density were calculated 

by the equations, 

E =
1

2
× 𝐶𝑠 × (∆𝑉)2                                 …… (2.5) 

P =  
E

∆t
× 3600                                        …… (2.6) 

Where, Cs is the specific capacitance (F/g), m is the mass of the active electrode 

material (g), I is the current density (A/g), dV/dt is the slope of the discharge curve, 

E is the specific energy (Wh/kg), ΔV is the potential operating range (V), P is the 

specific power (W/kg), and Δt is discharge time (sec) corresponding to the specific 

capacitance (Cs) value calculated from galvanostatic charge-discharge 

measurements. 

 

Figure 2.7. Typical representation of Galvanostatic charge-discharge (GCD) of 

pseudocapacitive materials. [10] 

(c) Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a powerful analytical 

method in characterizing electrochemical supercapacitor in different frequency 

regions. EIS analyses are accomplished on systems in an equilibrium position. 

Usually, a small sinusoidal voltage (based on CV measurements) is covered at the 

open circuit potential to calculate the frequency (between 20 Hz to 10 MHz) 

dependent impedance of a cell. The Bode and Nyquist plots are the methods to 

illustrate the impedance data. The Bode plot signifies the phase angle (ɸ) and 

modulus of impedance (Z) as a function of frequency, and the Nyquist plot 
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displays the real and imaginary part of impedance at various frequencies. 

Typically, impedance is documented and planned from the higher frequency 

region to the lower frequency region to illustrate the distinct behaviors observed 

for the different frequency regions. The resistance offered by the electrolyte 

solution is often a significant contributor to the impedance of the three-electrode 

cell. A modern potentiostat compensates for the solution resistance between the 

reference and counter electrodes. However, the resistance between the working 

and reference electrodes must be considered when the cell is modeled. The point 

intercepting the X-axis of impedance at the uppermost calculated frequency in a 

Nyquist plot provides the equivalent series resistance (ESR) (Figure 2.8). 

Subsequently, semicircles witness the charge storage mechanism for 

pseudocapacitive materials. The straight line in the lower frequency region is 

assigned to the ion diffusion resistance (i.e., Warburg resistance, Zw). In this 

thesis, electrochemical impedance spectroscopic measurements are performed to 

understand the charge transfer behavior at the electrode-electrolyte interface and 

its effect on energy storage performance. 

 

Figure 2.8. Typical Nyquist plot representation of pseudocapacitive material. [10] 
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Chapter 3 

Mesoporous NiO nanostructures 
 

 

 

 

 

 

We report the morphology-controlled approach to improve the specific 

capacitance (Cs) and energy/power density of the supercapacitor. The 

irregular morphologies of NiO are transformed into the perforated 

mesoporous nanobelts and further altered into the nanoflakes. The 

nanobelts and nanoflakes of NiO with an average width of ~74 nm and 

~215 nm forms the film of thickness ~5.8 and 2.7 m, respectively. The 

mesoporous NiO nanobelts deliver higher Cs values (i.e., 794 F/g) than 

the nanoflakes (146 F/g) and irregular morphologies (742 F/g). 

Moreover, nanobelts show 88.6 % retention after continuous 2500 

charging-discharging cycles. The NiO nanobelts exhibit a power density 

of 2963 W/kg, and energy density of 57 Wh/kg is significantly higher than 

the pristine NiO nanoflakes, nanorods, 2D thin films porosity tunned 

nanowalls, nanofibers, and its heterostructures with NiCo2O4 and Ni3S2 

nanosheets. The perforated mesoporous NiO nanobelts with clearly 

visible textural boundaries provide a relatively larger surface area and 

excellent interconnecting network than irregular morphologies and 

nanoflakes, which provide easy access to the OH- ions for diffusion. 
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3.1 Introduction 

  The global need for new energy storage technologies is leading to an increasing 

interest in the advancement of energy storage systems with ultra-high-rate capabilities, 

especially because worldwide demand might proliferate as batteries and electrochemical 

supercapacitors are increasingly used in portable electronics, hybrid electric vehicles, and 

power quality devices. Among these energy storage devices, much attention has been 

given lately to supercapacitors. Moreover, the quest for high-power density and energy 

density has led to significant efforts in developing supercapacitors to either assist or compete with 

batteries. Compared to conventional batteries, supercapacitors have high specific 

capacitance (Cs), longer cycle life, and excellent pulse charge-discharge properties. 

Recently, numerous studies are engrossed in improving the power and energy density of 

supercapacitors for portable power supplies and hybrid electric vehicles. [1] Among 

various explored morphologies and materials, nanomaterials have triggered a lot of 

excitement owing to their high aspect ratio and large textural boundaries. Researchers are 

currently focusing on developing porous layered and hollow structures to achieve 

optimized chemical and physical properties, as in the case of graphene. However, the 

highly porous structure and interconnectivity of the nanomaterials remains a great 

challenge in the development of supercapacitor. [1] Although designing perforated 

nanostructure morphologies with control over shape and size are promising scientific 

community, efforts are limited to carbon-based materials or short-ranged morphologies. 

[2] The porous carbon or polymer electrochemical double-layer capacitor (EDLC) 

materials provide high Cs, nevertheless suffer from high energy density and faster 

deterioration. [3] Their shrinking and swelling during the discharging and charging, 

respectively, results in a short lifetime. Therefore, transition metal oxides of mutable 

valencies are the better alternative as an electrode material providing higher energy 

density in conjunction with the stability. The larger surface area, reduction in ion 

diffusion resistance, and efficient exchange of ions in the network of metal oxides are 

asking for further improvement to reach the theoretical predictions on the energy and 

power density. Various metal oxides of titanium, [4] manganese [5] and cobalt, [6 ] etc. 

are explored, but higher theoretical capacitance value (i.e., 2573 F/g), faster ion 

intercalation mechanism (< 2 s), high chemical/thermal stability and large current density 
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of Nickel oxide (NiO) is attracting scientific community. [7,8] The NiO thin films and 

nanostructures in the form of nanotubes, [9] pine-cone, [10] nanofiber, [11] 

nanoparticulated spheres, [12] nanorods, [13] nanospheres, [14] nanoflakes, [15] and 

nanosheets [16] are explored for electrochemical activities, but their Cs was limited in the 

range of 46.74 to 463 F/g. 

  The microwave-assisted NiO particles synthesized using cetyltrimethyl 

ammonium bromide (CTAB) surfactant grew in particular crystal orientation and 

agglomerated in the form of nanoflakes. The resistive textural boundaries/contact of the 

individually nucleated nanoparticle might have limited the Cs of nanoflakes to 401 F/g. 

[17] The CuO nanoflowers decorated with the NiO nanoflakes were expected to improve 

the ion conductions by means of synergistic effect but constrained the access to the ion 

inside the pores of nanoflowers, and Cs reduced further to 280 F/g. [18] Moreover, the Cs 

of 94 F/g of the polycrystalline NiO microtubes improved to 266.7 F/g after forming 

overlayers of MnO2 nanoflakes. [7] The heat treated two-dimensional (2D) round slices 

of NiO nanoflakes delivered Cs of 407 F/g, which was reduced to 89 F/g for asymmetric 

combination with activated carbon. [15] The carbonization of polymerized NiO 

nanofibers resulted in the thick coating of carbon along the fiber body, restricted the 

efficient penetration of the electrolyte, and resulted in the Cs of 288 F/g. [19] Owing to 

the significant contribution of porous morphology, the porous composites of ZnO-NiO 

micro-polyhedrons (Cs = 649 F/g), [20] porous 3D NiO/Ni flower-like morphology of 

irregular nanoflakes composed of nanoparticles (Cs = 363.7 F/g), [21] NiO fibers (Cs = 

175 F/g) and Ni/NiO composite fibers (Cs = 526 F/g) [11] were explored to achieve high 

specific capacitance, power density, and energy density. However, the dense and closed 

packed morphologies limited access to ion diffusion within. Recent efforts of Mondal et 

al. [22] on tailoring the hole dimension within the randomly arranged NiO nanoflakes by 

variation in the calcinated temperature resulted in the Cs of 738 F/g at a temperature of 

900 oC. The 2D NiO nanoflake array solvothermally grown on Ni foam sintered in air at 

300 oC delivered inflated Cs values of 2013.7 F/g, but the energy and power density was 

restricted to 45.3 Wh/kg and 1081.9 W/kg, respectively. [23] Likewise, Ci et al. [24] 

reported smaller energy density values of 15.9 Wh/kg for the combination of 3D, 2D, and 

1D nanostructures in the NiO microflower, where 3D NiO microflowers were constructed 
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of 2D nanosheet framework derived from the weaving of 1D NiO nanowires. Further, the 

decoration of sulfur over the 2D NiO structures expected to deliver rapid diffusion of ions 

and fast electron transport due to the higher electrical conductive could achieve the 

highest Cs of 386.7 F/g. Overall, 2D NiO nanoflakes and their decoration with sulfides 

and metal particles did not come up to the expectation. The well-defined single crystalline 

nature and the density-controlled alignment of nanostructures have attracted scientific 

attention. Despite that, controlled porous architecture with uniform pore distribution in 

long-range nanostructures has triggered lots of excitement in energy storage. Therefore, 

the synthesis of perforated mesoporous NiO nanostructure with a larger surface and 

interconnecting network is of scientific and technological importance.  

In recent years, the synthesis of nanobelts of transition metal oxides has fascinated 

researchers due to their high specific surface area, excellent mesoporous structural 

stability, and outstanding transport properties than that of their high-dimensional 

counterparts. Many methods have been utilized to prepare nanobelts of metal oxides [1] 

such as SnO2, ZnO, TiO2, V2O5, Bi2O3, and Fe2O3 but, no reports are focused on the 

synthesis of perforated mesoporous NiO nanobelts using cost-effective synthesis 

technique. In this article, we report the controlled synthesis of the various morphologies 

of NiO, including perforated mesoporous untraceable nanobelts and nanoflakes on the 

ITO coated conducting glass substrate. The structural morphologies and chemical 

composition of the NiO nanostructures were examined using field-emission scanning 

electron microscopy (FESEM) and X-ray photoemission spectroscopy (XPS), 

respectively. The effect of nanostructure morphology on the electrochemical 

performances of NiO was systematically investigated utilizing cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) method, and electrochemical impedance 

spectroscopy (EIS) in the 2 M KOH aqueous electrolyte. The results strongly suggest that 

the perforated mesoporous NiO nanobelts possess ultra-high-rate capabilities with Cs of 

794.12 F/g, energy density of 32.81 Wh/kg, and power density of 2962.9 W/kg, then 

irregular morphologies and nanoflakes of NiO. Therefore, perforated mesoporous NiO 

nanobelts are competent electrode material to fabricate highly stable supercapacitors with 

ultra-high rate and a long cycle lifetime. 
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3.2 Experimental Section 

   

Figure 3.1. Schematic diagram of the mesoporous NiO nanostructure-based 

supercapacitor. 

The large area arrays of morphology-controlled NiO nanostructures were 

synthesized on ITO coated glass substrates via a hydrothermal synthesis approach. 1M 

Nickel sulfate (NiSO4. 6H2O, 99.9%, Sigma Aldrich) dissolved in the de-ionized water 

was reacted with the Ethanol (C2H5OH, 99.9%, SRL chemicals) for 10 min to form a 1:1 

solution. The pH of the solution was maintained to 12 after reacting the aqueous ammonia 

solution (NH3.H2O, Extra pure, 25%, SRL chemicals) for 30 min. at room temperature 

and then transferred to the autoclave containing well-aligned ITO coated glass substrates. 

The hydrothermal reaction was carried out at 180 oC for different time intervals, such as 

6, 12, 18, 24, and 48 h, to grow morphology-controlled NiO nanostructures over the ITO 

coated glass substrate. After that, the effect of reaction time on the surface morphology 

was studied utilizing field-emission scanning electron microscopy (FESEM, JEOL JSM-

6500F) and Transmission electron microscopy (TEM, JEOL JEM 3010). The electronic 

structure and chemical states of the NiO nanostructures were analyzed using an X-ray 

photoelectron spectrometer (XPS, Thermo Scientific Inc. Kα) with a microfocus 

monochromated Al Kα X-ray. The surface area and pore size distribution analysis of the 

NiO nanobelts were performed adopting N2 adsorption-desorption isotherm (BET) and 

Barrett-Joyner-Halenda (BJH) methods in an automated gas sorption analyzer 

(Quantachrome Autosorb iQ2). Figure 3.1 shows the schematic of the prototype 

supercapacitor composed of NiO nanostructures grown on conducting glass (ITO/glass) 
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substrate as a working electrode, saturated calomel electrode as a reference electrode, and 

pristine ITO/glass as a counter electrode, was used to evaluate the electrochemical 

properties. The electrochemical measurements were accomplished at room temperature 

with the potentiostat (Autolab PGSTAT302N) in 2M KOH aqueous electrolyte to 

investigate the effect of controlled morphology of NiO nanostructures on the 

pseudocapacitive performance of electrochemical supercapacitor. The capacitance 

values, cyclic stability, and energy/power density performance of the prototype device 

were confirmed with two terminal measurement approach. 

3.3 Results and discussion 

3.3.1 Field emission scanning electron microscopy  

The FESEM images in Figure 3.2 show the controlled surface 

morphological features of the NiO nanostructures. Time-dependent synthesis 

performed to control the growth of desired morphology and mesoporous features 

in the nanostructures. The clearly visible and randomly oriented irregular 

morphologies of NiO resulted in the thin film formation at the initial stage of the 

6 h reaction (Figure 3.2(a)). The high-magnification FESEM image in the inset 

confirmed the presence of compact nanoparticles like appearance beneath the 

irregular morphologies in the compact NiO thin film. The increase in the reaction 

time to 12 h has resulted in the nanobelts growth of the NiO (Figure 3.2(b)), which 

was further resulted in the flake-like two-dimensional (2D) structure at 48 h. The 

close observation of high magnification FESEM images in the inset of Figure 

3.2(b) shows the appearance of untraceable long nanobelts. No much alteration in 

the thickness of nanobelts has been observed with further increase in the reaction 

time (i.e., 48 h), but the width increased apparently. The prominent expansion of 

the width conceived the formation of protracted nanoflakes like morphology 

(inset of Figure 3.2(c)). The increase in reaction time to 48 h has resulted in the 

formation of nano-flakes at the expense of nanobelts. Even though the length of 

both nanobelts and nanoflakes remains untraceable, their width is ~74 nm and 

~215 nm, respectively. Moreover, the time-dependent change in the morphology 

of NiO nanostructures has resulted in the alteration of the film thickness. The 

irregular morphologies accompanied by nanoparticles formed the film of a 
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thickness of ~2.2 μm (Figure 3.2(d)). Which was further increased (i.e., owing to 

the evolution of well-aligned NiO nanobelts. The well-separated nanobelts with 

clearly visible textural boundaries delivered porous thin film (Figure 3.2(e)). The 

randomly oriented but fairly vertically aligned NiO nanobelts have resulted in the 

thin film of thickness ~5.8 μm. Nevertheless, the film thickness was reduced to 

~2.7 μm after converting NiO nanobelts into nanoflakes (Figure 3.2(f)). The 

increased width of NiO nanoflakes drives to decrease the film porosity and hence 

thickness than that of NiO nanobelts. This leads to the compact film formation for 

the nanoflakes morphologies. The numbers of pores of the size 5 to 10 nm 

observed over the nanobelt extracted from the large area array corroborate the 

highly mesoporous nature of the NiO nanobelts (Figure 3.2(g)) synthesized at a 

reaction time of 12 h. The crystal structure of the NiO nanobelts is confirmed from 

HRTEM, and details are provided in Figure 3.3. This indicates that a fairly vertical 

arrangement of highly mesoporous NiO nanobelts is competent in offering the 

larger accessible surface area to facilitate the ion intercalation/ deintercalation and 

therefore improve the charge storage mechanism.  

 

Figure 3.2. FESEM images of controlled surface morphological features of the 

NiO nanostructures. The upper panel shows the top view of the nanostructures 

obtained at a reaction time of (a) 6 h, (b) 12 h, and (c) 48 h. Inset of the Fig. shows 

their respective high-magnification FESEM image. The lower panel shows the 

side view of those nanostructures (d-f), respectively. (g) The high-magnification 
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TEM image of the single nanobelts extracted from the large area array of 

nanobelts in (b). 

3.3.2 Transmission electron microscopy 

The morphology and crystal structure of mesoporous NiO nanobelts were 

further characterized by High-Resolution TEM. The TEM image in Figure 3.3 

shows that the NiO nanobelts are composed of interlinked nanoparticles with 

well-defined crystal structures. The interlinking of the NiO nanoparticles has 

resulted in the formation of mesoporous nanobelts (Figure 3.3(a)). These 

observations are in good agreement with the FESEM and BET analysis discussed 

in Figure 3.1 and Figure 3.4. The interplanar spacing of ~ 0.15 nm observed from 

the HRTEM pattern (Figure 3.3(b)) is assigned to the (220) plane is in well 

agreement with the Rhombohedral crystal structure defined for NiO (JCPDs: 

43740). 

 

Figure 3.3. High-Resolution TEM image of the single nanobelts extracted from 

the large area array confirming (a) the mesoporous nature of nanobelts and (b) 

interplanar spacing of the well-separated NiO nanoparticles of the nanobelts. The 

nanoparticles are traced with the dotted red lines. 

3.3.3 Nitrogen adsorption-desorption Isotherm 

N2 adsorption-desorption isotherm measurements were performed to 

confirm the mesoporous appearance of the NiO nanobelts in high-magnification 

TEM images (i.e., Figure 3.2(g)). Figure 3.4 shows the BET analysis confirming 

the mesoporous nature of the NiO nanobelts. Figure 3.4(a) shows a type IV 

isotherm with a distinct broad hysteresis loop, confirming the extensive 
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distribution of internal voids throughout the nanobelt body. The interconnected 

existence of broad range voids along the nanobelts body has lead to the formation 

of ordered mesoporous NiO nanobelts. The specific surface area of 40.572 m2/g 

and pore volume 0.352 cm3/g were observed for the nanobelts synthesized at the 

reaction of 12 h. Although the larger pore size of 1828 nm is observed from the 

BJH pore size distribution, most of the pores range from 15 to 100 nm. The 

maximum pores are of width ~19 nm, and the mean (average) pore size 

distribution is 19.67 nm (Figure 3.4(b)). The improved surface area due to the 

mesoporous nature of NiO nanobelts not only provides abundant sites for ion 

accumulation but also expected to improve the electrode-electrolyte interaction at 

the interface. Moreover, an easily accessible larger mesoporous surface facilitates 

better electrolyte/ion penetration and further enhances the faradaic charge storage 

mechanism. 

 

Figure 3.4. (a) N2 adsorption-desorption isotherm and (b) BJH pore size distribution of 

the NiO nanobelts obtained after the reaction time of 12 h. 
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3.3.4 X-ray Photoelectron Spectroscopy 

 

Figure 3.5. XPS peak intensity contours of the (a) Ni(2p) and (b) O(1s) core levels 

obtained for the reaction-time dependent NiO nanostructures. The high-resolution 

XPS spectra of the (c) Ni(2p) and (d) O(1s) core levels of the NiO nanobelts 

synthesized at a reaction time of 12 h. The XPS spectra were deconvoluted using 

the Voigt curve fitting function. 

XPS was employed to understand the effect of reaction time on the 

chemical stoichiometry and electronic states of NiO nanostructures. Figure 3.5 

shows the XPS analysis of time-dependent morphology controlled NiO films, 

nanobelts, and nanoflakes. Figure 3.5(a) shows the intensity contour plots of 

Ni(2p) core levels for the samples synthesized at various reaction times. The four 

distinctive peaks identified as a, b, c, and d are located at the binding energy of 

855.5, 861.5, 873.0, and 879.0 eV. Highly intense two peaks (i.e., a ≡ 855.5 eV 

and c ≡ 873.0 eV) are assigned to the Ni(2p) core levels, and the other two (i.e., b 
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≡ 861.5 and d ≡ 879.0 eV) are their respective shake-up satellite peaks. The double 

peak features of Ni(2p) along with their concomitant shake-up satellite peaks 

revealed the paramagnetic chemical states of Ni2+. [13] Figure 3.5(b) shows the 

intensity contour plot of the O(1s) core level. A broad peak located at a binding 

energy of 530.9 eV is accompanied by the adjacent smaller shoulder peak located 

at 533.1 eV and are assigned to the O(1s) core-level and surface contamination, 

respectively. 

The peak position of Ni(2p) core level and O(1s) remain akin to each other 

independent of reaction time. Even though the variation in reaction time has 

transformed the NiO thin film of irregular morphologies to nanobelts and further 

to nanoflakes morphology, it has not laded for the alteration in the stoichiometric 

of NiO. Further, the Ni(2p) and O(1s) high-resolution XPS spectra of mesoporous 

nanobelts shown in Figure 3.5(c and d), respectively, were deconvoluted using 

the Voigt curve fitting function within the Sherly background to confirm their 

electronic states and chemical stoichiometry. The double peak feature of Ni(2p3/2) 

and Ni(2p1/2) in Figure 3.5(c) represents the Ni(2p) core level of mesoporous 

nanobelts and revealed the presence of the concomitant shake-up satellite peaks. 

 The close observation of deconvoluted XPS spectra show the presence of 

eight peaks in total identified as a, a , b, b , c, c , and d, d at the binding energy 

of 855.5, 857.5, 861.5, 866.4, 873.0, 875.1, 879.0, and 883.8 eV, respectively, are 

assigned to Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p3/2 Shake-up satellite), Ni3+(2p3/2 

Shake-up satellite), Ni2+(2p1/2), Ni3+(2p1/2), Ni2+(2p1/2 Shake-up satellite), and 

Ni3+(2p1/2 Shake-up satellite), respectively. A highly intense peak of the 

Ni2+(2p3/2) core level of Ni2+ cations confirms the presence of stoichiometric NiO 

nanobelts. However, the peak observed at ~2.0 (± 0.1) eV higher in binding 

energy than that of Ni2+(2p1/2) peak is assigned to the Ni3+(2p3/2) core level of Ni3+ 

cations. The intensities and area of the Ni(2p1/2) and Ni(2p3/2) peaks of the Ni2+ 

cations are much higher than those assigned to the Ni3+ cations confirmed that the 

mesoporous nanobelts are composed of stoichiometric NiO extensively, while 

non-stoichiometric Ni2O3 could be a subsidiary phase with minor traces. The 

energy separation of 17.5 (± 0.1) eV between the Ni(2p1/2) and Ni(2p3/2) peaks 
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and their shake-up satellite peaks remain unaffected. These observations are akin 

to that reported for NiO branchlike nanocrystals, [25] nanorods and thin films, 

[13] nanoflakes assembled 3D flowers, [21] hierarchical nanotubes, [26] and 

ultrathin porous nanoflakes morphologies. [23] Likewise, the O(1s) XPS 

spectrum shows the perfect fit to two peaks located at a binding energy of 530.0 

and 533.1 eV, respectively. The highly intense lower binding energy peak at 530.0 

eV corresponds to the O(1s) core level of O2- anions associated with the 

stoichiometric NiO. However, the less intense higher binding energy peak at 

533.1 eV attributed to the surface contaminations, [4,8,27-29] such as nickel 

hydroxide along with sub-oxidized Ni, [25,30] and defects sites on the surface 

[31] of mesoporous nanobelts. The peak intensity of both resolved peaks and area 

under curves for O(1s) and SC peak indicates the dominance of NiO over Ni2O3. 

Moreover, the absence of the independent peak at a binding energy of 531.2 eV 

assigned to Ni3+ ions [32,33] in the decomposed O (1s) XPS spectrum confirmed 

the absence of Ni2O3 in the nanobelts. Moreover, the binding energy difference 

(ΔE) of 324.6 eV between the Ni(2p3/2) and O(1s) is very close to that of 322.8 

eV for NiO and significantly smaller than 326.2 eV for Ni2O3, and larger than the 

pure metallic Ni (i.e., 321.7 eV). [13] These observations confirmed that the 

mesoporous nanobelts composed of stoichiometric NiO would improve the 

specific capacitance, energy density, and power density of the supercapacitor. 

3.3.5 Electrochemical analysis  

 

Figure 3.6. CV curves of NiO (a) thin film, (b) mesoporous nanobelts, and (c) 

nanoflakes at various scan rates. 

The electrochemical properties of the morphology controlled NiO thin 

films, mesoporous nanobelts, and nanoflakes as electrode materials for 



61 
 

supercapacitor were confirmed from CV, GCD, and EIS measurements. CV 

measurements were performed in a 2M KOH aqueous electrolyte within the 

potential range of between 0 to 0.6 V at various scan rates (i.e., 5 to 200 mV/s). 

Figure 3.6 shows the cyclic voltammograms of the NiO thin film, mesoporous 

nanobelts, and nanoflakes synthesized at a reaction time of 6, 12, and 48 h, 

respectively (Figure 3.7 for nanoflakes obtained at 18 and 24 h). The CV graphs 

show a distinct pair of cathodic and anodic peaks independent of variation in the 

scan rate. The positive and negative current densities observed in the operating 

potential range of 0 to 0.6 V elucidate oxidation and reduction of the NiO 

nanostructures, respectively. Relatively more positive current density is observed 

than that of negative current density (i.e., the difference in current density) for the 

thin film and nanoflakes morphologies, which is a bit larger in the mesoporous 

nanobelts. The improved surface area of the nanostructures acts as a trap for ions 

passing through. The mesoporous nanobelts provided a relatively larger surface 

area than the thin film and nanoflakes and, hence, could possibly deliver large 

numbers of trap levels. Trapping-detrapping of free electrons/holes improves the 

ionic conductivity and consequence in more positive current density for 

mesoporous nanobelts. The variation in the scan rate exhibits the negligible 

shifting in the peak positions for the mesoporous nanobelts and nanoflakes 

synthesized at various reaction times. However, the intensity has enhanced with 

an increase in the scan rate. Consequently, the area under the CV graph was 

improved too. On the other hand, the current density has decreased significantly 

from nanobelts to nanoflakes morphology attained with the increased reaction 

time from 6 to 48 h (Figure 3.6 & 3.7). The redox reaction mechanism of NiO in 

an aqueous KOH is a two-step process, involves the reaction of OH- ions followed 

by the formation of hydroxide layer of Ni(OH)2 to attend the thermodynamic 

equilibrium, a typical characteristic of a pseudocapacitor. The reaction 

mechanism for the formation of hydroxide and an oxy-hydroxide layer of Ni is 

given as  

𝑁𝑖𝑂 +  𝑂𝐻− → 𝑁𝑖(𝑂𝐻)2             ….. (3.1) 

𝑁𝑖(𝑂𝐻)2 +  𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−            ….. (3.2) 
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Figure 3.7. CV curves of the nanoflakes obtained at a reaction time of (a) 18 and 

(b) 24 h. 

 

Figure 3.8. The variation of the peak current density (ip) of the anodic reduction 

peak with the square root of the scan rate (1/2) observed in CV curves. 

The surface area accessible for the ion to contribute to the charge storage 

mechanism is more abundant in the nanobelts than nanoflakes. The vertical 

alignment of mesoporous nanobelts provided significantly porous enlarged thin 

film (Figure 3.2(e)) than that of nanoflake (Figure 3.2(f)). Moreover, the 

interlocked emergence of nanoflakes forms dense and compressed film might be 

accountable for the inattentive accessibility of ions.  

The variation in the current density of the peaks can be well estimated 

from the Randles-Sevcik equation,  

𝑖𝑝 = 2.69 × 105𝐶𝑜𝑛3/2𝜗1/2𝐷1/2                                                   ….(3.3) 
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Where, ip is the current density (mA/g), Co is the concentration of OH- ions in the 

electrolyte (mol/cm2), n is the number of electrons, ν is the scan rate (mV/s), and 

D is the diffusion coefficient of the OH- ions in the electrode. The dependence of 

anodic peak current density on the scan rate (Figure 3.8) shows linear behavior. 

The extrapolated (dotted line) line passing through the origin confirms the 

diffusion-controlled insertion and deinsertion of OH- ions along the surface of 

NiO nanostructures. [4,34] 

 

Figure 3.9. GCD curves of NiO (a) thin film, (b) mesoporous nanobelts, and (c) 

nanoflakes at various current densities. (d) Graph of current density dependent 

variation in the specific capacitance of thin films, mesoporous nanobelts, and 

nanoflakes prepared at various reaction times of 6, 12, 18, 24, and 48 h, 

respectively. 
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Figure 3.10. GCD curves of NiO nanoflakes synthesized at a reaction time of (a) 

18 and (b) 48 h, respectively, at various current densities.  

The current density significantly influences the ion exchange mechanism 

of the working electrode. The GCD at various current densities of 1.5, 2, 2.5, 3, 

3.5, and 4 mA/g is shown in Figure 3.9 illustrates declined charging-discharging 

time with an increase in the current density. The variation in the GCD curves of 

NiO thin film (Figure 3.9(a)), mesoporous nanobelts (Figure 3.9(b)), and 

nanoflakes (Figure 3.9(c)) confirm that the charging curve is not entirely 

symmetric with discharging counterparts. The charging-discharging time (@1.5 

mA/g) of ~76 and ~47 s observed for NiO thin film has increased further (~301 

and ~170 s) for mesoporous nanobelts but reduced prominently to 17 and 10 s in 

the case of nanoflakes. The charging-discharging time for nanoflakes prepared at 

a reaction time of 18 and 24 h was ~115 and ~54 s, ~28 and ~11 s, respectively 

(Figure 3.10). This reduction tendency is followed for all current densities under 

investigation since the ion accessibility is limited to the surface. 

 The specific capacitance (Cs) of the NiO thin film, mesoporous nanobelts, 

and nanoflakes shown in Figure 3.9(d) is calculated from GCD curves at different 

current densities using the equation  

Cs = I ∙ dt
m ∙ dV⁄                                                                      ……...(3.4) 

Where, Cs (≡ F/g) is the specific capacitance of the NiO nanostructures, I (≡ A) is 

the applied current, m (≡ g) is the mass of the active material (i.e., NiO) on the 

working electrode, and dV/dt (≡ V/s) is the slope of the discharge curve. The value 

of Cs reduced linearly with the enhancement of current densities. Higher Cs of 
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~794 F/g is obtained at a current density of 1.5 mA/g for mesoporous nanobelts 

than that of the thin film (~742 F/g) and nanoflakes (i.e., ~146 F/g). Moreover, 

the Cs of ~794 F/g obtained (at a current density of 1.5 mA/g) for mesoporous 

nanobelts is retained to ~590 F/g after increasing the current density to 4 mA/g. 

The 25% reduction in the Cs of NiO nanobelts is relatively excellent than that 

ascertained for vertically aligned NiO nanorods, and 2D thin films [13] randomly 

distributed NiO nanorods [35] and template-assisted NiO nanotubes. [36] It also 

corroborates the reversible ion transport along the textural boundaries on the 

mesoporous nanobelts. OH- ions propagate effectively to the entire accessible 

surfaces at a lower current density and suffers from diffusing insider surface at 

higher current density. Moreover, the maximum diffusion of OH- ions through the 

inner walls/surface of the mesoporous nanobelts ensures the proceeding of 

efficient faradic reactions for energy storage. Nevertheless, at high current 

density, OH- ions easily diffuse along the outer and easily accessible surface of 

NiO nanostructures. The largest reduction of ~ 65 % in Cs was observed for NiO 

nanoflakes, and the irregular morphological thin film is akin to the hydrothermally 

synthesized nanoporous pine-cone structured NiO powder. [10] Nevertheless, it 

is relatively better than the reduction (i.e., 70%) observed for NiO nanoflakes 

calcinated at 300 oC in CTAB surfactant. [17] The increased asymmetric of the 

charging and discharging curves and the larger reduction in Cs for NiO nanoflakes 

substantiate the irreversible kinetics of OH- ions relative to the NiO nanobelts. 

Moreover, the small voltage drop at the initial stage of discharge suggests 

effective charge transfer kinetics. [10,13] The close compact nature of the 

irregularly shaped nanostructures and nanoflakes offered resistance for the 

diffusion path of the OH- ions and resulted in the enormous reduction in the values 

of Cs with an increase in the current density. Overall, the enhanced Cs of NiO 

nanobelts is attributed to the improved diffusion of OH- ions over the enormous 

accessible surface by virtue of their mesoporous nature. The Cs value of ~794 F/g 

achieved for mesoporous NiO nanobelts is significantly larger than the values 

reported for microwave assisted NiO nanoflakes (i.e., 209 F/g). [16] pine-cone 

structured nanoporous NiO powder (i.e., 337 F/g), [10] NiO nanotubes (i.e. ~80 
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F/g), [9] agglomerated MnO2 nanoparticles (i.e. 258.7 F/g), [5] NiO nanoflowers 

(i.e. 364 F/g), [37] spray deposited NiO thin film (i.e. 405 F/g), [38] 2D NiO 

nanosheets (i.e. 407 F/g), [15] cobalt oxide aerogels (i.e. 623 F/g), [6] anodized-

brass-templated NiO nanostructures (i.e. ~91 F/g), [39] tailor-made porous NiO 

nanotubes (i.e. 675 F/g), [26] NiO nanosheets obtained with trisodium citrate 

assisted route (i.e. 463 F/g), [14] and porous hollow nanospheres of NiO 

nanosheets (i.e. 560 F/g); [40] but akin to the active carbon templated NiO 

mesoporous structure over Ni-gauge (i.e., 805 F/g), [41] and 1D NiO nanorods 

(i.e., 746 F/g). [13] Moreover, NiO nanocolumns composed of stacking porous 

2D NiO nanoplates (i.e., 285 F/g) derived from annealing Ni(OH)2 nanoslices 

(i.e., 176 F/g) delivered Cs of 390 F/g. [42] The increased textural boundaries and 

the contact resistance between successive nanoplates in the nanocolumns perhaps 

restricted the Cs, which is circumvented in the largely extended mesoporous NiO 

nanobelts obtained in the present study. Even though Zhang et al. [43] reported 

the Cs of 960 F/g for the porous NiO film obtained from solvothermal synthesis, 

the selection of restricted potential window for electrochemical investigations 

might be one of the sources for this inflated value. Furthermore, it is reasonably 

better than the NiO@MnO2 core-shell nanocomposites (i.e., 266.7 F/g), [7] 

shrinked/wrinkled Co3O4/NiO nanofilms (i.e., 565 F/g), [44] two-dimensional 

NiO nanosheets hybridized with NiS nanoparticles (i.e., ~387 F/g), [45] and 

heterostructures of α-Fe2O3 nanorods supporting NiO nanosheets (i.e., 361 F/g). 

[46] Moreover, the Cs of the core-shell structure of NiO spheres with Co3O4 (i.e., 

510 F/g) did not improve due to the polycrystalline nature of hollow NiO spheres 

composed of nanoparticulated nanowires. [47] Though micro-polyhedrons of 

NiO-ZnO delivered Cs of ~643 F/g, at higher current density, the porous 

micropolyhedrons structure collapsed with the diffusion of ions and further 

reduced drastically. [20] Nevertheless, the carbon known for delivering higher Cs 

values than metal oxide, not upsurge the supercapacitive performance after 

forming the core-shell structure in amorphous form along the NiO nanofibers (i.e., 

288 F/g), [19] owing to its swelling and shrinkage during electrochemical 

diffusion of ions. The La3+ ions expected to serve as ion buffering reservoirs 



67 
 

created remarkable crystal defects by replacing Ni atoms in the lattice and 

restricted the Cs of NiO nanospheres to 253 F/g. [12] Likewise, V doped NiO 

porous structure delivered Cs of 386 F/g. [48] This indicates that the mesoporous 

and perforated NiO nanobelts are more suitable as an electrode material to achieve 

ultra-high rate Cs, rather than creating defected porous structure after doping of 

ions.  

 

Figure 3.11. Cycling stability and capacitance retention of perforated mesoporous 

NiO analyzed from CV at scan range of 100 mV/s, and GCD at the current density 

of 4 mA/g. The percentage indicated the Cs retention with the consistent increment 

in the number of cycles. 

The longer cyclic stability, better lifetime, and durability are important 

aspects for the performance of the supercapacitor. The mesoporous perforated 

NiO nanobelts were tested at a scan rate of 100 mV/s (CV cycles) and the current 

density of 4 mA/g (GCD cycles) for 2500 cycles, respectively (Figure 3.11). The 

Cs values obtained from CV measurements illustrate long-term stability with only 

17.5 % drop after 2500 continuous charging-discharging cycles. Likewise, Cs 

values measurements were accomplished for 2500 galvanostatic continuous 

charging-discharging cycles. Significantly, perforated mesoporous NiO nanobelts 

exhibit only 11.4 % reduction after 2500 continuous GCD cycles, have excellent 

electrochemical cyclic stability. This 88.6 % retention of Cs of NiO nanobelts after 

2500 cycles is much better than the values of NiO pine-cone nanostructures (i.e., 

92 % after 100 cycles), [10] NiO nanotubes (i.e., ~55 % after 1000 cycles), which 
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were further converted in to Ni@NiO core-shell nanoparticle tube array (i.e., ~90 

% after 1000 cycles) via template-assisted electrodeposition method, [36] 

NiO@MnO2 core-shell nanocomposites (81.7 % after 2000 cycles) composed of 

NiO porous microtubes (77.4 % after 2000 cycles) and MnO2 nanosheets (73.5 % 

after 2000 cycles), [7] nanocrystalline NiO-CeO2 binary oxide composites (~86 

% after 1200 cycles), [49] porous and 3D nanostructures of electrodeposited 

Ni(OH)2 forming 200 nm layer on nickel foam (52 % after 300 cycles), [50] and 

mesoporous layered hexagonal platelets of Co3O4 nanoparticles (~81 % after 2020 

cycles). [2] Moreover, it is akin to the cyclability and capacitance retention of 

mesoporous NiO nanoarrays (~89.6 %) prepared by self-generated sacrificial 

template approach of ZnO/NiO, where ZnO removed by an alkali etching method. 

[51] The perforated mesoporous morphology of NiO nanobelts experiences the 

least structural damage and a crystallographic modification during repetitive and 

continuous insertion and extraction of OH- ions. The excellent electrochemical 

stability and long cycle life of NiO nanobelts in the KOH electrolyte are ascribed 

to their perforated mesoporous nanostructure morphology, larger surface area, 

clearly visible textural boundaries, interconnecting network, and well separated 

vertical alignment. 

3.3.7 Electrochemical Impedance Spectroscopy 

The electrical properties and textural boundaries of active material along 

with the electrolyte play a critical role in the electrochemical charge storage 

mechanism. Therefore, EIS measurements were performed to understand the 

involvement of surface morphology and its resistance in the electron transfer and 

diffusion of the ion. Typical Nyquist plots of the NiO nanobelts and nanoflakes at 

an applied electrochemical potential of 0.3 V are shown in Figure 3.12. Each EIS 

spectra consists of a semicircle at a higher frequency followed by a straight line 

at a lower frequency. The semicircle at a higher frequency region represents the 

interfacial electron-transfer resistance (Rct), and the relatively straight line at the 

lower frequency region is assigned to the ion diffusion resistance (i.e., Warburg 

resistance, Zw). The intercept of the semicircle yields the electrolyte resistance 

(Re). The smaller semicircle observed for the mesoporous NiO nanobelts than 
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nanoflakes obtained at a reaction time of 24 and 48 h confirms that the nanobelts 

offer the lowest charge-transfer resistance at the interface. Moreover, the reduced 

diameter of the semicircle corroborates the improvement in the values of Cs. 

Likewise, the slope of the straight line observed in the lower frequency region has 

reduced from nanobelts to nanoflakes. The highest slope observed for NiO 

nanobelts implies the lower diffusion resistance of OH- ions along the accessible 

surface and the textural boundaries of the perforated mesoporous NiO nanobelts. 

These observations are found supportive of the calculated values of Cs. Moreover, 

the nature of EIS spectra is in accordance with those illustrated for amorphous 

carbon-coated NiO nanofibers, [19] hierarchical bulk nanostructured NiO micro 

bouquets with trimodal pore size, [52] electrospinned NiO nanofibers, [53] ZnO-

NiO micro-polyhedrons, [20] and hierarchical NiO nanoflakes coated CuO 

flowers. [18] The lower diffusion and charge-transfer resistance of the NiO 

nanobelts contributed to the enhanced electrochemical performance. 

 

Figure 3.12. Nyquist plot of the mesoporous nanobelts and nanoflakes (prepared 

at a reaction time of 18 and 48 h) acquired at a potential of 0.30 V. Inset shows 

the best fitted equivalent circuit model and the expanded high-frequency region 

of the EIS spectra. 

3.3.8 Ragone Plot 

The Ragone plot, the correlation between energy and power density, was 

utilized to evaluate the overall performance of the NiO nanostructures. Figure 

3.13 shows the Ragone plot for the NiO nanostructures. The power density of 563 
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W/kg obtained (at a current density of 4 mA/g) for NiO thin film of irregular 

morphologies enhanced further to 2963 W/kg for the perforated mesoporous NiO 

nanobelts. The alteration of nanobelts to nanoflakes conceived the power density 

in the range of 1896 to 2043 W/kg. Furthermore, the maximum largest energy 

density of 57 Wh/kg gained for mesoporous NiO nanobelts was reduced to 8 

Wh/kg for nanoflake morphology formed at a reaction time of 48 h. Thus, 

perforated mesoporous NiO nanobelts achieved the maximum power and energy 

density of 2963 W/kg and 33 Wh/kg, respectively, at a higher current density of 

4 mA/g. This confirms that the perforated mesoporous NiO nanobelts possess 

higher energy and power density than compactly arranged nanoflakes. The energy 

density of NiO nanobelts is significantly higher compared to the ultrathin porous 

NiO nanoflakes, [23] 1D nanorods and 2D thin-films of NiO (i.e., 11.93 Wh/kg), 

[13] porosity tuned NiO nanowalls/nanoflakes (i.e., 12.9 Wh/kg), [22] 

electrospinned NiO fibers (i.e., 20 Wh/kg), [11] hierarchical NiO micro bouquets 

(i.e., 17 Wh/kg), [52] hierarchical NiO mesocrystals with cuboctahedral 

morphology (i.e., 18 Wh/kg), [54] coral-like nanoporous β-Ni(OH)2 nanobars 

(i.e., 25.9 Wh/kg), [55] and porous hollow NiO spheres composed of nanosheets 

(i.e., 19.44 Wh/kg). [40] Hierarchical 3D NiO microflowers constructed of 2D 

ultrathin nanosheets and visualized as an interlaced network of 1D nanowires 

appeared to be promising electrode materials; nevertheless, 3D NiO microflowers 

delivered a much smaller energy density (i.e., 15.9 Wh/kg) than the present 

perforated mesoporous NiO nanobelts, might be owing to their isolated flower-

like appearance and discontinues ion traveling paths. [24] On the other hand, the 

energy density of mesoporous NiO nanobelts is also competitively greater than 

those observed for the asymmetric supercapacitor composed of NiO/NiCo2O4 

nanosheets (i.e., 25.99 Wh/kg), [15] NiO/Ni3S2 hetero-nanosheets (i.e., 26.3 

Wh/kg), [33] ultrathin porous NiO nanoflakes with reduced GO (i.e., 30.7 

Wh/kg), [23] ZnO/NiO hybrid nanoarrays (i.e., 50.6 Wh/kg), [51] and corn flake 

like NiO nanostructure hybridized with activated carbon (i.e., 16 to 44 Wh/kg). 

[56] The improved energy and power density of NiO nanobelts are attributed to 

the well established interconnecting network, highly perforated mesoporous 
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morphology, large accessible surface area, well-aligned textural boundaries, and 

individual dispersion of nanobelt; altogether highly favored for easy admittance 

for ion diffusion in depth. 

 

Figure 3.13. Ragone plot of thin films composed of irregular morphologies, 

perforated mesoporous nanobelts, and nanoflakes (obtained at reaction times of 

18, 24, and 48 h) of NiO determined at various current densities. 

3.4 Conclusion 

The perforated mesoporous NiO nanobelts and nanoflakes synthesized on 

conducting glass substrates employing a controlled hydrothermal approach. The width of 

the perforated mesoporous NiO nanobelts (i.e., ~74 nm) increased to ~215 nm and lead 

to the formation of nanoflakes. The variation in the morphology delivered the thin film 

of thickness ~5.8 & 2.7 m, respectively. The XPS analysis revealed that the alteration 

of morphology from nanobelts to nanoflakes had not altered the stoichiometry of the NiO. 

The average pore size distribution of ~19.7 nm and larger specific surface area of 40.572 

m2/g of the perforated mesoporous NiO nanobelts provided larger surface-active sites and 

facilitated the significant diffusion of OH- ions and transfer of charges. The mesoporous 

NiO nanobelts showed excellent GCD performance in an aq. KOH electrolyte and 

delivered Cs of 794 F/g, power density of 2963 W/kg, energy density of 57 Wh/kg, and 

higher stability with retention of 88.6 % after continuous 2500 charging-discharging 

cycle. The interconnecting network of well-aligned perforated mesoporous NiO 

nanobelts provided excellent electrochemical reversibility and propose its potential as 

electrode materials for the supercapacitor with ultra-high-rate capabilities. Overall, the 

controlled approach of transforming mesoporous nanobelts from irregular morphologies 
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and further converting them to the 2D nanoflakes has opened a new path towards 

improving the charge storage mechanism for supercapacitor and its implementation in the 

hybrid supercapacitor. 
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Chapter 4 

Mesoporous CoTiO3 nanostructures 
 

 

 

 

 

 

 

We synthesized mesoporous cobalt titanate (CTO) microrods via the sol-

gel method as an outstanding working electrode for the supercapacitor. 

The mesoporous CTO microrods were amassed in hexagonal shapes of an 

average width of ~670 nm and were composed of nanoparticles of average 

diameter ~41 nm. The well crystalline CTO microrods of the hexagonal 

phase to the R3 space group possessed an average pore size distribution 

of 3.92 nm throughout the microrod. The mesoporous CTO microrods with 

increased textural boundaries played a vital role in the diffusion of ions, 

and they provided a specific capacitance of 608.4 F/g and specific power 

of 4835.7 W/kg and specific energy of 9.77 Wh/kg in an aqueous 2M KOH 

electrolyte, which was remarkably better than those of Ti, La, Cr, Fe, Ni, 

and Sr based perovskites or their mixed heterostructures supplemented by 

metal oxides as an impurity. Furthermore, the diffusion-controlled access 

to the OH- ions (0.27 μs) deep inside the microrod conveyed the high 

stability, a long life cycle for up to 1950 continuous charging-discharging 

cycles, and excellent capacitance retention of 82.3%. Overall, the 

mesoporous CTO shows its potential as an electrode for a long-cycle 

supercapacitor and provides opportunities for additional enhancement 

after developing the core-shell hetero-architecture with other metal oxide 

materials such as MnO2 and TiO2. 
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4.1 Introduction 

The fast growth of the global population and massive industrialization of human 

civilization have induced enormous pressure on the environment and have also brought 

forward a severe concern about the energy crisis. Continuous improvement in energy 

generation and storage is essential to meet worldwide energy challenges for a sustainable 

supply of low-cost and clean energy. The amalgamation of abundant renewable energies 

(i.e., biofuels and solar energy) and versatile electrochemical energy conversion and 

storage devices like supercapacitors, [1] fuel cells, [2] and batteries [3] may offer an ideal 

energy system for the future. Still, it is not yet functionalized efficiently to serve the need 

of society. Batteries known for their specific energy fail to provide improved specific 

power and compete with a supercapacitor. Balancing the specific energy and specific 

power of supercapacitors is vital to support the daily energy needs and overcome the 

sudden power loss. The automotive and power electronics industry continues to hint that 

supercapacitors have the potentials to replace the batteries in the coming future upon 

reducing the short circuits and self-discharge and maintaining the long cycle lifetime. 

Therefore, hierarchical and mesoporous hybrid nanostructures have attracted 

considerable attention due to the largest accessible surface area and good interconnections 

for energy storage. The pore size and specific surface area accessible for ion diffusion 

significantly influence the energy storage mechanism.  

Nanostructured transition metal oxides have shown tremendous electrochemical 

performance due to their high surface area and short ion diffusion length than bulk. 

Among the well-studied various metal oxides such as TiO2, MnO2, Fe2O3, NiO, Ta2O5, 

MoO2, V2O5, Nb2O5, and Co3O4, [4] the oxide of Co and Ti exhibited decent and long 

cycling electrochemical performance. [5-8] Among these various pseudocapacitive 

materials, TiO2 is widely used in energy storage and conversion, i.e., supercapacitors, Li-

ion batteries, solar cells, photocatalysis, and sensors, etc. due to its chemical and thermal 

stability, high aspect ratio structure, excellent ionic or electronic charge transfer, and wide 

bandgap, etc., and environmental friendliness. Moreover, TiO2 resembles the 

conventional electric double-layer capacitor, which contributes to the non-faradaic 

mechanism with very low specific capacitance (Cs). [9] Although pristine TiO2 reveals 

low electrochemical performance, it shows excellent stability for continuous charging-
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discharging of 10,000 cycles [5] than any other metal oxide in its pristine form. Likewise, 

Co3O4 is explored as electrode material for supercapacitors due to its tuneable 

morphology, chemical and thermal stability, redox activity, and high theoretical Cs. [8] 

However, very limited efforts are made to utilize the hetero-architectures of TiO2 and 

Co3O4 as an electrode material for supercapacitor. [9-11] Perovskite, with the generalized 

formula of ABO3 (where A and B are Ti and Co), have involved great interest owing to 

their excellent optical, [12,13] electronic, [14] catalytic, [15] ferroelectric, [12] and 

magnetic properties. [16] Recently, Imani et al. [17] reported microwave irradiated 

NiTiO3 nanoparticles as an electrode for supercapacitor applications. The results 

indicated an acceptable Cs of 257 F/g at a scan rate of 10 mV/s with a good reversible 

redox reaction and the capacitance retention of ~ 92 % after 1000 cycles. In addition to 

this, Pejman et al. [18] synthesized NiMnO3/C nanocomposite electrode for 

supercapacitors exhibit Cs of 285 F/g at a current density of 1 A/g and excellent cycling 

stability with 93.5 % capacitance retention over 1000 cycles. Recently, Huang et al. 

derived CTO mesoporous micro-prisms from the bimetal-organic framework as anode 

material for sodium-ion batteries and observed 90.1 % (@ 5 A/g) capacity retention for 

2000 cycle in Na+ ion. [19] However, to the best of our knowledge, literature not reports 

the utilization of CoTiO3 as an electrode for supercapacitor. Therefore, we report here the 

utilization of the CoTiO3 compound as the electrode for the supercapacitor. Highly porous 

CTO microrods were synthesized via the sol-gel route. The effect of functional groups on 

the synthesis of mesoporous CTO microrods is examined by FTIR. The structural 

properties are analyzed from Raman and X-ray diffraction. The surface morphologies and 

chemical composition of the CTO microrods were examined using field emission 

scanning electron microscopy (FESEM) and X-ray photoemission spectroscopy (XPS). 

The molar ratio dependent diffusion of OH- ions from aq. KOH electrolyte along the 

surface of mesoporous CTO rods is examined from the drop shape analyzer. The effect 

of mesoporous morphology of CTO rods constitute of interconnected nanoparticles on 

the electrochemical properties of CTO was investigated systematically utilizing cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and impedance spectroscopy 

(EIS) in KOH electrolyte. The mesoporous CTO rods delivered Cs of 608.4 F/g, the 
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specific power of 4835.7 W/kg, the specific energy of 9.77 Wh/kg, and long cyclic 

stability. 

4.2 Experimental section 

Mesoporous CTO microrods were synthesized via a simple sol-gel method 

utilizing Cobalt (II) acetate tetrahydrate (Co(CH3COO)2; 99.999 %), Tetrabutyl titanate 

polymer (Ti(OBu)4), ethylene glycol (AR grade), and ethanol (ACS reagent, 96 %). 

Stoichiometric amounts of Co(CH3COO)2 and Ti(OBu)4 in 1:1 molar proportion were 

dissolved in the ethylene glycol (EG) at room temperature under constant stirring to 

synthesize the CoTiO3 precursor. The red-colored solution gradually turned in to a light 

pink solution of metal-glycolate polymer chain-like structure, was further stirred for the 

next 1 h to obtain the Co-Ti-EG powder. Co-Ti-EG powder was washed with ethanol and 

deionized water several times and further annealed at 600 oC in ambient conditions for 5 

h to ensure the formation of crystalline CoTiO3 green powder. The crystalline and 

structural properties of the annealed CTO powder were characterized using XRD (D2-

phaser Bruker) equipped with Cu Kα radiation (λ = 1.54 Å) and Raman spectroscopy 

(Renishaw in Via reflex spectrometer, 532 nm laser) respectively. The effect of functional 

groups on the features of CTO rods is examined from FTIR spectroscopy (Perkin-Elmer 

Spectrum, one FTIR spectrometer). The surface morphological features were identified 

utilized field-emission scanning electron microscopy (FESEM, JEOL JSM-6500F). The 

elemental analysis was carried out using energy dispersive spectroscopy (OXFORD EDS 

X-MAX 20 mm). The chemical states and electronic structure of mesoporous CTO rods 

were identified using an X-ray photoelectron spectrometer (XPS, Thermo Scientific Inc. 

K-alpha) with a microfocus monochromated Al Kα X-ray. The surface area and pore size 

distribution of the powder were calculated from nitrogen adsorption and desorption 

isotherms based on the Brunauer-Emmett-Teller and Barret-Joyner-Halenda methods, 

respectively. Surface wettability was evaluated for different concentrations of KOH 

electrolyte using a drop shape analyzer (DSA-25, Kruss GmbH, Hamburg, Germany). 

The electrochemical performance of the mesoporous CoTiO3 microrod was examined 

using an electrochemical workstation (Autolab PGSTAT302N). The supercapacitor 

constituted of CTO coated Ni foam as the working electrodes, a platinum foil as the 

counter electrode, saturated calomel electrode as the reference electrode, and aqueous 
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KOH as an electrolyte was examined at room temperature to investigate the potentials of 

mesoporous CTO rods in the electrochemical performance. 

4.3 Results and discussion  

4.3.1 Fourier transform infrared spectroscopy 

 

Figure 4.1. FTIR spectra of (a) CTO microrod obtained after annealing (b) as-

prepared Co-Ti-EG polymer chain precursor 

The FTIR spectra in Figure 4.1 indicate the effect of metal-organic Co-Ti-

EG glycolate on the synthesis of mesoporous CTO rods. More number of peaks 

observed for the as-synthesized Co-Ti-EG glycolate powder (Figure 4.1(b)) were 

disappeared after annealing at a temperature of 600 oC (Figure 4.1(a)). The peaks 

centered at 3328, 1452, 1050, and 876 /cm are assigned to the υOH, δOH, υCO, and 

γOH bands of C-O and O-H bonding in the -CH2-OH, respectively. [19] Whereas 

the peaks centered at 2472, 1818, 1314, and 1210 /cm are assigned to the υOH, 

υC=O, δOH, and υCO bands of C=O, C-O, and O-H bonding in the -COOH group, 
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respectively. [19] The peaks centered at 2828 and 2923 /cm are indexed to the 

symmetry and antisymmetry stretching vibrations, respectively, of C-H bonding 

in the -CH2- group instead of the -CH3 group. [20] However, all these peaks 

assigned to the various organic components might have decomposed into CO, 

CO2, and H2O and disappeared after annealing as-synthesized CTO powder at a 

temperature of 600 °C. Therefore, the presence of weak bands only between 400 

to 800 /cm is assigned to the stretching vibrations of metal ions of mesoporous 

CTO rods (Figure 4.1(a)). [20]  

4.3.2 X-ray diffraction and Raman spectroscopy 

 

Figure 4.2. (a) XRD pattern and (b) Raman spectrum of mesoporous CTO 

microrods. 

Figure 4.2(a) shows the X-ray diffraction pattern of the annealed CTO 

microrod. The hexagonal crystal structure of the space group R-3 with the lattice 
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parameters a = b = 5.0654, c = 13.9209 Å; α = β = 90º and γ = 120º (JCPDS: 72-

1069) is assigned to the mesoporous CTO microrods. The diffraction peaks 

identified at 2θ = 32.8, 35.4, 40.5, 49.08, 53.5, 56.9, 61.9, 63.6, 70.9, 74.9, and 

77.1º are indexed as (104), (210), (213), (024), (116), (018), (314), (030), (1010), 

(420), and (036) lattice planes, respectively. The well indexing of all diffraction 

peaks confirms the formation of pure crystalline mesoporous CTO microrods 

without impurity phases such as TiO2 and Co3O4. Furthermore, Raman 

spectroscopic analysis shown in Figure 4.2(b) was executed to understand the 

structural properties of CTO rods. A total of 8 significant Raman bands observed 

at 691, 448, 375, 328, 257, 225, 204, and 156 /cm are well consistent with the 

earlier reported values for CTO nanoparticles and micro-prisms. [19,21] The 

strongest Raman mode observed at 691 /cm is assigned to the large frequency 

vibrational mode of CoO6 octahedra known as the symmetry stretching mode, and 

the rest of other Raman modes are assigned to the lattice vibrations of phonon 

modes. [19,21] The observed Raman spectrum confirms the absence of other 

additional bands corresponding to Co3O4, TiO2, and D/G bonds of carbon. Thus, 

the consistency of Rama spectra with the XRD analysis also confirms the 

formation of pristine CTO rods. 

4.3.3 Field emission scanning electron microscopy 

The surface morphology was examined using FESEM to understand the 

effect of EG in the growth of mesoporous CTO microrods. Figure 4.3(a) shows 

the surface morphology of as-synthesized CTO rods. The hexagonal-shaped rods 

with a smooth surface and clearly visible textural boundaries were composed of 

Co-Ti-EG glycolate chains and grown to the average diameter of ~ 1.1 µm. These 

rods of Co-Ti-EG chains were further subjected to the annealing at 600 °C. The 

smooth surface converted into a particle-like appearance without altering the 

hexagonal morphology of the rods (Figure 4.3(b)). Co-Ti-EG glycolate has 

converted into intact CTO nanoparticles after selective removal of EG glycolate 

on annealing. The well crystalline CTO nanoparticles are interconnected with 

adjacent nanoparticles while maintaining the hexagonal morphological feature of 

as-synthesized samples (Figure 4.3(c)). The CTO nanoparticles of the average 
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diameter of 40.7 (± 0.5) nm resulted in the mesoporous rods of the average 

diameter of 0.67 (± 0.2) µm. Moreover, the formation of CTO nanoparticles 

culminated in the mesoporous rods might be owing to the evaporation of glycolate 

precursors.  

 

Figure 4.3. FESEM image of (a) as synthesized and (b) annealed CoTiO3 

microrod. (c) The high-magnification FESEM image confirms the formation of 

mesoporous CoTiO3 microrod composed of hierarchically interlinked 

nanoparticles. 
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Figure 4.4. (a, and b) statistical histogram of the width distribution microrods and 

nanoparticles, respectively, and (c) EDS spectra of mesoporous CTO microrods. 

A statistical histogram of the width distribution of the hexagonal rods and 

the nanoparticles diameter is shown in Figure 4.4(a) and (b), respectively. It 

depicts that all the nanoparticles and rods are smaller than 70 nm and 1.2 µm, but 

most of them fall in the range of 30 to 50 nm and 0.6 to 0.75 µm, respectively.  

 The variation of the widths can be fitted by the log-normal distribution 

function [22,23] 
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𝑓𝑁 =
𝐴

𝑤𝜎√2𝜋
𝑒𝑥𝑝 [−

𝑙𝑛(𝑤 �̅�⁄ )2

2𝜎2
]                                       … (4.1) 

Where, w is the width of nanoparticles and rods, �̅� is mean width of the 

nanoparticles (≡ 40.7 ± 0.5 nm) and rods (≡ 0.67 ± 0.02 nm), A is the initial 

constant for nanoparticles (≡ 5.56 ± 0.59) and rods, and σ is the standard deviation 

of the width distribution of the nanoparticles (≡ 0.18 ± 0.02) and rods (≡ 0.24 ± 

0.02). The log-normal distribution of the width is asymmetrical for both CTO 

nanoparticles and rods. The small standard deviation of the width distribution (σ 

≤ 0.25) illustrates that the CTO nanoparticles and rods are well confined to the 

limited width range. Further, energy dispersive spectroscopy (EDS) 

measurements were performed on annealed CTO samples to confirm the removal 

of the EG precursor at a temperature of 600 °C. The EDS spectra in Figure 4.4(c) 

confirm the presence of the elements Co, Ti, and O only, further confirms the high 

purity of CTO samples.  

4.3.4 Nitrogen adsorption-desorption isotherm 

Nitrogen adsorption-desorption isotherm measurements for the sol-gel 

synthesized CTO microrod shown in Figure 4.5 were performed to evaluate the 

pore structure. The distinctive hysteresis loop, mainly observed for the higher 

pressure, i.e., 0.0-1.0 P/P0 indicating type IV isotherm for the CTO microrod 

(Figure 4.5(a)), reveals a mesoporous structure. The pore volume and specific 

surface area of the CTO microrods measured from the N2 adsorption-desorption 

isotherm using the Brunauer-Emmett-Teller (BET) method are 0.142 cm3/g and 

126.89 m2/g, respectively. The higher surface area of the CTO microrods is 

attributed to the mesoporous hexagonal structure constituted after the linkage of 

the distinct CTO nanoparticles. Furthermore, the pore size distribution as a 

function of pore diameter for the CTO shown in Figure 4.5(b) was analyzed from 

the desorption curve using the Barret-Joyner-Halenda (BJH) method. The broad 

peak of the pore size distribution curve confirmed the presence of a wide range of 

pores throughout the hexagonal CTO rods. A specific surface area and total pores 

volume of 126.89 m2/g and 0.142 cm3/g, respectively, was observed for the 

hexagonal rods composed of CTO nanoparticles. 
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 The pore size distribution was confined to the range of 4 to 285 nm, with 

the average (mean) pore diameter distribution of 3.919 nm. Even though the 

largest pore diameter distribution of 285.3 nm was observed, most pores lie in the 

range of 4-100 nm. The maximum number of pores attended a diameter of 30.6 

nm. The mesoporous CTO rods offered a larger surface area and provided plenty 

of accessible sites deep inside the rod morphology to collect ions. Hence, they 

were expected to increase the interaction at the electrode-electrolyte interface. 

Moreover, the interconnection of the nanoparticles provided easy transportation 

for ions penetrated deep inside the mesoporous structure and further assisted in 

the significant improvement in the faradaic charge storage mechanism. 

 

Figure 4.5. (a) N2 adsorption-desorption isotherm, and (b) BJH pore size 

distribution of the mesoporous CTO microrod. 
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4.3.5 X-ray photoelectron spectroscopy 

 

Figure 4.6. Typical high-resolution XPS spectra of the (a) Co(2p), (b) Ti(2p), and 

(c) O(1s) core levels of the mesoporous CTO microrods. 
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X-ray photoelectron spectroscopy (XPS) studies were carried out for the 

quantitative analysis of the electronic structure and chemical properties of 

mesoporous CTO microrod. Figure 4.6 shows the high-resolution XPS spectra of 

the core levels of Co(2p), Ti(2p), and O(1s). The dual-peak feature of Co(2p) is 

shown in Figure 4.6(a). The peaks correspond to Co(2p3/2) and Co(2p1/2) are 

located at a binding energy of 780.5 and 796.4 eV, respectively. The shake-up 

satellite peaks are observed at 786.4 and 802.6 eV, which are 5.9 and 6.2 eV 

higher in binding energy than Co(2p3/2) and Co(2p1/2) peaks, respectively. The 

double peak feature of Co(2p) observed along with their associated shake-up 

satellite peaks reveal the paramagnetic chemical state of Co2+ and open 3d9 shell 

of Co2+, usually observed in divalent magnetic elements like Cu and Ni. [24] 

Further to precisely determine the double peak feature of Co(2p) and their shake-

up satellite peak, Co(2p) XPS spectra are decomposed via Voigt curve fitting 

function followed by a Shirley background. The Co(2p3/2) and Co(2p1/2) peaks 

deconvoluted in the four distinct peaks, labeled as A, A  , C, and C are located at 

a binding energy of 780.5, 782.6, 796.4, and 798.4 eV represents the Co2+(2p3/2), 

Co3+(2p3/2), Co2+(2p1/2), and Co3+(2p1/2), peaks respectively. The peak intensity of 

Co2+(2p3/2) is significantly (i.e., >2 times) larger than that of Co3+(2p3/2), indicates 

the presence of a substantially larger amount of Co2+ in the CTO. Moreover, the 

shake-up satellite peaks of Co(2p3/2) and Co(2p1/2) also decomposed in the four 

discrete peaks, identified as B, B , D, and D  , are located at the binding energy 

of 786.4, 789.8, 802.6, and 806.0 eV. represents shake-up satellite peaks of 

Co2+(2p3/2), Co3+(2p3/2), Co2+(2p1/2), and Co3+(2p1/2), respectively. The spin-orbit 

splitting between the Co(2p3/2) and Co(2p1/2) core levels and their shakeup 

satellite peaks is 15.9 and 16.2 eV, respectively, is assigned for the presence of 

the larger amount of Co2+ than that of Co0 or Co3+ ions. [15,25,26] Figure 4.6(b) 

shows the XPS spectra of Ti(2p) core levels deconvoluted via Voigt curve fitting 

function within the Shirley background to precisely determine the double peak 

features of Ti(2p3/2) and Ti(2p1/2) core levels. The decomposed peaks observed at 

binding energy of 458.0 eV (i.e., E), 459.8 eV (i.e., E ), and 463.7 eV (i.e., F) are 

assigned to the Ti4+(2p3/2), Ti3+(2p3/2) and Ti4+(2p1/2), core level, respectively. 
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[3,5,27] The intensity of the Ti4+(2p3/2) is 12 times larger than that of Ti3+(2p3/2) 

confirm the presence of the larger amount of Ti4+ long with very minor traces of 

Ti3+. This confirms that a very minor quantity of Co3+ and Ti3+ is present in the 

CTO compound to achieve stoichiometry. Furthermore, O(1s) XPS spectra of 

CTO microrod decomposed via Voigt curve fitting function within the Shirley 

background (Figure 4.6(c)) shows the perfect fits to two peaks located at 529.84 

and 531.74 eV represents the O(1s) core level of the O2- anions and the surface 

contamination, such as carbon oxides or hydroxides [5] in the mesoporous CTO 

rods. Moreover, the BE separation (∆E) of 71.8 eV between O(1s) and Ti(2p3/2) 

is very close to the enthalpy of formation of CoTiO3. [3] Overall, the XPS analysis 

confirms the formation of stable mesoporous CTO microrods consisting of the 

significantly larger amount of Co2+ and Ti4+ cations, albeit minor traces of Co3+ 

and Ti3+ cations. 

4.3.6 Contact angle measurements 

 

Figure 4.7. Contact angle measurement showing the interface of the aqueous 

KOH electrolyte of (a) 0.5 M, (b) 1 M, (c) 1.5 M, and (d) 2 M concentration on 

the surface of the working electrode of mesoporous CTO microrods. 

The diffusion of a large number of ions during the charging process is 

expected to gain maximum Cs. Therefore, wettability studies are carried out to 

investigate the electrode-electrolyte interface mechanism. The average contact 

angle determined by the young’s relation for various concentrations of aqueous 

KOH electrolyte (0.5M, 1M, 1.5M, and 2M) on the electrode surface confirmed 

their inversely proportional relation. The contact angle of CTO microrods 
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measured for the 0.5 (Figure 4.7(a)), 1 (Figure 4.7(b)), 1.5 (Figure 4.7(c)), and 2 

(Figure 4.7(d)) M concentrations of aqueous KOH electrolyte is, 65.4º, 56.8º, 

43.9º, and 36º, respectively. The increase in the concentration of KOH electrolyte 

might have led to the improved cohesive force with CTO microrods and expected 

to enhance further the diffusion of electrolyte/ions deep inside the mesoporous 

CTO microrods. Therefore, 2M aq. KOH electrolyte exhibiting a lower contact 

angle with the CTO electrode is preferred for electrochemical measurements. 

4.3.7 Electrochemical performance 

The electrochemical performance of mesoporous CTO microrods was 

analyzed from cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), 

and electrochemical impedance spectroscopy (EIS) in 2M aq. KOH electrolyte. 

The CV was performed in the potential range of 0 to 0.6 V at different sweep rates 

varying from 5, 10, 20, 40, 50, and 100 mV/s (Figure 4.8(a)). The two distinct 

peaks observed at positive and negative current densities in the potential window 

of 0 to 0.6 V reveal the oxidation and reduction of CTO rods. Furthermore, these 

oxidation and reduction peaks have shifted to relatively higher and lower 

potentials with an increase in the sweep rate. The oxidation peak observed for the 

potential of 0.36 V at a sweep rate of 5 mV/s has shifted by 0.17 V (i.e., observed 

at 0.54 V) at the sweep rate of 100 mV/s. Similarly, the reduction peak observed 

at 0.20 V for a sweep rate of 5 mV/s has shifted by 0.17 V (i.e., observed at 0.03 

V) after increasing the sweep rate of 100 mV/s. This shifting in the oxidation and 

reduction peaks with increased sweep rate is assigned to the redox processes due 

to the polarization and ohmic resistance at the electrolyte-electrode interface 

during faradic processed. Which is akin to the observations for Co3O4 hexagonal 

platelets composed of nanoparticles, [28] Co3O4 nanorods, [7] LaNiO3 nanotubes, 

[29] and core-shell morphology of NiCo2O4 nanosheets and hollow microrod 

arrays. [30] Moreover, the peak intensity and area under the CV graph have 

increased with an increase in the sweep rate, indicating the more significant 

diffusion of OH- ions at the slower scan rates. 
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Figure 4.8. (a) Cyclic voltammograms and (b) specific capacitance of mesoporous CTO 

microrod observed at various scan rates in 2 M aq. KOH electrolyte. (c) The graphical 

illustration of the anodic peak current density (ip) with the square root of the scan rate 

(1/2). 
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The specific capacitance (Cs) shown in Figure 4.8(b) is evaluated from the 

CV graphs at various sweep rates (Figure 4.8(a)) using the equation 

𝐶𝑆 =
∫ 𝑖𝑑𝑉

2𝑚𝜈Δ𝑉
                                                                                   ...… (4.2) 

Where, Cs is the specific capacitance (F/g), m is the mass of the CTO microrods 

loaded in the working electrode (g), υ is the scanning rate (mV/s), ∆V is the 

applied potential range (V), and ∫ 𝑖𝑑𝑉 is the integral area under the CV graph. 

The evaluated Cs values linearly varied with the sweep rate. The Cs value of 608.4 

F/g (at a sweep rate of 5 mV/s) was retained to 239.4 F/g even after increasing the 

sweep rate to 100 mV/s. The significantly easy access of electrolyte deep inside 

the mesoporous CTO microrods might have provided preeminent diffusion of the 

large number of OH- ions at a slower sweep rate along the textural boundaries of 

nanoparticles assembled in mesoporous microrods and further resulted in the 

larger Cs value of 608.4 F/g. The increased sweep rate is expected to restrict the 

easy access of larger amounts of OH- ions in a short time and hence reduce the Cs 

relatively. The Cs value of 608.4 F/g conceived from the mesoporous CTO rods 

is relatively larger than the pristine Co3O4 and TiO2 nanostructure morphologies 

such as hexagonal platelet Co3O4 particles (i.e., 476 F/g), [28] Co3O4 nanorods 

(i.e., 351 F/g), [31] mesoporous Co3O4 nanosheets (i.e., 92 F/g), [32] brookite 

TiO2 nanoneedles (i.e., 34.1 mF/g), [5] selectively dealloyed Ti/TiO2 network 

nanostructures (i.e., 35.5 F/g), [31] and NiO@Co3O4 core-shell nanofibers (i.e., 

437 F/g). [10] Moreover, present mesoporous CTO microrods deliver 

significantly larger Cs values than the hetero-architectures of Co or Ti oxides 

formed with other compatible metal oxides or pristine/doped graphene oxides. A 

hierarchical 3D flowers of Co3O4@MnO2 grown on nitrogen-doped graphene 

oxide (NGO) hybrid composite delivered Cs of 347 F/g. Gobal et al. [34] 

synthesized NiO-ZnO/TiO2 nanotubes formed after calcination of the 

electrodeposited Zn-Ni over the TiO2 nanotubes provided the Cs of 325 F/g in a 

1M NaOH electrolyte. The agglomeration of microwave irradiated NTO 

nanoparticles restricted the easy access of 0.5M H2SO4 electrolyte and hence 

constrained the redox process, limiting the Cs value to 257 F/g. [17] Likewise, 

CTO has provided substantially higher Cs value than the other ABO3 family 
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members such as LaFeO3 (i.e., 375.7 F/g), [35] LaNiO3 (i.e., 280 F/g), [29] and 

SrMnO3 (i.e., 321.7 F/g). [36]  

Further, the variation of the current density with respect to the sweep rate 

is estimated by the Randle-Sevcik equation, (Figure 4.8(c)) 

𝑖𝑝 = 2.69 × 105𝐶𝑜𝑛3 2⁄ 𝜈1 2⁄ 𝐷1 2⁄                                  … (4.3) 

Where, ip is the peak current density in mA/g, Co is the concentration of OH- ions 

in the electrolyte solution, n is the number of electrons, ν is the sweep rate in 

mV/s, and D is the diffusion coefficient of OH- ions in the electrode material. The 

plot of peak current density with respect to sweep rate shows the linear behavior. 

The straight line passing through the origin confirms the diffusion-controlled 

adsorption and desorption of OH- ions along the surface of CTO nanoparticles 

assembling to form mesoporous microrods. 

Figure 4.9(a) shows the charge-discharge curves measured at various 

current densities ranging from 30 to 120 mA/g. The asymmetric behavior of 

charge-discharge plots revealed the pseudocapacitive behavior of mesoporous 

CTO microrods. Figure 4.9(b) shows the specific capacitance (F/g) at different 

current densities estimated from the equation.  

𝐶𝑠 =
𝐼.𝑑𝑡

𝑚.𝑑𝑣
                                                                                     …… (4.4) 

 The maximum Cs of 299.5 F/g gained for the current density of 30 mA/g 

is reduced to 230.4 F/g at the current density to 120 mA/g (Figure 4.9(b)). The 

time provided for the diffusion of ions deep inside the mesoporous microrods 

along the surface of CTO nanoparticles is relatively small at higher current 

density; that is why Cs values are reduced with an increase in the current density. 

The Cs value of 299.5 F/g achieved from mesoporous CTO microrods is 

significantly higher than the values reported for the other perovskites of di- and 

tri-valent metal ions such as PVP assisted porous LaCoO3 nanospheres (i.e., 203 

F/g in 6 M KOH), [37] electrodeposited LaMnO3/MnO nanoarrays on carbon 

cloth (i.e., 260 F/g in 0.5 M Na2SO4), [38] hydrothermally derived nanotube of 

Co@TiO2 and RGO composite (i.e., 27.5 F/g), [9] and sol-gel assisted Sr doped 

LaMnO3 spheres (i.e., 198 F/g). [39] Moreover, the mesoporous CTO rods have 

provided better Cs values than the nanocomposite prepared by varying the 
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composition of constituent phases of Carbon, Fe2O3, and Co3O4. The Cs value of 

C/Fe2O3 (i.e., 85.3 F/g) was further improved after the addition of Co3O4 (i.e., 144 

F/g). [40] This reconfirms that the CTO microrods are excellent electrode 

materials from the perovskite family in their pristine form. 

 

Figure 4.9. (a) GCD curves and (b) evaluated specific capacitance of mesoporous CTO 

rods at various current densities. (c) Specific capacitance retention analyzed for 1950 

GCD cycles at the current density of 100 mA/g. The inset figure shows the first 10 cycles. 
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Longer cyclic stability is essential for the better durable performance of 

the supercapacitor. Therefore, the cycling stability of the mesoporous CTO 

microrods was tested at a current density of 100 mA/g for 1950 charge-discharge 

cycles (Figure 4.9(c)). The Cs values of 299.5 F/g have reduced by ~2 % for the 

initial 1000 cycles, which further lowered to ~5 % after the 1950 continuous 

charge-discharge cycles. The observed capacitance retention for the mesoporous 

CTO microrods is more impressive than the values attained for microwave 

irradiated NTO nanoparticles, [17] the electrodeposited LaMnO3/MnO 

nanoarrays, [38] compatible with the hierarchical flower-like 3D nanostructure of 

Co3O4@MnO2/Nitrogen-doped graphene oxide hybrid composite, [41] and 

mesoporous perovskite of interlocked NiTiO3 nanoparticles. [42] This distinct 

cyclic stability of mesoporous CTO microrods confirms the better durability, 

longer lifetime, and excellent electrochemical stability in 2 M KOH electrolyte. 

4.3.8 Electrochemical impedance spectroscopy 

The surface morphology, textural boundaries, and electrical properties of 

the active electrode material play a vital role in diffusing the ions from the 

electrolyte. Therefore, electrochemical impedance spectroscopy (EIS) was 

employed to know the contribution of textural boundaries and electrical resistance 

in the diffusion of OH- ions in the mesoporous CTO microrods. Figure 4.10(a) 

demonstrates the typical Nyquist plots of the CTO microrods in 2 M KOH 

electrolyte. The EIS spectrum of mesoporous CTO microrods before stability 

study is akin to that recorded after stability study for 1950 charging-discharging 

cycles. The EIS spectra signify a perfect fit for a semi-circular arc analogous to 

the charge-transfer resistance at the interface of electrolyte and CTO microrods. 

This semi-circular arc of impedance spectra is similar to the Co3O4, [7] TiO2, [5] 

LaMnO3/MnO, [38] and Sr doped LaMnO3. [39] The intercept and diameter of 

the semi-circular arc symbolize the charge transfer resistance (Rct) of 92.1 Ω for 

mesoporous CTO microrods has reduced to 41.2 Ω after 1950 charge-discharge 

cycles. However, the values of electrolyte resistance (Rs) obtained before the 

stability study (0.53 Ω) remained the same even after 1950 continuous charging-

discharging cycles (0.56 Ω). The equivalent circuit for the EIS consists of 
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electrolyte resistance (Rs), charge transfer resistance (Rct), and constant phase 

elements denoted in the inset of Figure 4.10(a). It confirms that larger surface area 

in conjunction with clearly visible textural boundaries of interconnected 

nanoparticles of mesoporous CTO microrods providing abundant access to the 

OH-- ions from the aq. KOH electrolyte. The partial drop in the charge diffusion 

of the mesoporous CTO microrods after 1950 cycles indicates the increase in the 

accessibility of surface and textural boundaries of mesoporous CTO rods during 

repeated charge-discharging cycles, which might be one of the reasons behind 

excellent stability. 

 

Figure 4.10 (a) Nyquist (EIS) plot of the mesoporous CTO microrods obtained before 

and after cyclic stability studies. Inset shows the best fitted equivalent circuit model. (b) 

Evaluated specific energy and specific power of mesoporous CTO microrods. 
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 The time constant was calculated to divulge the reaction kinetics for the 

transport of OH- ions deep inside the CTO microrods, from the equation  

𝜏 = 1
2𝜋𝑓∗⁄                                                                             ..… (4.5) 

Where, f* is the frequency corresponds to the maxima of the imaginary 

component of the semicircle. The time constant of 1.32 s measured before 

stability study confirm the abrupt and easy access for the OH-- ions transportation 

deep inside the CTO microrod along the textural boundaries. The time constant 

has not reduced ever after 1950 charging-discharging cycles (i.e., 1.59 s), 

reinforce the excellent cyclic stability observed for mesoporous CTO microrods. 

4.3.9  Ragone plot 

Figure 4.10(b) exhibits the relation of specific power and specific energy 

evaluated from equations 6 and 7 to interpret the comprehensive performance of 

CTO, 

𝐸 =  
1

2
 ×  𝐶𝑠 × (∆𝑉)2                                                                …… (4.6) 

𝑃 =  
𝐸

∆𝑡
× 3600                                                                          …… (4.7) 

Where, Cs is the specific capacitance (F/g), ∆V is the potential operating range 

(volts), ∆t is the discharge time in (Sec.), P is the specific power (W/kg), and E is 

the specific energy (Wh/kg). The specific power reduces with respect to an 

enhancement in the specific energy as the charge/discharge current density 

increased from 30 to 120 mA/g. The maximum specific power of 4835.7 W/kg 

and specific energy of 9.8 Wh/kg is obtained from mesoporous CTO. The specific 

power of 4835.7 W/kg (at the current density of 30 mA/g) obtained for CTO is 

significantly higher than the hierarchical flower-like 3D nanostructure of 

Co3O4@MnO2/nitrogen-doped graphene oxide hybrid composite (i.e., 850 W/kg), 

[41] 3D TiO2@ Ni(OH)2 core-shell nanowire arrays (i.e., 1881.8 W/kg), [11] and 

3D nanonet of hollow structured Co3O4 (i.e., 100 W/kg). [43] Moreover, the 

performance of mesoporous CTO is relatively excellent than the perovskites of 

NiCo2O4 nanosheets@ hollow microrod arrays (i.e., 100 W/kg), [30] Sr doped 

LaMnO3 nanoparticles (i.e., 120 W/kg), [39] and 3D carbon-fiber network 
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anchored with metallic Co (i.e., 797 W/kg), [44] and compatible with mesoporous 

perovskite of interlocked NiTiO3 nanoparticles (4320 W/kg). [42] The improved 

electrochemical performance of CTO is attributed to the well-connected network 

of CTO nanoparticles, well-defined textural boundaries, and highly accessible 

larger surface area of the perforated mesoporous morphology collectively 

furnishes easy access for ions diffusion deep inside the mesoporous structure.  

4.4 Conclusions 

In conclusion, we report the synthesis of mesoporous cobalt titanite (CTO) 

microrods incorporating interconnected nanoparticles with clearly visible textural 

boundaries. The CTO nanoparticles of average diameter ~ 59 nm hierarchically organized 

in the hexagonal form provided mesoporous microrods of average diameter ~ 800 nm and 

the average pore size distribution of 3.919 nm throughout the rod body. The CTO 

nanoparticles of mesoporous rods are of the hexagonal crystalline phase to the space 

group of R-3. XPS analysis showed the consistent presence of Co2+/Co3+ and Ti4+/Ti3+, 

confirmed the formation of stoichiometric CTO microrods. The interconnection of CTO 

nanoparticles resulted in the formation of mesoporous CTO rods with increased textural 

boundaries offered a larger surface area for significantly larger diffusion of OH- ions, 

further leading to an increase in Cs in 2 M KOH electrolyte. The diffusion-controlled 

access to the OH- ions (0.27 s) deep inside the rod structure provides higher specific 

power (4835.7 W/kg) and specific energy (9.77 Wh/kg) than the other perovskite family 

members. Moreover, the excellent stability up to 1950 continuous charging-discharging 

cycles with the capacitance retention of 82.3 % recommends the mesoporous CTO 

microrods as a proficient working electrode for the supercapacitor. Furthermore, the 

morphology-dependent electrochemical performance showed in this study has unlocked 

a new corridor to explore the core-shell hetero-architectures of CTO rods with other metal 

oxides like TiO2, MnO2, CuO as an electrode for hybrid capacitors, which may further 

enhance the electrochemical performance. 
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Chapter 5 

Mesoporous NiTiO3 nanostructures 
 

 

 

 

 

 

 

We have synthesized mesoporous nickel titanate (NTO) rods 

encompassing interlocked nanoparticles with clearly visible textural 

boundaries via the sol-gel route as an excellent working electrode for the 

supercapacitor. The mesoporous NTO rods assembled in the hexagonal 

shape of average diameter ~ < 1 μm and ~ 3 to 6.4 µm long are composed 

of nanoparticles of diameter ~ 30 nm. The well crystalline NTO rods of 

the hexagonal phase to the space group of R-3H possess average (mean) 

pore size distribution of 17.48 nm throughout the rod body. The 

stoichiometric mesoporous NTO rods with increased textural boundaries 

played a significant role in the larger diffusion of ions and delivered the 

specific capacitance (Cs) of 542.26 F/g, the energy density of 8.06 Wh/kg, 

and a power density of 4320 W/kg in an aqueous KOH electrolyte, is 

significantly better than Ni, Mn, Fe, Cr, and Ti-based perovskites or their 

mixed-phase accompanied by metal oxides as impurities. Moreover, the 

diffusion-controlled easy/faster and enhanced access to the OH- ions (20.4 

s) deep inside the rod body delivered a long life cycle, high stability up 

to 2100 cycles, and excellent retention of 91 %. Overall, mesoporous NTO 

rods hold potentials as an electrode material for long cycle lifetime 

supercapacitor and can further improve after forming the nano-hetero-

architecture or hybrid structures with other prominent materials such as 

NiO, and Mn2O3, etc. 
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5.1 Introduction 

  Supercapacitors have attracted considerable attention from researchers and 

industries for their extensive utilization in hybrid electric vehicles, portable devices, 

industrial uninterruptible power supplies, and military fields due to high power density, 

long life expectancy, eco-friendliness, and high safety. [1] The pseudocapacitors storing 

the charges through redox reactions along the textural boundaries deep inside the 

electrode materials deliver higher capacitance than the electric double-layer capacitors. 

[2] Carbon materials and conducting polymers with rational porous morphology 

addresses competitive power density, but the stress induced by shrinkage and swelling 

during charging-discharging curtail their lifetime and degrade faster. [3] However, 

transition metal oxides, a better alternative to improve stability and control degradation, 

are employed in their pure (i.e., NiO, TiO2, MnO2, etc.), mixed (i.e., NiO/Co3O4, 

NiO/MnO2, Co3O4 @ MnO2 or composite (with carbon, graphene, polymer, etc.) [4,5] 

form to improve the performance of supercapacitors under controlled redox mechanism. 

Among these, NiO, observed to be the most promising pseudo-capacitive electrode 

material, offering high specific capacitance (Cs) theoretically of 2584 F/g and providing 

good electrochemical reaction pathways. Nevertheless, theoretical values for NiO are yet 

far away to achieve experimentally, [6] the poor electrical conductivity unfavorable to 

fast ion/electron transport deliver low Cs. The kinetics of electron/ion transport, the 

electrode/electrolyte interface, and the intrinsic electrochemical pathways of NiO asking 

for further improvement to enhance the power density and reaction kinetics. [6] TiO2 is 

another most fascinating transition metal oxide of vast attraction as electrode material in 

supercapacitor because of its unique three different morphologies, anatase, brookite, and 

rutile, providing abundant enough vacant sites to accommodates ion. Even though TiO2 

has delivered better durability and high stability for 10000 cycles, the Cs and power 

density are a major concern. [7] Therefore, a new approach to blending the properties of 

Ni and Ti to improve supercapacitive performance is of prime importance. Defect 

engineering (doping, cationic vacancies, etc.) of oxides of Ni and Ti to increase the 

overall electrical conductivity of the electrodes [8] can be one approach, and blending 

both of them in single-phase compounds shall be another excellent approach.  
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The nanosized perovskite metal oxides with ABO3 formula, considered to be a 

replacement for single oxides in the stipulated application, which are under 

comprehensive investigation for their applications in catalysis, water splitting, 

supercapacitance, and batteries, etc., [9] demonstrate their capabilities as a promising 

candidate for supercapacitor. The structural stability of the cations and oxygen ion 

mobility and vacancies mediate the redox mechanism in the perovskite. [10] Moreover, 

the presence of multiple transition metal ions in the perovskite structure shall apprehend 

distinct charge storing mechanisms and hence capable of delivering the breakthrough 

performance of the supercapacitor. However, most of the studies are focused on 

Lanthanum based perovskites, which might be owing to their better electrical 

conductivity. [11] The sol-gel driven LaFeO3 poised into nanotubes under controlled 

calcination temperature and time delivered the Cs of 313.21 F/g. [11] The Sr doped 

LaMnO3 provided high electrical conductivity of 44.9 S/cm, but the Cs value was 

restricted to 56 F/g due to nanoparticle morphologies, [12] expected to improve 

significantly after realizing nanorods structure. Recently, Arjun et al. [13] explored 

various Lanthanum based perovskite (i.e., La(Mn/Fe/Cr/Ni)O3 nanoparticles to enhance 

the Cs by controlling the redox reactions of anion, but only redox reaction involving Ni2+ 

(i.e., LaNiO3 ) delivered better Cs of 106.58 F/g, which found improved to 280 F/g after 

hydrazine reduction treatment. [14] Even though few reports are available on the 

synthesis of NTO one-dimensional nanostructure [15] and nanoparticles, [16,17] none of 

them are focused on the synthesis of mesoporous rod for utilization as the working 

electrode in the supercapacitor. Even though Imani et al. [18] have employed microwave 

irradiation assisted spontaneous combustion for the synthesis of NTO nanoparticles, the 

presence of the large number of impurity phases of rutile TiO2, anatase TiO2, and 

bunsenite NiO restricted their electrochemical performance in aqueous H2SO4 and 

curtailed the Cs to 257 F/g. One of the prerequisites to gain excellent electrochemical 

performance is the synthesis of pure NTO phase with an enormously larger surface area. 

One-dimensional morphologies in nanostructural form provide direct pathways for 

electron/ion transfer at the electrode-electrolyte interface. [5,19]  

In this study, we introduced mesoporous NTO rods encompassing interlocked 

nanoparticles with clearly visible textural boundaries synthesized via sol-gel route as an 
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excellent working electrode for the supercapacitor. Synthesis of mesoporous NTO rods 

without any impurity was examined using field-emission scanning electron microscopy 

(FESEM), BET analysis, X-ray diffraction (XRD), and X-ray photoemission 

spectroscopy (XPS). The electrochemical mechanism of mesoporous NTO rods was 

analyzed utilizing contact angle meter, cyclic voltammetry (CV), galvanostatic charging 

discharging (GCD), and impedance analysis using optimized 2 M aq. KOH electrolyte. 

Our study corroborates that the mesoporous NTO rods deliver faster/easy access for ion 

transportation (20.4 s), enhanced power density (4320 W/kg), greater retentivity (~91 

%), and longer cycles lifetime (2100) with excellent stability.  

5.2 Experimental section 

The analytical grade chemicals were used for the synthesis of mesoporous NTO 

rods. 1 M of nickel acetate (Sigma Aldrich, Ni(CH3COO)2.4H2O) and 3.4 ml of titanium 

butoxide (Sigma Aldrich, Ti(OC4H9)4) dissolved in ethylene glycol (EG) at room 

temperature and reacted employing constant stirring for 1 h until obtaining a blue 

precipitate. It was dried at 60 ºC in vacuum for 4 h after cleaning with ethanol by repeated 

centrifugation and dispersion and subsequently annealed at 600 ºC in the ambient 

atmosphere for 2 h to obtain mesoporous NTO rods encompassing the interlocked 

nanoparticle. X-ray diffraction (D2-Phaser Bruker, Cu-Kα, λ=1.5406 Å) was utilized to 

confirm the crystal structure and the nature of the NTO rods. The surface morphological 

features are confirmed from field emission scanning electron microscopy (FESEM, JEOL 

JSM-6500F). The surface area and pore size distribution of NTO rods were evaluated 

using N2 adsorption-desorption isotherm (BET) and Barrett-Joyner-Halenda (BJH) 

methods in an automated gas sorption analyzer (Quantachrome Autosorb iQ2). The 

chemical states and electronic structure of mesoporous NTO rods were explored from an 

X-ray photoelectron spectrometer (XPS, Thermo Scientific Inc. K-alpha) with a 

microfocus monochromated Al Kα X-rays. The effect of the electrolyte concentration on 

the ion diffusion was analyzed through the surface wettability studies performed using a 

drop shape analyzer (DSA-25, Kruss GmbH, Germany). The dilute slurry of a mixture of 

NTO rods powder, carbon black, and Polyvinylidene fluoride (PVDF) prepared in the N-

methyl 2-pyrrolidone (NMP) was drop cast on Ni foam and further dried at 80 oC for 25 

h to gain the working electrode. This working electrode of mesoporous NTO rods was 
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utilized along with pristine ITO/glass as counter electrode and saturated calomel electrode 

as a reference electrode to investigate the electrochemical properties. The electrochemical 

measurements were performed at room temperature in 2 M KOH aqueous electrolyte 

using the electrochemical workstation (Autolab, PGSTAT302N, Metrohm) to investigate 

the effect of mesoporous morphology, the interlocking of the nanoparticles, and the redox 

mechanism of Ni and Ti on the pseudocapacitive performance of electrochemical 

supercapacitor.  

5.3 Results and discussion 

5.3.1 Field emission scanning electron microscopy  

 

Figure 5.1. FESEM image of as (a) synthesized NiTiO3 rods (i.e., before 

annealing) transformed in to (b) mesoporous structure retaining rod morphology 

after annealing. (c), and (d) shows their respective high magnification FESEM 

images. (d) Mesoporous NTO rods are composed of interlocked nanoparticles.  

FESEM images in Figure 5.1 show the surface morphology of NiTiO3 

nanostructures. The optimized reaction mixture of nickel acetate 

(Ni(CH3CO2)2.4H2O), titanium butoxide Ti(OCH2CH2CH2CH3)4 and ethylene 
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glycol (C2H6O2) provided a rod-like structure of length between ~ 3 to 6.4 µm and 

a diameter of ~ < 1 µm (Figure 5.1(a)). Further, the high-magnification FESEM 

images confirmed that the rods are well separated with clearly visible textural 

boundaries. The hexagonal-shaped individual rod depicts very smooth facets 

along the rod body with the nonporous surface (Figure 5.1(b)). The annealing of 

the as-synthesized NiTiO3 rods at 600 ºC for 2 h in an ambient atmosphere has 

not altered their hexagonal morphology, but the smooth surfaces appear to be 

coarse in nature (Figure 5.1 (c)). The high magnification FESEM image of the 

single rods shown in Figure 5.1(d) depicts that the NiTiO3 rods are composed of 

numbers of nanoparticles. The numerous nucleation centers activated during the 

annealing constrained the growth of the nanoparticles along the rod body. The 

interconnections between every successive nanoparticle retained the hexagonal 

rod morphology along with their clearly visible facets. However, the textural 

boundaries of each particle are clearly visible, and the average diameter of the 

nanoparticles is ~ 46 nm (Figure 5.2). The high magnification FESEM image of 

the single rods shown in Figure 5.1(d) depicts that the NiTiO3 rods are composed 

of numbers of nanoparticles. The statistical histogram of the NTO nanoparticle 

distribution shown in Figure 5.2 confirms that most nanoparticles are distributed 

in the range of 30-72 nm. However, the maximum number of NTO nanoparticles 

has a diameter of 42-51 nm.  

 

Figure 5.2. Statistical histogram showing the diameter distribution of the 

nanoparticles forming the mesoporous hexagonal NiTiO3 rods. 
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The size distribution of NTO nanoparticles can be fitted using the log-

normal size distribution function given below 

𝑓𝑁(𝑥) =  
𝐴

𝑥𝜎√2𝜋
𝑒𝑥𝑝 [−

𝑙𝑛(𝑥
�̅�⁄ )

2

2𝜎2 ]               ……(5.1) 

Where, x is the diameter of the NTO nanoparticles; �̅� (= 46.49 ± 0.63 nm) is the 

mean diameter of the NTO nanoparticles; A (= 307.18 ± 26.71) is the initial 

constant; σ (= 0.16 ± 0.02) is the standard deviation of the size of the NTO 

nanoparticles. The log-normal distribution of the NTO particle diameter is 

asymmetric. The smaller standard deviation of the diameter (σ≤ 0.25) confirms 

that the NTO nanoparticles are well confined to the limited diameter range. 

The interconnection between nanoparticles with clearly visible textural 

boundaries provided the mesoporous nature to NiTiO3 rods, which confirms that 

the mesoporous hexagonal NiTiO3 rods consisting of well-defined nanoparticles 

were obtained after annealing as-synthesized rods. The EDS analysis was 

executed on the as-synthesized and annealed mesoporous NTO rods to confirm 

the effect of annealing on the presence of elementals. The EDS spectra of as-

synthesized NTO rods is akin to that of mesoporous NTO rods corroborate the 

existence of Ni, Ti, and O, only, without any impurity (Figure 5.3). This evidenced 

that the annealing has not altered the elemental concentration of NTO rods but 

only resulted in the formation of mesoporous NTO rods. 

 

Figure 5.3. EDX spectra of as-synthesized and mesoporous (i.e., annealed) NTO rods. 
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5.3.2 X-ray photoelectron spectroscopy  

 
Figure 5.4. Typical high resolution XPS spectra of the (a) Ni (2p), (b) Ti (2p), 

and (c) O (1s) core levels of the mesoporous NTO rods. The XPS spectra were 

deconvoluted via the Voigt function within Shirley background. 

Further, the quantitative analysis of the electronic structure and chemical 

properties of NiTiO3 nanorods was carried out utilizing X-ray photoelectron 

spectroscopy (XPS). Figure 5.4 shows the XPS spectra of Ni(2p), Ti(2p), and 
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O(1s) core levels of NiTiO3 nanorods. The XPS spectrum of the Ni(2p) core levels 

for the mesoporous NiTiO3 rods (Figure 5.4 (a)) exhibits four distinctive peaks 

identified as a, b, c, and d, are located at binding energy (BE) of 855.3, 861.5, 

872.9, and 879.0 eV, respectively. The highly intense two peaks located at BE of 

855.3 (≡ a) and 872.9 (≡ c) eV are assigned to Ni(2p) core levels, and their 

concomitant peaks at BE of 861.5 (≡ b), and 879.0 (≡ d) eV, respectively, are 

identified as respective shake-up satellite peaks. The Ni(2p) spectrum was fitted 

via the Voigt function following the Shirley background to precisely determine 

the double peak features of Ni(2p3/2) and Ni(2p1/2). [20] The decomposed spectra 

corroborate perfect fit with 8 peaks labeled as a, a′, b, b′, c, c′, d, and d′ represents 

the core levels of the Ni2+(2p3/2), Ni3+(2p3/2), Ni2+(2p3/2) shakeup satellite, 

Ni3+(2p3/2) shakeup satellite, Ni2+(2p1/2), Ni3+(2p1/2), Ni2+(2p1/2) shakeup satellite, 

and Ni3+(2p1/2) shakeup satellite, respectively. The three-fold higher intensity of 

both the Ni(2p3/2) and Ni(2p1/2) core levels of Ni2+ than that of the core levels of 

Ni3+ revealed the significant appearance of Ni2+ cations in the mesoporous NiTiO3 

rods and very minor traces of Ni3+ formation. The spin-orbit splitting between the 

Ni(2p3/2) and Ni(2p1/2) core levels and their respective shakeup satellite peaks are 

17.6 and 17.5 eV, respectively, is also akin to that assigned for the formation of 

Ni2+, and not for Ni3+ or metallic Ni. [6] Likewise, the XPS spectrum of the Ti(2p) 

core levels for the NiTiO3 rods illustrate two distinctive peaks identified as e, and 

f at the BE of 457.8 and 463.5 eV, respectively, represents the core levels of 

Ti(2p3/2) and Ti(2p1/2) for Ti4+ cations. However, this spectrum was fitted using 

the Voigt function following the Shirley background to precisely determine the 

features of the double peaks of Ti (2p3/2) and Ti (2p1/2) core levels. The 

deconvoluted spectra perfectly fit for three peaks located at a binding energy of 

457.8, 459.6, and 463.5 eV represents the Ti4+(2p3/2), Ti3+(2p3/2), and Ti2+(2p1/2) 

core levels, respectively. Nevertheless, the nine-fold higher intensity of the 

Ti(2p3/2) core levels of Ti4+ than that of the core levels of Ti3+ confirm the 

existence of the negligible amount of Ti3+ cations. The spin-orbit splitting of 5.7 

eV observed between the Ti(2p3/2) and Ti(2p1/2) core levels reflect Ti4+ cations. 

[7,21,22] The compound peak feature found for O(1s) XPS spectrum was 
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decomposed via Voigt fitting function within the Shirley background (Figure 

5.4(c)) to reconfirm the oxidation state of the Ni and Ti elements in the 

mesoporous NTO rods. The deconvolution of the spectra shows the perfect fit for 

two peaks located at BE of 529.8 and 531.7 eV. The highly intense peak observed 

at the lower BE of 529.8 eV corresponds to the O(1s) core level of the O2- anions 

in NiTiO3 rods. A higher BE peak at 531.7 eV is attributed to surface 

contamination, such as carbon oxides or hydroxides. [23-25] However, the six-

fold higher intensity of the O(1s) core levels of O2- than that of the peak at BE of 

531.7 substantiate the significantly lower amount of surface contamination. 

Moreover, the BE separation of 72.0 eV observed for Ti(2p3/2) and O(1s) core 

levels of the mesoporous NTO rods is very close to that represents Ti4+ cations 

(i.e., 71.5) and significantly smaller than the Ti2+ (75.0 eV) and Ti3+ (73.4 eV). 

[26,27] This reconfirms the existence of the significant quantity of Ti4+ cations in 

the mesoporous NiTiO3 rods and a scarcely detectable amount of Ti3+ cations. 

Moreover, the insignificant presence of Ni3+ is accompanied by the Ti3+ or vice-

a-versa, confirmed the stoichiometric resemblance between Ni and Ti in the 

mesoporous NTO rods, which further avert the formation of non-stoichiometric 

or additional phases of Ti2O3, and Ni2O3, etc. Overall, the XPS analysis confirms 

the formation of stoichiometric mesoporous NTO rods composed of 

nanoparticles.  

5.3.3 X-ray diffraction 

Structural analysis of the mesoporous NiTiO3 rods is carried out by the 

Rietveld refinement of XRD spectra (Figure 5.5). The refinement confirmed the 

well crystalline nature of NTO rods in the hexagonal phase to the space group of 

R-3H. The XRD peaks of mesoporous NTO rods at 2θ of 24.1o, 33.1o, 35.6o, 39.1o, 

41.9o, 43.5o, 49.4o, 53.9o, 57.4o, 62.4o, 64o, 69.4o, 72.1o, 75.5o, and 77.7o are 

attributed to the (101), (104), (110), (006), (021), (202), (024), (216), (018), (214), 

(030), (208), (219), (220), and (036) crystal planes, respectively, well-matched 

with the ICSD code 171584. The x-ray density, Rf factor, Bragg R-factor, χ2 value, 

and the goodness of fit factor (GofF) observed from Rietveld refinement are 5.121 

g/cc, 37.4, 12.1, 2.97, and 1.7, respectively. The lattice parameters gained are a = 
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b = 5.03 Å, and c = 13.82 Å. This indicates the good agreement of the calculated 

data with that of experimentally observed patterns. Moreover, no characteristic 

peaks indicating the formation of NiO, TiO2, or other impurities phases are 

observed, confirm the synthesis of pure NTO rods. 

 

Figure 5.5. Rietveld refined XRD pattern of NTO rods along with the residual 

curve located at the bottom. 

5.3.4 Nitrogen adsorption-desorption isotherm 

Nitrogen adsorption-desorption isotherm measurements were performed 

to evaluate the pore structure of NTO rods and the surface area of the 

nanoparticles encompassed in their growth. The Brunauer-Emmett-Teller (BET) 

analysis in Figure 5.6 represents the mesoporous nature of the NTO rods. Figure 

5.6(a) shows type IV isotherm with a distinct hysteresis loop in the P/P0 range of 

0.4-1.0, substantiate the extensive distribution of internal voids along the rod body 

due to the interlocked arrangement of the nanoparticles. The interconnected 

nanoparticles led the broad range of voids throughout the rods and resulted in the 

evaluation of hexagonal ordered mesoporous NTO rods. The pore volume and 

(BET) surface area of the NTO rods is around 0.087 cm3/g and 33.154 m2 /g, 

respectively. The maximum distribution of pores was observed in the range of 

3.40 to 316.62 nm; nevertheless, the larger pore size of 316.62 nm is perceived 

(Figure 5.6(b)). The large number of pores are ~ 0.087 cc/g nm wide, and the 

average (mean) pore size distribution is 17.481 nm. The interconnected 

nanoparticles with the pertinent pores formed the mesoporous NTO rods and 
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provided ample sites along the enhanced surface area for accumulation of ions, 

and hence expected to escalate the interaction at the interface of electrode-

electrolyte. Furthermore, the easily accessible mesoporous surface inside the 

microrod encompassing interconnected nanoparticles alleviates the 

ion/electrolyte penetration deep inside and further enhances the faradaic charge 

storage mechanism. 

 

Figure 5.6. (a) N2 adsorption-desorption isotherm, and (b) BJH pore size 

distribution of the mesoporous NTO rods. 

5.3.5 Contact angle measurements 

The electrolyte interface with the NTO controls the intercalation of the 

ions, thereupon the energy storage ability of NTO rods. Therefore, mesoporous 

NTO rods were subjected to understand the surface wettability of the electrolyte 

via contact angle measurement. [18] Figure 5.7 shows the molarity dependent 
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surface wettability (i.e., contact angle) at the electrolyte-electrode interface. The 

wettability test was carried under the various molarities of aq. KOH electrolytes. 

The 0.5, 1, 1.5, and 2 M KOH electrolyte delivered the average contact angle of 

82.9º, 78.2º, 56.1º, and 52.4º, respectively. Interestingly, the contact angle of 82.9o 

observed for 0.5 M KOH was reduced drastically to 56.1º for the 1.5 M KOH. 

Further increase in the molarity of KOH to 2 M showed a slight reduction to 52.4º, 

indicate the intimate contact of 2 M KOH with an electrode surface, contributing 

to easy transfer of electrons at the interface, which further facilitates better energy 

storage performance of supercapacitor. Therefore, in the quest for better 

wettability and lower contact angle, the electrochemical measurements were 

carried out using 2 M KOH electrolyte.  

 

Figure 5.7. Contact angle measurement showing the interface of the aqueous 

KOH electrolyte of (a) 0.5 M, (b) 1M, (c) 1.5 M, and (d) 2 M concentration on 

the surface of the working electrode of mesoporous NTO rods. 
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5.3.6 Electrochemical analysis 

 

Figure 5.8. (a) Cyclic voltammograms of mesoporous NTO rods at various scan 

rates in 2 M aq. KOH electrolyte. The graphical illustration of (b) the anodic peak 

current density (ip) with the square root of the scan rate (1/2) and (c) specific 

capacitance at various scan rates, evaluated from the CV curve. 
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The electrochemical properties of mesoporous NTO rods were confirmed 

from cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) measurements in the 2 M KOH 

electrolyte. The CV measurement was performed in the potential range of 0 to 0.6 

V at various scan rates (Figure 5.8(a)). The two distinct peaks observed at negative 

and positive current densities in the potential range of 0 to 0.6 V elucidate the 

reduction and oxidation of NTO rods. Moreover, these oxidation and reduction 

peaks have shifted to relatively higher and lower applied potentials with an 

increase in the scan rate. The oxidation peak observed for the potential of 0.351 

V at a scan rate of 5 mV/s has shifted by 0.149 V (i.e., observed at 0.5 V) at the 

scan rate of 100 mV/s. Likewise, the reduction peak observed at 0.195 V for a 

scan rate of 5 mV/s has shifted by 0.12 V (i.e., observed at 0.075 V) after 

increasing the scan rate of 100 mV/s. This shifting in the oxidation and reduction 

peaks with an increase in the scan rate is assigned to the kinetics of carriers and 

potential of the reference electrode, akin to that observed for NiO nanoparticle, 

[28] LaFeO3 nanotubes, [11] and mesoporous (Ni2(CO3)(OH2). H2O) flowers. 

[29] Furthermore, the area under the CV curve enhanced due to improved peak 

intensity with an increase in the scan rate. The increase in the scan rate leads to 

enhancement in the area under the CV curves.  

The scan rate dependent variation in the current density can be interpreted 

from the Randle-Sevcik equation, [30]  

21212351069.2 DnCi op =                                      .… (5.1) 

Where, the peak current density (ip) of the electrochemical reaction is proportional 

to the square root of the scan rate (υ), ip is the peak current density (mA/g), Co is 

the concentration of OH- ions in the electrolyte solution (mol/cm2), n is the number 

of electrons, υ is the scan rate (mV/s), and D is the diffusion coefficient for OH- 

ions in the electrode material. The graphical representation of the peak current 

density of the anodic reduction peak (ip) with the square root of the scan rate (υ) 

demonstrates the linear behavior (Figure 5.8(b)). The straight-line encompassing 

all the points pass through the origin (extrapolated dotted line) confirms the 
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diffusion-controlled adsorption and desorption of OH- ions along the surface of 

mesoporous NTO rods. 

 The Cs evaluated (Figure 5.8(c)) from the CV curves at various scan rates 

(Figure 5.8(a)) using the equation 

Vm

idV
CS




=

2
                                           …….. (5.2) 

Where, Cs is the specific capacitance (F/g), m is the mass of the NTO rods loaded 

in the working electrode (g), υ is the scanning rate (mV/s), and ∆V is the applied 

potential range (V), and ∫ 𝑖𝑑𝑉 is the integral area under the CV curve. The 

evaluated Cs values linearly varied with the scan rate. The Cs value of 542.3 F/g 

gained at a scan rate of 5 mV/s was retained to 220.5 F/g for the scan rate to 100 

mV/s. The larger Cs value of 542.3 F/g might have resulted from the OH- ions 

easily accessed deep inside the mesoporous NTO rods and further diffusion in a 

large number along the surface of nanoparticles assembling the mesoporous NTO 

rods. The slower scan rate paved the more extensive diffusion of ions along the 

working electrode of mesoporous NTO nanorods. The increased scan rate is 

expected to restrict the easy access of more significant amounts of OH- ions 

quickly, hence reducing the Cs relatively. 

Table 5.1: Comparative analysis of the specific capacitance (Cs) values of 

various materials reported in the literature.  

S./N. Materials Cs Ref. 

1.  Mesoporous NTO 542.3 F/g Current 

work 

2.  Spray deposited NiO thin films  405 F/g [31] 

3.  Chemically grown porous thin film  69.8 F/g [9] 

4.  Microwave power assisted NiO nanoflakes 252 F/g [32] 

5.  Trisodium citrate assisted NiO nanospheres  463 F/g [33] 

6.  Porous NiO nanocrystals  390 F/g [8] 

7.  Selectively dealloyed Ti/TiO2 network 

nanostructures  

35.5 F/g [34] 
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8.  One-dimensional brookite TiO2 nanoneedles  34.1 mF/g [7] 

9.  NiO@MnO2 core-shell nanocomposite  266.7 F/g [35] 

10.  NiO-MnO2/MWCNT composite  193.5 F/g [36] 

11.  LaNiO3  280 F/g [14] 

12.  LaFeO3  375.7 F/g [11] 

13.  SrMnO3  321.7 F/g [39] 

14.  Sr doped LaMnO3  102 F/g [40] 

The Cs value of 542.3 F/g obtained for the mesoporous NTO rods is 

relatively larger than the pristine NiO, and TiO2 nanostructure morphologies such 

as spray deposited NiO thin films, [31] chemically grown porous thin film, [9] 

microwave power-assisted NiO nanoflakes, [32] trisodium citrate assisted NiO 

nanospheres, [31] porous NiO nanocrystals, [8] selectively dealloyed Ti/TiO2 

network nanostructures, [34] one-dimensional brookite TiO2 nanoneedles, [7] 

NiO@MnO2 core-shell nanocomposite, [35] and NiO-MnO2/MWCNT 

composite. (Table 5.1) [36] The TiO2 crystals grown over the 3D rGO using 

cellulose as the structure-directing ages for shape control restricted Cs to 397 F/g 

owning to the composite nature of TiO2 and rGO. [37] Furthermore, Zhao et al. 

[38] employed Ti and Ni in combination with rGO to enhance supercapacitor 

performance. The hydrothermal loading of TiO2 and Ni(OH)2 over rGO in 

different weight proportions expected to improve the electron transfer and 

conductivity restricted the Cs to 374.3 F/g in 1M KOH electrolyte. Moreover, 

NTO has provided substantially higher Cs value than the other undoped and doped 

ABO3 family members (Table 5.1) such as LaNiO3, [14] LaFeO3, [11] SrMnO3, 

[39], and Sr doped LaMnO3. [40] Arjun et al. [13] explored the utilization of Mn, 

Fe, Cr, and Ni in the Lanthanum based perovskites to improve Cs values. The 

intrinsic properties of Ni exhibited Cs of 106.58 F/g, but all others were restricted 

in the range of 16.43 to 56.78 F/g. This indicates that the pure phase formation of 

Ti and Ni (i.e., NTO) provides improved Cs values than that of pristine Ti and Ni 

oxides, or their composites, or core-shell structures. Even though Imrani et al. [18] 

reported the synthesis of microwave irradiated NTO nanoparticles, their 
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electrochemical performance restricted the values of Cs to 257 F/g, which might 

be due to the highly agglomerated nanoparticles resulting in the uncontrolled 

redox mechanism. Overall, interlocked nanosized particles delivering 

mesoporous NTO rods with increased textural boundaries played a significant role 

in the larger diffusion of ions, further leading to enhanced Cs. 

 

Figure 5.9. (a) GCD curves, and (b) evaluated specific capacitance of mesoporous 

NTO rods at various current densities. 

The current density influences the exchange of ions between the 

electrolyte and the working electrode. The galvanostatic charging-discharging 

(GCD) of mesoporous NTO rods studied at various current densities ranging 

between 30 to 130 mA/g is shown in Figure 5.9. The relatively symmetric nature 

of charging and discharging curves interprets the highly reversible transportation 

of ions along the textural boundaries of the NTO nanoparticles encompassed in 

the mesoporous rods. The nonlinear charge/discharge curves confirmed the 

pseudocapacitance behavior of the mesoporous NTO rods, which is in close 
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agreement with the cyclic voltammetry curves showing the redox peaks. The 

accessibility of ions through porous sites of the electroactive material is vital for 

an efficient faradaic redox reaction mechanism.  

 The increase in current density furnishes faster diffusion of ions and hence 

reduces charging/discharging time (Figure 5.9(a)). The OH- ions have sufficient 

time to penetrate deep inside the porous surface of the NTO rods electrode at 

lower current density than that of higher current density. The current density-

dependent values of Cs of the mesoporous NTO rods (Figure 5.9(b)) is calculated 

from the GCD curves using the equation 

dvm
dtICs 
=                                   ……. (5.3) 

Where, Cs is the specific capacitance of the mesoporous NTO rods (F/g), I is the 

current density (A/g), m is the mass of the NTO on the working electrode (g), and 

dV/dt is the slope of the discharge curve. The values of Cs decreased linearly with 

an increase in the current density. The maximum Cs of 286.6 F/g obtained for the 

current density of 30 mA/g is reduced to 165.7 F/g after increasing the current 

density to 130 mA/g (Figure 5.9(b)). The Cs value of 286.6 F/g achieved from 

mesoporous NTO rods is significantly higher than the values gained from the 

other perovskites consisting of Ni divalent ions. The nanocomposite powder 

consisting of NiO, Ni(OH)2, La2O3, and La(OH)3 (i.e., 70 F/g), which was further 

reduced to LaNiO3 by refluxing in the hydrazine for 12 h. (i.e., 280 F/g). [14] 

Moreover, the sol-gel processed perovskite LaFeO3 nanoparticles converted in to 

nanotube morphologies after high-temperature calcination are found greatly 

oxygen-deficient from XPS analysis for O(1s) peak. The oxygen deficiency might 

have restricted their supercapacitor performance and hence retrain Cs values. [11] 

The La3+ ions expected to be ion buffering reservoir and particle growth controller 

created remarkable crystal defects after replacing Ni atoms from the lattice of NiO 

microspheres and could achieve the maximum Cs of 253 F/g, [41] which is even 

lesser than the mesoporous NTO rods. Furthermore, it is found to be either better 

or compatible with the microwave-assisted nanoflake structured NiO (i.e., 209 

F/g), [32] metal complex derived NiO nanotubes (i.e., ~80 F/g), [26] porous 2D 

NiO nanoplates (i.e., 285 F/g) stacked in nanocolumn form after hydrothermal 
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dehydration and recrystallization, [42] and 1D brookite TiO2 nanoneedles. [7] 

This reconfirms that the mesoporous NTO rods are better electrode materials than 

the other perovskite family members in their pristine or defective form. 

 

Figure 5.10. (a) Cycling stability and capacitance retention of mesoporous NTO 

rods analyzed from GCD at the current density of 80 mA/g for 2100 cycles. The 

inset figure shows the first 10 cycles. The percentage number signifies the 

retention of the Cs with GCD cycles. (b) Nyquist (EIS) plot of the mesoporous 

NTO rods obtained before and after cyclic stability and its best fitted equivalent 

circuit model. 

The longer lifetime and excellent cycling stability are the prerequisite 

features for highly stable supercapacitors. The cyclic stability for long time usage 

of mesoporous NTO rods was explored for continuous charging-discharging 

cycles of 2100 at the current density of 100 mA/g (Figure 5.10(a)). The first 10 
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GCD cycles are shown in the inset of Figure 5.10(a). During the stability study, 

the GCD curves showed symmetry in the charging, and the discharging process 

confirmed their stable performance. The evaluated Cs value dropped to ~ 260.8 

F/g after the continuous GCD cycles of 2100, which is a relatively very slower 

reduction. This ~ 91 % retention of Cs attained for the mesoporous NTO rods is 

more phenomenal than the values obtained for microwave irradiated NTO 

nanoparticles. [18] Those microwaves irradiated agglomerated nanoparticulate 

morphology of NTO cultivated an uncontrolled redox process and restricted 

cyclic performance and stability (~92 % retention for 1000). Moreover, the 

stability performance of mesoporous NTO rods is compatible with the synthesized 

SrMnO3 nanofibers delivering 87 % retention for 5000 cycles, [39] and 

calcination temperature, and time-controlled sol-gel driven LaFeO3 nanotubes 

providing 86.1 % retention after 5000 cycles. [11] This distinct stability 

performance of mesoporous NTO rods confirms the longer lifetime, better 

durability, better cycling stability, and excellent electrochemical reversibility in 2 

M aq. KOH electrolyte. 

5.3.7 Electrochemical impedance spectroscopy 

The textural boundaries, surface morphology, the core of the 

nanostructures, and the electrical properties of the active materials play a crucial 

role in the diffusion of ions from the electrolyte. Therefore, electrochemical 

impedance spectroscopy (EIS) was utilized to understand the involvement of 

electrical resistance and textural boundaries in the diffusion of OH- ions in the 

mesoporous NTO rods. Figure 5.10(b) illustrates the typical Nyquist plots of the 

mesoporous NTO rods in 2 M KOH electrolyte. The EIS spectrum recorded on 

mesoporous NTO rods (i.e., before stability studies) is akin to that recorded after 

stability study for continuous 2100 charging-discharging cycles. The 

distinguished impedance spectra represent a perfect fit for semicircular arc 

corresponding to the charge-transfer resistance at the interface of mesoporous 

NTO rods and electrolytes. These semicircular arcs of impedance spectra are akin 

to the experiential for TiO2, [7] NiO, [28] Sr doped LaMnO3, [12] NiMnO3-

nitrogen-doped graphene composite, [43] and PIL: RG-O. [44] The intercept and 
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diameter of the semicircular arc represent the electrolyte resistance (Re) and 

charge transfer resistance (Rct), respectively. The Rct of 5.43 Ω for mesoporous 

NTO rods has increased to 6.94 Ω after 2100 charge-discharge cycles. However, 

the values of Re gained before stability studies (0.67 Ω) remained identical even 

after continuous charging-discharging for 2100 cycles (0.65 Ω). This indicates the 

partial reduction in the charge diffusion mechanism of the mesoporous NTO rods 

after 2100 cycles, which was as expected and well supporting the evaluated Cs 

values after stability studies. The equivalent circuit for the EIS measurements 

composed of electrolyte resistance (Re), charge transfer resistance (Rct), and 

constant phase elements is represented in the inset of Figure 5.10(b). Overall, it 

revealed that mesoporous NTO rods comprising interconnected nanoparticles 

offering larger surface area along with clearly visible textural boundaries provided 

easy and enhanced access to the OH-- ions from the aqueous electrolyte deep 

inside. The time constant calculated from equation  

*2
1

f
 =        ----- (5.4) 

Where, f* is the frequency corresponding to the maximum of the imaginary 

component of the semicircle. The calculated values of time constant of 2.04 s 

before stability studies reveal the easy access for the transport of OH-- ions along 

the textural boundaries and also deep inside the mesoporous morphology of the 

NTO rod. Which is crucial to ensure the fast charging-discharging mechanism of 

the electrochemical supercapacitor. The time constant further increased slightly 

by 0.33 s (i.e., 2.37 s) signifies persistent easy access for the transport of OH-- 

ions even after the continuous 2100 charging-discharging cycles, confirms the 

excellent cyclic stability of mesoporous NTO rods.  

5.3.8 Ragone plot 

The correlation of the evaluated energy and power density is shown in 

Figure 5.11. The power density reduced comparably to the energy density with an 

increase in the GCD current density from 30 to 130 mA/g. The maximum power 

density of 4320 W/kg and energy density of 8.1 Wh/kg gained from mesoporous 

NTO rods encompassing interlocked nanoparticles which is significantly better 



129 
 

than other perovskite compounds reported in the literature. The power density of 

NiTiO3 is considerably higher than the electrodeposited core-shell structure of 

Ni(OH)2 @ 3D Ni, [1] 3D nanonet hollow structured Co3O4, [4] template-based 

synthesis of NiCo2O4 nanosheets@ hollow microrod arrays, [5] Co3O4 @ Ni(OH)2 

core-shell electrode, [17] KNiF3 nanocrystal, [45] and Sr doped LaMnO3 

nanoparticles [40] (Table 5.2). The nanocrystal of the KNiF3 perovskite restricted 

the power density to 242 W/kg, [45] owing to the nanoparticles of uneven 

morphologies restricting the easy accesses of electrons for redox species of K and 

Ni, which was further improved after partial replacement between Ni and Co for 

the optimal synergistic effect of Ni and Co redox species. Moreover, the 

performance of mesoporous NTO rods is relatively excellent, then pristine and Sr 

doped LaMnO3 nanoparticles. [40] The doping of Sr in the perovskite of LaMnO3 

is expected to provide effective charge storage after assisting the surface redox 

process of Mn2+/Mn3+ and Mn3+/Mn4+, deprived the performance of LMO in 

actual and restricted both the power and energy density to 120 W/kg and 3.9 

Wh/kg, respectively. This significant performance is ascribed to the large surface 

area, mesoporous nature, clearly visible textural boundaries, enhanced/stable 

electrochemical performance of the 1D morphologies of interlocked NTO 

nanoparticles. 

 

Figure 5.11. Evaluated energy and power density of mesoporous NTO rods 

determined at various current densities. 
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Table 5.2: Comparative analysis of the power density of various materials 

reported in the literature.  

S./N. Materials 
Power 

density 
Ref. 

1.  Mesoporous NTO 4320 W/kg Current 

work 

2.  core-shell Ni(OH)2 @ 3D Ni  100 W/kg [45] 

3.  3D nanonet hollow structured Co3O4  100 W/kg [46] 

4.  NiCo2O4 nanosheets@ hollow microrod arrays  100 W/kg [47] 

5.  Co3O4 @ Ni(OH)2 core-shell structure 33.46 W/kg [48] 

6.  KNiF3 nanocrystals 242 W/kg [49] 

7.  Sr doped LaMnO3 nanoparticles 120 W/kg [40] 

 

5.4 Conclusion 

In summary, we report the synthesis of mesoporous nickel titanite (NTO) rods 

encompassing hierarchically interlocked nanoparticles with clearly visible textural 

boundaries. The NTO nanoparticles of diameter ~ 30 nm hierarchically arranged in the 

hexagonal form delivered mesoporous rods of the average pore size distribution of 17.481 

nm throughout the rod body. The mesoporous NTO rods of average diameter ~ < 1 μm, 

and ~ 3 to 6.4 µm long are of hexagonal crystalline phase to the space group of R-3H. 

XPS analysis revealed the insignificant existence of Ni2+/Ni3+ and Ti4+/Ti3+, confirmed 

the formation of stoichiometric NTO rods. The hierarchical interlocking of nanosized 

NTO particles resulted in the mesoporous NTO rods with increased textural boundaries 

offered a larger surface area for substantially larger diffusion of OH- ions, further leading 

to enhanced Cs of 542.26 F/g in optimized 2 M aq. KOH electrolyte. The diffusion-

controlled easy/faster access to the OH- ions (20.4 s) deep inside the rod body through 

the mesoporous, possess significantly higher power density (4320 W/kg) and energy 

density (8.06 Wh/kg) than the other perovskite family members in their pristine or 

defective form incorporating oxide form of Ni, Mn, Fe, Cr, and Ti, etc. Furthermore, the 

excellent stability of up to 2100 cycles with the retention of 91 % endorses the 
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mesoporous NTO rods as competent electrode materials for the supercapacitor with stable 

performance. Moreover, the mesoporous nature and morphology dependent distinctive 

electrochemical properties revealed in this study have opened a new pathway to explore 

the nano-hetero-architectures or hybrid structures of NTO with other promising materials 

like Ni/Mn/Cu-oxides as electrode materials for hybrid supercapacitors, which may 

further improve the specific capacitance and cyclic stability. 
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  Mesoporous 1D NiTiO3@2D MnO2 
core-shell heterostructure 

 

 

 

 

 

 

 

 

 

The novel hybrid core-shell electrodes of 2D and 1D nanomaterials have the 

ability to address the relatively lower specific energy of supercapacitors 

effectively. Therefore, we report the utilization of the core-shell structure of 

hierarchical MnO2 nanoflakes and NiTiO3 (NTO) mesoporous rods as an 

efficient supercapacitor electrode providing a larger surface area and more 

pathways for the diffusion of OH- ions. Two-step-chemically processed hybrid 

porous core-shell structure of MnO2@NTO delivered a specific capacitance of 

1054.7 F/g, specific power of 3892.5 W/kg, and specific energy of 15.7 Wh/kg. 

Moreover, 85.3 % capacitance retention after 5000 cycles in 2M KOH 

electrolytes was observed without degradation in the surface morphological 

features. Complementary first-principles density functional theory (DFT) 

calculations reveal synergistic interactions between the MnO2 and NTO in the 

MnO2@NTO heterostructure, which gave rise to improved electrical 

conductivity.  
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6.1 Introduction 

The energy storage devices ask attention for utilization in the new emerging 

technologies for excellent performance in safely storing green energy. The 

environmentally friendly supercapacitor has the ability to compete with batteries by 

offering adequate specific energy, higher specific power, a long-life cycle, and faster 

charging and dissipation of energy. The carbon allotropes are found to deliver competent 

energy storage performance but suffer from further improvement because of swelling and 

shrinkage during the ion diffusion and removal processes. [1-2] Therefore, the researchers 

have explored the materials known for better ionic and electronic charge transfer to store 

electric charges through faradaic redox reaction and improve the performance of 

supercapacitors. [3-5] The fundamental defects, [6] the controlled morphological 

approaches, [7-8] and porous networking [9-11] in the electrode material influenced 

electrochemical behavior. However, the formation of heterostructures of either carbon 

allotropes or metal oxides is the most convincing approach to improving the performance. 

[12-13] The core-shell structure resulted from microwave-assisted polymerization of 

PANI, and multiwalled carbon nanotubes delivered relatively larger specific capacitance 

(i.e., 322 F/g) than the pristine MWCNTs (i.e., 25.4 F/g). [14] The composite of PPy and 

PANI prepared by the in-situ chemical oxidation polymerization route offered the specific 

capacitance of 416 F/g. [15] However, the incorporation of metal oxides (i.e., 

Zn2SnO4/MnO2) to form the heterostructure with carbon microfiber has delivered the 

specific capacitance of 642.2 F/g. [16] Overall, it has been observed that the formation of 

heteroarchitecture delivers complementary properties for notably excellent ion diffusion 

compare to the independent existence of both core and shell materials. Among the various 

oxides of metals like Ru, Co, Sn, Ti, Ni, Mn, etc., Mn is earning importance on account 

of multi-valence states Mn2+/Mn3+/Mn4+/Mn5+ to form MnO2, Mn3O4, and Mn2O3. [3] 

These multi-valence states provide better control over electron transporting activity, 

crystallinity, electrical conductivity (i.e., 10-8 S/cm), resistivity (i.e., 0.3 Ωcm) and 

activation energy (i.e., 0.075 eV). [17] The stronger electrochemical activity and richer 

redox reaction ability appealing the scientific community to explore various 

nanostructured morphological forms of MnO2 to gain the theoretical specific capacitance 

of 1110 F/g. [18] Substantial efforts have been made to improve electrochemical 
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performance by fabricating nanostructures such as the flakes, belts, wires, flowers, 

spheres, needles, urchins, rods, particles, and tubes like nanostructure morphologies of 

MnO2 and Mn2O3, providing high specific surface areas for ion diffusion are explored as 

electrode materials for supercapacitor. [3-5] Moreover, the heterostructures of NiO, 

Co3O4, TiO2, Ni/Mn/Fe/Zn-Co2O4, Ni/Zn-Fe2O4, etc., as core and Co3O4, Mn2O3, MnO2, 

NiO, etc. as shell [5,13] are explored to gain better supercapacitive performance. The 

synergistic effect between distinct metal oxides in two different morphological forms 

plays a vital role in controlling the interfacial ion-exchange mechanism and the specific 

capacitance (Fig. 1). Even though the core-shell structure of 2D nanoflakes and single-

crystalline 1D rod structures provide a larger surface area (Scheme 1, Fig. 1), the specific 

capacitance was restricted to the 110-450 F/g [10,19-21] due to limited diffusion of the 

ions on the surface only. Therefore, we have explored the core-shell heteroarchitecture of 

the 2D nanoflakes and 1D mesoporous rods, as shown in Scheme 2 of Fig. 1. The 

mesoporous 1D rods composed of interconnected nanoparticles shall provide a larger 

accessible surface area, which is aided by the interlinked 2D nanoflakes decorated over 

it. Such a synergistic heteroarchitecture will provide an enormous surface area in total 

and furnish tremendous cites for the diffusion of ions deep inside the core-shell 

morphology, which will improve the specific capacitance and energy/power performance. 

However, the selection of excellent core and shell materials is of vital importance. Among 

various 2D morphologies of metal oxides, MnO2 is observed to help overcome the poor 

conductivity of various metal oxides and improve the specific capacitance. However, 

observed specific capacitance values are mostly restricted to the range of 200-500 F/g, 

owing to the limited accessible activation sites for ion diffusion. [22, 25-27] Still, the 

decoration of MnO2 nanosheets on the 3D hierarchical NiCo2O4 nanoneedles delivered 

the specific capacitance of 816 F/g at a current density of 5 mA/cm2. [23] Therefore, the 

utilization of mesoporous and interconnected morphologies of different forms to grow 

core-shell heteroarchitecture is of scientific importance for improving energy storage 

performance. However, to the best of our knowledge, the literature does not report the 

comprehensive electrochemical studies of a core-shell heteroarchitecture of 2D MnO2 

nanoflakes and 1D mesoporous NiTiO3 rods composed of interconnected nanoparticles. 

Recently, the poor conductivity of microwave irradiated NiTiO3 nanoparticles restricted 
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the specific capacitance to 257 F/g at a scan rate of 10 mV/s even after providing a large 

surface area for substantially easy, faster, and larger diffusion of ions in aq. electrolyte. 

[28] Nevertheless, more abundant Ni3+/Ni2+ and Ti4+/Ti3+ redox reaction species of 

mesoporous NTO rods can deliver excellent electrochemical performance after 

constituting heteroarchitecture with multi-valence Mn-oxide nanostructures.  

 

Figure 6.1. Schematic representation of the distinct arrangements of 2D nanoflakes and 

1D rods for the formation of core-shell heteroarchitecture. Scheme 1 represents the core-

shell heteroarchitecture of interlinked 2D nanoflakes and single crystalline 1D rods. 

Scheme 2 illustrates the synergistic core-shell heteroarchitecture of interlinked 2D 

nanoflakes and 1D mesoporous rods of interconnected nanoparticles. Scheme 2 provides 

a relatively larger surface area and access for the ions to diffuse deep inside the core-shell 

structure compare to scheme 1. Red dotted circles indicate the interfacial and cross-

sectional view of the core-shell heteroarchitecture. 

This study reports a core-shell heteroarchitecture of 2D MnO2 nanoflakes 

decorated over mesoporous 1D NTO hexagonal rods as the electrode materials for 

supercapacitor. The formation of core-shell MnO2@NTO heteroarchitecture was 

examined utilizing field-emission scanning electron microscopy (FESEM), X-ray 

diffraction (XRD), Brunauer-Emmett-Teller (BET) analysis, Energy Dispersive 

Spectroscopy (EDS), and X-ray photoemission spectroscopy (XPS). The optimized core-

shell structure of 2D MnO2 nanoflakes and mesoporous 1D NTO rods of hierarchically 

interlocked nanoparticles has delivered a larger effective surface area for excellent 
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diffusion and redox mechanism between Mn, Ni, and Ti, deep inside the structure. 

Therefore, the two-step processed MnO2@NTO core-shell heteroarchitecture delivered a 

specific capacitance of 1054.7 F/g, the specific power of 3892.5 W/kg, the specific energy 

of 15.79 Wh/kg, capacitance retentivity of 85.3 %, and a longer cycle lifetime.  

6.2 Experimental section 

The mesoporous NiTiO3 microrods were synthesized using the sol-gel technique, 

where analytical grade 1 M nickel acetate (i.e., Ni(CH3COO)2.4H2O, 98. %, Sigma 

Aldrich), 3.4 ml of titanium butoxide (i.e., Ti(OC4H9)4, 97 % Sigma Aldrich) and ethylene 

glycol (C2H6O2, 99.8..%, Sigma Aldrich,) were reacted at optimized temperature and 

time. The details on the synthesis of mesoporous NiTiO3 rods encompassing the 

interlocked nanoparticle are discussed elsewhere. [28] Further, these mesoporous NiTiO3 

rods were subjected to the formation of a core-shell structure with MnO2 nanosheets. The 

10 mg of NiTiO3 rods were dispersed in 30 mL of deionized water under ultrasonic 

treatment for 10 min., which was subsequently reacted with 80 mg of KMnO4 (99 %, alfa 

aesar) at 90 °C under constant magnetic stirring for another 30 min. The whole solution 

was transferred to Teflon lined stainless steel autoclave and reacted at 140 °C for 4 h to 

form MnO2 over the NiTiO3 rods. Thus, the obtained core-shell MnO2@NiTiO3 was 

rinsed thoroughly with deionized water and ethanol after centrifugation and further dried 

under vacuum at 60 °C for 4 h.  

The surface morphological features were of core-shell MnO2@NiTiO3 confirmed 

from field emission scanning electron microscopy (FESEM, JEOL JSM-6500F). The 

elemental analysis was done using energy dispersive spectroscopy (OXFORD EDX X-

MAX 20 mm). The chemical states and electronic structure of mesoporous 

NiTiO3@MnO2 core-shell heteroarchitecture were explored from the X-ray 

photoelectron spectrometer (XPS, Thermo Scientific Inc. K-alpha) with a microfocus 

monochromated Al Kα X-rays. The surface area and pore size distribution of 

NiTiO3@MnO2 were evaluated using N2 adsorption-desorption isotherm (BET) and 

Barrett-Joyner-Halenda (BJH) methods in an automated gas sorption analyzer 

(Quantachrome Autosorb iQ2). The effect of electrolyte concentration on ion diffusion 

was investigated through the surface wettability studies performed using a drop shape 

analyzer (DSA-25, Kruss GmbH, Germany). The MnO2@NiTiO3 drop cast on Ni foam 
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and further dried at 80 oC for 25 h to prepare the working electrode. The electrochemical 

properties were investigated in a three-electrode setup comprising MnO2@NiTiO3 coated 

on Ni-foam as a working electrode, the platinum foil as a counter electrode, and a 

saturated calomel electrode as a reference electrode. The electrochemical measurements 

were performed at room temperature in 2 M KOH aqueous electrolyte using the 

electrochemical workstation (Autolab, PGSTAT302N, Metrohm) to investigate the effect 

of redox processes of Ni, Ti, and Mn on the pseudocapacitive performance of 

MnO2@NiTiO3 core-shell structure. 

The density functional theory (DFT) calculations were performed using the 

Vienna Ab initio Simulation Package (VASP). [29] The Project Augmented Wave (PAW) 

method [30] was used to describe the interactions between the core and valence electrons, 

whereas the Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) 

functional [31] was used to compute the electronic exchange-correlation potential. Due 

to the antiferromagnetic nature of both α-MnO2 and NiTiO3, all calculations were spin-

polarized. To ensure an accurate description of the structural, electronic, and magnetic 

properties of α-MnO2 and NiTiO3, Hubbard U correction (PBE+U) was implemented. 

[32, 33] An effective Ueff of 5.5, 3.5, and 4.5 eV for Mn-3d, Ti-3d, and Ni-3d electrons, 

respectively, are required to predict the electronic behaviors, in agreement with 

experimental findings. Geometry optimizations were performed using the conjugate-

gradient algorithm until the residual Hellmann–Feynman forces on all relaxed atoms 

reached 10−3 eV Å−1. Dispersion interactions were accounted for using the Grimme DFT-

D3 dispersion correction scheme. [34] An energy cut-off of 500 eV was used in all of the 

calculations, and a Monkhorst-Pack [35] k-point mesh of 5×5×3 and 7×7×3 for bulk α-

MnO2 was used to perform the integration over the Brillouin zone of for bulk NiTiO3 and 

α-MnO2, respectively. The MnO2 (100) and NiTiO3 (001) used to form the MnO2/NTO 

heterostructure were created from their relaxed bulk structures using the METADISE 

code, which ensures the creation of surfaces with zero dipole moment perpendicular to 

the surface plane. The isolated surface and heterostructures were optimized using 3×3×1 

k-point mesh, whereas the electronic structures were obtained with a higher mesh of 

5×5×1. A vacuum size of 15 Å was added in the z-direction of the slab to avoid 
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interactions between periodic slabs. Charge transfers between the MnO2 and NiTiO3 layer 

in the MnO2@NiTiO3 heterostructure were quantified using Bader charge analysis. [36] 

6.3 Results and discussion 

6.3.1  Field emission scanning electron microscopy 

 

Figure 6.2. (a) Low-magnification FESEM image of MnO2@NiTiO3 core-shell 

heterostructure. (b) High-resolution FESEM image of the portion of 

MnO2@NiTiO3 core-shell heterostructure showing the shell of interlocked 2D 

MnO2 nanoflakes. (c) X-ray diffraction pattern and (d) EDS spectra of 

mesoporous NiTiO3@MnO2 core-shell heterostructure. 

Figure 6.2 shows the surface morphology of the MnO2 decorated NiTiO3 

microrods. The surface morphological features of mesoporous NiTiO3 microrods 

constituted of interlocked nanoparticles of an average diameter of ~ 59 nm are 

detailed in our previous report. [28] These well crystalline NiTiO3 microrods were 

further subjected to the decoration of MnO2 to form the core-shell structure with 

NiTiO3 rods. Figure 6.2 (a) shows the FESEM image of the large surface area of 

MnO2 decorated NiTiO3 rods. The close observation of Figure 6.2 (a) depicts that 

NiTiO3 retained their unique rods like features after the decoration of MnO2, 



144 
 

which confirms that the hydrothermal treatment to decorate MnO2 has not altered 

the surface morphological features of NiTiO3 rods. The high magnification 

FESEM image (Figure 6.2 (b)) shows the uniform decoration of MnO2 over the 

NiTiO3 rods surface. The MnO2 in nanoflakes form is distributed homogeneously 

without leaving larger voids or gaps on the NiTiO3 rod surface. The average 

thickness of the MnO2 nanoflakes is < 8.5 nm. However, the width of the 

nanoflakes remains untraceable due to their interconnecting nature. The randomly 

aligned MnO2 nanoflakes formed a well-defined interconnected network covering 

whole NiTiO3 rods and give the appearance of 2D MnO2 core and 1D NiTiO3 

shell morphology. The MnO2@NiTiO3 core-shell structure surface roughness 

appears to be relatively larger than pristine NiTiO3 rods due to the networked 

MnO2 nanoflakes. The crystal structures of the NiTiO3@MnO2 core-shell 

heterostructure are characterized by XRD. The XRD pattern of NiTiO3@MnO2 

was shown in Figure 6.2 (c). All the characteristic peaks coincided perfectly with 

the standard NiTiO3 phase (JCPDS card no. 09-4870) and MnO2 phase (JCPDS 

card no. 24-0735) without detecting any impurities. Furthermore, the energy-

dispersive spectra (Figure 6.2 (d)) confirmed the existence of Ni, Ti, Mn, and O 

elements in the MnO2@NiTiO3 core-shell morphology. Even though C is detected 

in the EDS, the intensity of the peak assigned to C is much smaller than other 

observed peaks and confirmed the negligible presence of C. This indicates that 

the large accessible surface area and well-connected core-shell morphology of 2D 

MnO2 nanoflakes and 1D mesoporous NiTiO3 rods intend to deliver more 

diffusion channels to boost the ion diffusion and improve the energy storage 

capacity.  

6.3.2 Transmission electron microscopy 

The morphology and lattice structure of the MnO2 and NTO were 

evaluated from TEM measurements. Figure. 6.3 (a and b) shows the TEM images 

of MnO2 and NTO extracted from the core-shell heteroarchitecture of 

MnO2@NTO. The MnO2 grew in ultra-thin nanoflakes form has established well-

interconnected networks of few micrometers wide. Whereas the NTO nanorods 

are formed of well crystalline interconnected nanoparticles with clearly visible 
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textural boundaries. The average diameter of the NTO nanoparticle is < 50 nm. 

The interconnected arrangement of these individual nanoparticles provided the 

mesoporous nanorods morphology, which is identical to the FESEM studies 

(Figure. 6.3(a, b)). Over this of mesoporous rods of interconnected NTO 

nanoparticle network, MnO2 nanoflakes are decorated. The HRTEM image 

(Figure. 6.3(c)) revealed the single-crystalline nature of the NTO particles with 

clear domain boundaries and well-oriented lattice fringes. The calculated lattice 

spacing of 0.27 nm represents the lattice plane of (104) for the hexagonal NTO 

crystalline phase, which is consistent with the XRD data (Figure. 6.3(c)). This 

indicates that the large accessible surface area and well-connected morphology of 

synergistic 2D MnO2 nanoflakes and 1D mesoporous NTO rods intend to deliver 

more diffusion channels to boost ion diffusion & improve energy storage capacity.  

 

Figure. 6.3. TEM images of (a) MnO2 nanoflakes and (b) NTO nanoparticles extracted 

from the MnO2@NTO core-shell heterostructure. (c) HRTEM image of NTO 

nanoparticles showing clear lattice fringes.  

6.3.3 X-ray photoelectron spectroscopy 

 

Figure 6.4. Typical high-resolution XPS spectra of the (a) Mn(2p) and (b) O(1s) 

core levels of the mesoporous MnO2@NiTiO3 core-shell heterostructure. The 
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XPS spectra were deconvoluted via the Voigt function within Shirley's 

background.  

Further, the electronic and chemical properties of MnO2@NiTiO3 core-

shell heteroarchitecture are confirmed from X-ray photoelectron spectroscopy 

(XPS) studies. Figure 6.4 shows the high-resolution XPS spectra of Mn(2p) and 

O(1s) core-levels of the MnO2 nanoflakes network forming shell over the core of 

mesoporous NiTiO3 rods. The thicker shell of MnO2 suppresses the XPS signal 

of NiTiO3 microrods, so XPS spectra of Ni(2p) and Ti(2p) are not collected in the 

present case. However, the deconvoluted XPS spectra of Ni(2p) and Ti(2p) core-

levels of NiTiO3 microrods discussed elsewhere confirmed the formation of 

stoichiometric mesoporous NiTiO3 rods composed of nanoparticles. [28] The 

XPS spectrum of Mn(2p) core levels for the MnO2 nanoflakes (Figure 6.4(a)) 

exhibits two distinctive peaks identified as ‘a and b’. The Mn offers several 

oxidations, leading to considerable asymmetry and boarding of the Mn(2p) 

spectra consisting of several double peak contributions. Therefore, the Mn(2p) 

spectrum with double peak features was deconvoluted using the Voigt curve 

function and Shirley background. The deconvoluted spectra explicitly fit for four 

peaks located at a binding energy of 642.23 (≡ a), 645.29 (≡ a′), 653.86 (≡ b), and 

656.94 (≡ b′) eV arbitrate the double peak features of Mn4+(2p3/2), Mn6+(2p3/2), 

Mn4+(2p1/2), and Mn6+ (2p1/2) core levels, respectively. [37] However, much 

higher (~ > 5 times) intensity of the Mn4+(2p3/2) core levels than that of 

Mn6+(2p3/2) core levels illustrate the existence of the negligible amount of Mn6+ 

cations. The spin-orbit splitting of 11.62 and 11.65 eV was observed between the 

Mn4+(2p) and Mn6+(2p) core levels, respectively. Likewise, the O(1s) XPS 

spectrum with compound peak feature was decomposed via Voigt fitting function 

within the Shirley background (Figure 6.4(b)) to confirm the oxidation state of 

MnO2 nanoflakes. The deconvoluted spectra perfectly fit for two peaks located at 

BE of 529.92 and 532.20 eV. The highly intense peak situated at the lower BE of 

529.92 eV corresponds to the O(1s) core level of the O2- anions in the MnO2 

nanoflakes shell. Whereas, low intense peak at a higher BE peak of 532.20 eV is 

attributed to surface contamination, such as carbon oxides or hydroxides. [38-40] 
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This confirmed that the mesoporous NiTiO3 rods are covered with stoichiometric 

MnO2 nanoflakes to form a core-shell heteroarchitecture, i.e., 2D MnO2@1D 

NiTiO3. 

6.3.4 Nitrogen adsorption-desorption isotherm 

 

Figure 6.5. (a) N2 adsorption-desorption isotherm, and (b) BJH pore size 

distribution of the mesoporous MnO2@NiTiO3 core-shell heterostructure. 

The specific surface area and pore size distribution play a significant role 

in the material’s energy storage performance. The Brunaure-Emmett-Teller 

(BET) analysis (Figure 6.5) specifies the mesoporous nature of MnO2@NiTiO3 

core-shell heteroarchitecture. The nitrogen adsorption and desorption isotherm of 

the MnO2@NiTiO3 core-shell structure (Figure 6.5 (a)) illustrates the type IV 

isotherm with a distinct hysteresis loop for P/P0 range of 0.4-1.0. A similar type 

of behavior was observed for NiTiO3 rods composed of interlocked nanoparticle 

morphology. [28] This implies that the MnO2 nanoflakes have retained the 

mesoporous nature of NiTiO3 rods even after forming shells along the rod body. 

Moreover, the more open hysteresis nature of MnO2@NiTiO3 represents the 

improvement in the total number of mesoporous voids after coating the shell of 

MnO2 nanoflakes along the surface of NiTiO3 rods core, in comparison of pure 

NiTiO3 rods. The well-defined interconnected network of 2D MnO2 nanoflakes 

added up voids with the mesoporous NiTiO3 rods while maintaining the 

hexagonal morphology. The pore volume and BET surface area of 

MnO2@NiTiO3 core-shell structure are 0.54 cm3/g and 157.15 m2/g, respectively 

(Figure 6.5(b)). Even though the pores are distributed in the 3.50 to 313.96 nm 
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range, the maximum number of pores are ~ 7.3 nm in size, and the average pore 

size distribution is ~ 3.92 nm. These values are significant than the NiTiO3 rods 

(33.15 m2/g, 17.48 nm). [28] This illustrates that the well-connected network of 

randomly aligned 2D MnO2 nanoflakes over the mesoporous NiTiO3 rods of 

interconnected nanoparticles effectively improved the mesoporous synergy and 

delivered a larger surface area for ion accumulation, which shall escalate the ion 

interactions at the electrolyte-electrode interface deep inside both the shell and 

core structures. Overall, an interconnected network of 2D MnO2 nanoflakes and 

NiTiO3 microrods delivered a mesoporous core-shell structure and offered a 

larger specific surface area for easy/smooth interactions of ions at the electrode-

electrolyte interface deep inside the heteroarchitecture, which is foreseeable to 

boost the energy storage capabilities. 

6.3.5 Contact angle measurements 

 

Figure 6.6. Contact angle measurement showing the interface of the aqueous 

KOH electrolyte of (a) 0.5 M, (b) 1 M, (c) 1.5 M, and (d) 2 M concentration on 

the surface of the mesoporous MnO2@NiTiO3 core-shell heterostructure working 

electrode.  

The electrolyte interface with the MnO2@NiTiO3 controls the intercalation of the 

ions, and thereupon energy storage ability. Therefore, contact angle 

measurements were performed employing various molarities of aq. KOH on 

MnO2@NiTiO3 to understand the surface wettability of the KOH electrolyte at 

the electrolyte-electrode interface. Figure 6.6 shows the surface wettability (i.e., 

contact angle) of the different molarities of aq. KOH electrolytes at the surface of 

MnO2@NiTiO3. The 0.5, 1, 1.5, and 2 M KOH electrolyte delivered the average 

contact angle of 78.2º (Figure 6.6 (a)), 59.7º (Figure 6.6 (b)), 49.7º (Figure 6.6 
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(c)), and 43.9º (Figure 6.6 (d)), respectively. The contact angle of 78.2o observed 

for 0.5 M KOH was reduced remarkably to 49.7º for the 1.5 M KOH, and after 

that, reduced to 43.9o for 2 M KOH. It represents the complying contact of 2 M 

KOH with an electrode surface, which expedites the easy transfer of electrons at 

the interface and boosts energy storage performance. Therefore, the 

electrochemical measurements were carried out using 2 M KOH electrolyte for 

better wettability and lower contact angle. 

6.3.6 Electrochemical analysis 

 

Figure 6.7. Steady-state cyclic voltammograms of (a) Ni-foam, NiTiO3, and 

mesoporous MnO2@NiTiO3 core-shell heterostructure recorded at a scan rate of 

5 mV/s, and (b) mesoporous MnO2@NiTiO3 core-shell heterostructure recorded 

at various scan rates from 5 to 50 mV/s in 2 M aq. KOH electrolyte. (c) The 

variation in the peak current density (ip) and the scan rate (ϑ) of the cathodic peak 

current, and (d) the specific capacitance of mesoporous MnO2@NiTiO3 core-shell 

heterostructure evaluated from the CV curves in (b). 
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The electrochemical studies of MnO2@NiTiO3 core-shell structure were 

performed in a three-electrode system to understand their energy storage 

mechanism in 2 M KOH electrolyte. Figure 6.7 (a) shows the cyclic voltammetry 

curves of the pristine Ni-foam, mesoporous NiTiO3 rods composed of 

nanoparticles, and MnO2@NiTiO3 core-shell heteroarchitecture, recorded at the 

scan rate of 5 mV/s in the optimized applied potential of 0 to 0.6 V (vs. SCE). The 

flat natured CV graph of Ni-foam did not show any evidence for the energy 

storage but confirmed its conducting nature without taking part in the redox 

mechanism directly. Two redox peaks in the CV graphs of mesoporous NiTiO3 

rods represented the existence of Ni2+/Ni+3 and Ti3+/Ti+4 redox couples assisting 

in the energy storage performance of NiTiO3 rods. The energy storage 

performance and mechanism of mesoporous NiTiO3 rods are detailed elsewhere. 

[28] Likewise, a pair of well-defined redox peaks in the CV graph of 

MnO2@NiTiO3 electrode during charging and discharging signifies the reversible 

faradic redox reaction mechanism in the potential range of 0 to 0.6 V (vs. SCE). 

Moreover, the close observation of Figure 6.7 (a) indicates that the current density 

and integral area of the CV curve for the NiTiO3 @MnO2 electrode are apparently 

larger than the NiTiO3 rod electrode. This evidences the improved charge storage 

ability of NiTiO3 rods after forming its heteroarchitecture with 2D MnO2 

nanoflakes (i.e., MnO2@NiTiO3). Figure 6.7(b) shows the CV curves of 

NiTiO3@MnO2 recorded at the scan rate from 5 to 50 mV/s and illustrated the 

pair of distinct redox peaks during charging (i.e., oxidation) and discharging (i.e., 

reduction) are akin to that observed in Figure 6.7 (a). The oxidation and reduction 

peak resulted from diffusion and extraction of OH- ions have shifted at relatively 

higher and lower applied potentials, respectively, with an increase in the sweep 

rate. The oxidation and reduction peak observed for a sweep rate of 5 mV/s has 

red-shifted by 0.13 V (i.e., 0.51 V) and blue-shifted by 0.13 V (i.e., 0.08 V), 

respectively, for a sweep rate of 50 mV/s. This shifting assigned to the reference 

electrode potential and carrier kinetics is analogous to that reported for 

MnO2@ZnFe2O4 multilevel nanosheets, [41] hierarchical NiCo2O4@NiCo2O4 
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core-shell nanoflakes, [42] hierarchical MoS2 nanowires/NiCo2O4 nanosheets, 

[43] mesoporous NiTiO3 microrods, [28] and NiO nanobelt. [10]  

The CV graphs indicate the symmetry of both positive and negative 

current density. Nevertheless, the positive current density appears to be relatively 

much larger than the mesoporous NiTiO3 rods. The larger surface area acts as a 

trap to capture free electrons/ions, which might be the reason for higher current 

density. This indicates that the decoration of randomly aligned 2D MnO2 

nanoflakes over the mesoporous NiTiO3 rods to form a MnO2@ NiTiO3 core-shell 

heteroarchitecture provided a larger surface area than the mesoporous NiTiO3 

rods. The large surface area of MnO2@NiTiO3 perhaps delivers large numbers of 

trap level, where trapping-detrapping of free electrons/ions enhance ionic 

conductivity and hence more current density. The oxidation and reduction peaks 

have attained higher current density with an increase in the scan rate from 5 to 50 

mV/s. The scan rate-dependent current density response of the MnO2@NiTiO3 

core-shell nanostructure morphologies can be expressed from eq 6.1. [44] 

𝑖𝑝 = 𝑎𝜗𝑏 or log(𝑖𝑝) = log(𝑎) + 𝑏 𝑙𝑜𝑔(𝜗)      --(6.1) 

Where, a and b are constants, ν is the scan rate, and ip is the current density. The 

estimated value of b represents the current controlled capacitive process (if b =1) 

and semi-infinite diffusion-limited process. Therefore, the relation between the 

peak current density (ip) and the scan rate (ϑ) is illustrated in Figure 6.7 (c) to 

identify the MnO2@NiTiO3 based electrode type. The linear behavior is observed 

between peak current density and the scan rate. After fitting, the estimated b value 

of MnO2@NiTiO3 for anodic processes was 0.98 (± 0.02), close to 1, justifying 

the capacitive and not diffusion charge storage mechanism in MnO2@NiTiO3 

core-shell heteroarchitecture. Figure 6.7(d) shows the scan rate-dependent 

variation in the specific capacitance of MnO2@NiTiO3 estimated from their 

respective CV curves from the equation.  

𝐶𝑆 =
∫ 𝑖𝑑𝑉

2𝑚𝜗𝛥𝑉
                                             …... (6.2) 

Where, Cs is the specific capacitance (F/g), m is the mass of the active electrode 

materials of NiTiO3@MnO2 core-shell heteroarchitecture (g), υ is the scan rate 

(mV/s), and ∆V is the applied potential range (V), and ∫ 𝑖𝑑𝑉 is the integral area 
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of the CV curve. The MnO2@NiTiO3 delivered much larger specific capacitance 

(i.e., 1054.7 F/g) than the mesoporous NiTiO3 rods (i.e., 542.3 F/g) at a scan rate 

of 5 mV/s. This indicates that redox reaction kinetics was more significant in the 

MnO2@NiTiO3 heteroarchitecture than the mesoporous NiTiO3 rods. 

Furthermore, the evaluated specific capacitance for MnO2@NiTiO3 has decreased 

exponentially with an increase in the scan rate. The calculated specific 

capacitance values linearly varied with the sweep rate. The specific capacitance 

of 1054.7 F/g obtained at a scan rate of 5 mV/s was reduced to 425.8 F/g at a 

higher scan rate of 50 mV/s. The specific capacitance of 1054.7 F/g obtained for 

MnO2@NiTiO3 is relatively larger or comparative to the Mn, Ti, and Ni based 

core-shell and composite materials. [9, 20-24, 45-46] The large Cs value for 

MnO2@NiTiO3 is assigned to the interlaced arrangement of 2D nanoflakes, 

mesoporous 1D rods of interconnecting nanoparticles, and a larger accessible 

surface deep inside the core-shell heteroarchitecture. The slow scan rate provided 

adequate time for the maximum number of OH- ions (or charges) to propagate 

deep inside the core-shell morphology along the surface and textural boundaries 

of both nanoflakes and nanoparticles. Nevertheless, at a high scan rate, the OH- 

ion (or charges) encountered a significant barrier for diffusion deep inside the 

core-shell structure. [7] The larger accessible reaction sites along the well-

interconnected pathways created from the mesoporous arrangement of MnO2 

nanosheets shell and nanoparticle embedded NiTiO3 rods core benefited for easy 

and larger diffusion of OH- ions than that of mesoporous NiTiO3 rods merely.  

Galvanostatic charge-discharge (GCD) studies were performed to 

understand the effect of current density on the energy storage performance of 

MnO2@NiTiO3. Figure 6.8 (a) shows the GCD curve of mesoporous NiTiO3 rods 

and its core-shell structure with MnO2 nanoflakes at the current density of 40 

mA/g. Both GCD curves are akin to each other, indicating a reversible reaction 

mechanism. The charge-discharge time for MnO2@NiTiO3 core-shell structure (≡ 

98 s) is larger than the mesoporous NiTiO3 rods (≡ 27.6 s). The loading of MnO2 

nanoflakes over the mesoporous NiTiO3 rods has enhanced Cs value of 547.7 F/g 

than the NiTiO3 rods (i.e., 249.3 F/g). The 2 fold larger Cs values of 
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MnO2@NiTiO3 core-shell structure than mesoporous NiTiO3 rods are ascribed to 

additional activation sites and conducting paths of interconnected 2D MnO2 

nanoflakes shell over the mesoporous 1D NiTiO3 rod core. Further, the GCD 

curves of MnO2@NiTiO3 core-shell structure were measured at various current 

densities. The charging-discharging time showed an inverse relation with the 

current density (Figure 6.8 (b)). The increased current density resulted in 

faster/more ion diffusion, reducing charging/discharging time.  

The current density dependent specific capacitance values of the 

mesoporous MnO2@NiTiO3 (Figure 6.8 (c)) evaluated from the GCD curves 

using the equation, 

𝐶𝑠 = 𝐼𝑑𝑡
𝑚𝑑𝑣⁄                                 … (6.3) 

Where, Cs is the specific capacitance of the MnO2@NiTiO3 core-shell 

heteroarchitecture (F/g), I is applied current density (A/g), m is the mass of the 

MnO2@NiTiO3 loaded on working electrode (g), and dV/dt is the slope of the 

discharge curve in GCD curve.  

The current density dependent variation in the Cs values is akin to that 

observed from CV curves recorded for various scan rates. The specific 

capacitance of 547.7 F/g observed at the smaller current density of 40 mA/g has 

decreased to 508.8 F/g after increasing the current density to 110 mA/g, which is 

~ 7 % reduction in Cs values against 63 % variation in the current density. This 

signifies the highly stable nature of MnO2@NiTiO3 core-shell heteroarchitecture. 

Moreover, the Cs values of MnO2@NiTiO3 are either analogous or significantly 

higher than the doped, core-shell, or composite materials consisting of Mn, Ti, O, 

and Ni, such as nanotube of Co-doped TiO2 and RGO composite, [47] 

LaMnO3/MnO nanoarrays, [26] Sr doped LaMnO3 spheres, [48] firecrackers like 

β-MnO2@NiCo2O4 nanostructures, [25] porous MnO2-modified diatomite 

structures, [49] and heterostructured MnO2/PEDOT nanowire arrays. [50] The 

electrical properties, textural boundaries, and core-shell interface play a vital role, 

along with the amount of active material and electrolyte in energy storage 

performance.  
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Figure 6.8. GCD analysis of (a) NiTiO3 and MnO2@NiTiO3 core-shell 

heterostructure recorded at a current density of 40 mA/g. (b) GCD cures and (c) 

specific capacitance of mesoporous MnO2@NiTiO3 core-shell heterostructure 

measured at various current densities. 
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6.3.7 Electrochemical impedance spectroscopy 

 

Figure 6.9. (a) Electrochemical impedance spectra (i.e., Nyquist plot) of the 

mesoporous NiTiO3 rods and MnO2@NiTiO3 core-shell heterostructure. (b) The 

capacitance retention of MnO2@NiTiO3 core-shell heterostructure analyzed from 

5000 continuous GCD cycles at a current density of 80 mA/g. 

 

Figure. 6.10. (a) FESEM image and (b) EDS of MnO2@NTO core-shell 

heterostructure after 5000 continuous GCD cycles for the stability study. 

The electrochemical impedance spectroscopic (EIS) studies were 

performed to understand the effect of electrolyte and material resistance in ion 
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diffusion on the MnO2@NiTiO3 core-shell structure. The Nyquist plots of the 

NiTiO3 and MnO2@NiTiO3 core-shell structure measured in the frequency range 

from 1 MHz to 10 Hz are shown in Figure 6.9 (a). The impedance spectra of 

MnO2@NiTiO3 and NiTiO3 are identical to each other with quasi-semicircle in 

the high-frequency region, which signifies that electrolyte resistance, interfacial 

charge transfer resistance, and faradic reaction mechanism are equivalent. 

Furthermore, the impedance spectrum of MnO2@NiTiO3 core-shell is more linear 

than NiTiO3 has shown a quasi-semicircle in the low-frequency region. The 

straight (or linear) portion of impedance spectra observed in both MnO2@NiTiO3 

core-shell and mesoporous NiTiO3 rods was assigned to the Warburg resistance 

and attributed to the diffusion-controlled reaction of OH- ions. The linear portion 

of impedance spectra of MnO2@NiTiO3 shows a larger angle than the NiTiO3, 

indicative of more significant conductivity in MnO2@NiTiO3. [41] This indicates 

that the loading of MnO2 nanoflakes over the NiTiO3 has not resulted in the further 

increase in the interfacial charge transfer resistance [43] but improved 

conductivity by providing a larger accessible surface area in the 2D and 1D 

structural forms deep inside the core-shell structure, resulting in the significant 

improvement in the specific capacitance. The long term cycling performance is 

crucial for the durable performance of the supercapacitors for many practical 

applications. Figure 6.9 (b) shows the GCD cyclic performance of MnO2@NiTiO3 

examined at the current density of 80 mA/g for continuous 5000 cycles in ~ 17 h. 

The Cs has reduced by ~3.18 % for the initial 2500 cycles, and it decreased further 

by 14.7 % more till 5000 cycles, which is better than the mesoporous NTO 

nanorods (i.e., 9 %). [28] The improvement in the stability of MnO2@NiTiO3 

electrode material is mainly attributed to their unique combination of 

interconnected 2D nanosheets encompassing mesoporous 1D NTO rods. Figure. 

6.10 shows the FESEM and EDS analysis of MnO2@NTO core-shell 

heteroarchitectures after stability study for 5000 continuous GCD cycles. The 

surface morphological features in Figure. 6.10(a) depicts that randomly aligned 

MnO2 nanoflakes decorated over NTO rods remained intact without significant 

alterations even after stability study for 5000 GCD cycles. Furthermore, EDS 
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(Figure. 6.10(b)) analysis of MnO2@NTO after stability study showed the 

existence of K, Ni, Ti, Mn, and O elements. The less intense peak assigned to K 

represents its minor existent, which might be due to the irreversible diffusion of 

ions from the KOH electrolyte. This irreversible diffusion has caused a reduction 

in capacitance retention detailed in Figure. 6.9(b). 

6.3.8 Ragone plot  

 

Figure 6.11. Ragone plot of MnO2@NiTiO3 core-shell heterostructure. The 

Ragone plot comprises another Mn, Ni, and Ti based metal oxides are in their pure 

or hetero-structure form. 

Power density and energy density are the two key parameters to 

characterize the performance of the electrochemical supercapacitors. Although it 

is challenging to compare all types of supercapacitor’s performance due to 

different working conditions, like charge-discharge rates, material mass loading, 

and potential window, a rough comparison between the developed electrode and 

documented work can still be made. The Ragone plots Figure 6.11 is the 
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comparative evaluation of energy density and power density of the 

NiTiO3@MnO2 core-shell heteroarchitecture electrode. The MnO2@NiTiO3 

delivered a maximum energy density of 15.8 Wh/kg at a power density of 1822.8 

W/kg and maximum power density of 3892.5 W/kg at an energy density of 8.9 

Wh/kg, which is a significant improvement in comparison to mesoporous NiTiO3 

rods (i.e., 8.0 Wh/kg @ 1349.9 W/kg). Furthermore, the energy and power density 

of MnO2@NiTiO3 is better than various Mn, Ni, and Ti-based metal oxides in its 

pure, mixed, core-shell or composite forms, such as firecracker-like 

MnO2@NiCo2O4 nanostructures, [25] hierarchically porous Ni-Co oxide powder, 

[51] MnO2 particle decorated alkali lignin, [52] hierarchical NiCo2O4 nanosheets 

array over ZnO hollow microrods, [53] amorphous TiO2 thin film conformally 

coated on the graphene and carbon nanotubes, [54] MnO2@PEDOT nanowires 

core-shell structure, [50] hierarchical and porous MnO2-modified diatomites 

structure, [49] hierarchical porous NiO, [55] TiO2 nanoneedles, [8] mesoporous 

La1-xSrxMnO3 perovskite, [56] NiSx nanostructure morphologies, [57] 

NiCo2S4@NiMoO4 Core-Shell nanotube, [58] NiCo2O4 nanosheet decorated 

Cu/CuOx nanowires, [59] NiCo2S4 single-crystalline nanoparticles, [60] NiCo2O4 

nanograss decorated on bio-waste derived porous Carbon fiber, [61] and 

nanocrystalline MnFe2O4/LiMn2O4. [62] The higher specific capacitance, higher 

energy and power density, high cyclic stability, and better capacitance retention 

of MnO2@ NiTiO3 is assigned to enhanced conductivity, incessantly accessible 

activation sites, mesoporous nature, the better interface between the interlocked 

MnO2 nanoflakes and mesoporous NiTiO3 rods. Therefore, the mesoporous 

MnO2@NiTiO3 core-shell heteroarchitecture providing abundant and accessible 

activation sites deep inside holds the potentials to serve as a robust and stable 

electrode for the supercapacitor.  

6.3.9 Computational analysis 

Atomic-level insights into the synergistic effect of interactions in the 

MnO2@NTO heterostructure were gained from first-principles DFT calculations. 

The interface structure and its electronic structure are systematically 

characterized. The NiTiO3 was modeled in the hexagonal ilmenite phase with 
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space group R3 ̅(no. 148) as shown in Figure. 6.12(a). [63] A full unit cell 

relaxation yielded lattice parameters of a =b = 5.057 Å and c = 13.759 Å in close 

agreement with previous reports of Preciado et al. [64] and Xin et al. [65] α-MnO2 

was modeled tetragonal crystal structure with space group I4/m (no. 87) as shown 

in Figure. 6.12(b). The lattice parameters of α-MnO2 were calculated at a = b = 

9.763 Å, c = 2.872 Å, which compare closely with known experimental and 

theoretical reports. [66, 67] From the electronic projected density of states (Figure. 

6.12(c) & (d)), the bandgap of NiTiO3 and α-MnO2 are predicted at 2.56 and 2.42 

eV, respectively. Our calculated bandgaps are consistent with previous reports by 

Xin et al. [65] for NiTiO3 and Sakai et al. [68] for α-MnO2. 

 

Figure. 6.12. (a, b) Crystal structures and (c, d) the corresponding partial density 

of states of the ilmenite hexagonal NiTiO3 and tetragonal α-MnO2.  

The MnO2/NTO heterostructure was constructed with (2×4)-MnO2(100) 

and (2×2)-NTO (001) supercells (Figure. 6.13(a) & (b)), which ensured minimal 

lattice mismatch at the interface (1.82% in the x-direction and < 0.85% in the y-

direction). The optimized geometry of the MnO2/NTO heterostructure is shown 
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in Figure. 6.13(c). The interacting O−Ni distances at the interface are calculated 

to be in the range of 2.034−2.377 Å, indicating strong interface bonding. 

Differential charge density analyses (Figure. 6.14(a)) reveal electron density 

redistribution and accumulation within interface regions, especially within the 

newly formed covalent O−Ni bonds. Overall, a net charge transfer of 1.03 e− was 

predicted from the NTO to the MnO2. As the electrical conductivity and the 

density of states (DOS) at the Fermi level dictates the material’s quantum 

capacitance, the partial density of states (PDOS) of the NTO layer without and 

with MnO2 decoration has been determined as shown in Figure. 6.14(b-c). 

Whereas the isolated NTO layer retains the semiconducting characteristics with a 

bandgap of ~2 eV, the MnO2/NTO heterostructure exhibits metallic conductivity 

enhanced electron density of states at the Fermi level. The improved electrical 

conductivity due to the synergistic interaction between MnO2 and NTO might be 

responsible for the enhanced performance of the MnO2@NTO nanocomposite as 

the electrode in the supercapacitance. 

 

Figure. 6.13. Optimized structures of (a) MnO2(100), (b) NiTiO3(001), and (c) 

the equilibrium structure of the MnO2/NiTiO3 heterostructure.  
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Figure. 6.14. (a) Charge density difference iso-surface contours of the 

MnO2/NiTiO3 heterostructure, where the cyan and yellow regions denote electron 

density accumulation and depletion by 0.03 e/Å3, respectively. PDOS of (b) 

isolated NiTiO3(001) and (c) MnO2/NiTiO3 heterostructure.  

6.4 Conclusion 

In conclusion, we have demonstrated the synthesis and utilization of NTO@MnO2 

core-shell heteroarchitecture as an electrode for supercapacitors. The 1D NTO 

nanorods synthesized by the sol-gel technique were decorated with randomly 

arranged 2D MnO2 nanoflakes utilizing a hydrothermal synthesis protocol. The 

heteroarchitecture of 2D MnO2@1D NTO possesses an average pore size 

distribution of 3.92 nm throughout the structure. XPS analysis revealed the 

significant existence of Ni2+/Ni+3, Ti4+/Ti3+, and Mn4+/Mn6+ to boost the energy 

storage performance of the MnO2@NTO core-shell structure. The large 

accessible surface area and well-connected morphology of synergistic 2D MnO2 

nanoflakes and 1D mesoporous NTO rods confirmed the sufficient penetration of 

electrolyte ions deep inside the heteroarchitecture and hence assisted in enhancing 

the specific capacitance. The working electrode made of NTO@MnO2 core-shell 

heteroarchitecture exhibits excellent capacitive performance in terms of specific 
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capacitance (1054.7 F/g), specific power of 3892.5 W/kg, and specific energy of 

15.7 Wh/kg, specific power (1822.8 W/kg), specific energy (i.e., 15.7 Wh/kg), 

and longer cycle life (85.3 % for 5000 cycles). The intact surface morphological 

futures observed even after continuous 5000 GCD cycles confirmed the stable 

performance of the MnO2@MTO core-shell structure. The experimental results 

were corroborated by DFT calculations, which showed improvement in the 

electrical conductivity of the MnO2@NTO heterostructure due to the synergistic 

interactions between MnO2 and NTO. Consequently, the large specific energy at 

a high specific power delivery rate and excellent cycling stability enables the core-

shell structure composed of MnO2 nanoflakes along the mesoporous NTO rods to 

be a suitable electrode material for supercapacitor applications.  
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Chapter 7 

Summary and Conclusions 

 

 

Chapter 7 includes the summary and conclusion of the thesis work. 

Through my research work, I learned that synthesizing various 

mesoporous nanostructure morphologies and forming core-shell 

heterostructures can enhance the performance of the supercapacitor. This 

thesis work is focused on synthesizing the various mesoporous 1D 

nanostructures of the binary, ternary metal oxides and further subjected 

to form the core-shell heterostructure. The prime importance is given to 

synthesizing a variety of nanostructures and utilization of electrochemical 

energy storage performance. This thesis enabled me to explore unique 

NiO nanobelts and their application to electrochemical supercapacitors. 

Further, this thesis enabled the design of unique mesoporous ATiO3 (A=Ni 

and Co) one-dimensional perovskite nanostructures using a cost-effective 

chemical route, which is helpful for a variety of industrial applications. 

The materials are unique because these types of materials are not well 

explored for energy storage applications. This thesis also enabled the 

synthesis of the heteroarchitecture of 2D MnO2 shell and 1D NiTiO3 

perovskite core and studied the electrochemical performance.  
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7.1 Summary and Conclusions 

The low electrical conductivity and slow ions diffusion in bulk have hampered 

the practical usage of transition metal oxides as electrode material for supercapacitor. 

However, the variety of nanostructure morphology, high surface area, and high 

theoretical specific capacitance of transition metal oxides has attracted the scientific 

community to explore their compatibility for further enhancement. The introduction of 

defects and control over the interface at the nanoscale are explored approaches to enhance 

energy storage performance. The nanostructured morphology of transition metal oxides 

has been observed to enhances the reaction sites and reduce the ion diffusion length. 

Especially, well-designed mesoporous morphologies that hold two or three-dimensional 

(3D) interconnected pores of 2-50 nm diameter have been accepted as the most promising. 

The ordered mesoporous metal oxides have numerous advantages over the bulk form in 

the electrochemical field, such as high surface area furnishes numbers of charge storage 

sites, interconnected mesopores facilitate the diffusion of electrolyte ions, nanometer-

sized walls develop small crystallites and grain boundaries, and porous structures act as 

a host for loading high capacitance guest materials. Therefore, investigation of the 

electrochemical properties of mesoporous transition metal oxides is essential and urgent 

to improve energy storage performance. The nanosized perovskite metal oxides with the 

ABO3 formula are considered a promising replacement for binary metal oxides in the 

supercapacitor. The structural stability of the cations, oxygen ion mobility, and vacancies 

mediate the redox mechanism in the perovskite. Moreover, the presence of multiple 

transition metal ions in the perovskite structure shall apprehend distinct charge storing 

mechanisms and hence capable of delivering the breakthrough performance of the 

supercapacitor. However, most of the studies are focused on Lanthanum based 

perovskites owing to their better electrical conductivity. Even though few reports are 

available on the synthesis of Ni, Co, Mn, and Ti-based perovskite nanostructures, none 

of them are focused on synthesizing one-dimensional mesoporous nanostructure for 

utilization as the working electrode in the supercapacitor. 1D nanostructural 

morphologies provide direct pathways for electron/ion transfer at the electrode-

electrolyte interface. The mesoporous form adds a larger surface area to the 1D 

morphology and may improve the electrochemical performance. Therefore, mesoporous 
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1D morphologies of ATiO3 (where A = Ni and Co) are explored for their electrochemical 

energy storage performance. Therefore, I have focused on synthesizing the mesoporous 

1D nanostructures of the binary and ternary metal oxides consisting of Ni, Ti, Co, and 

Mn elements. The prime importance is given for the optimized synthesis of 1D 

mesoporous structures comprised of nanostructure morphologies, which were further 

subjected to confirm their electrochemical energy storage performance. The unique NiO 

nanobelts are explored as a working electrode for electrochemical supercapacitors. 

Further, CoTiO3 and NiTiO3 perovskites are explored to gain better energy storage 

performance. The 1D mesoporous morphologies of these perovskites were synthesized 

using a cost-effective chemical route. Moreover, heteroarchitecture of best performing 

NiTiO3 perovskites as core and the 2D MnO2 nanosheets as the shell has been explored 

to enhance energy storage performance. Thus, the thesis work is divided into three major 

parts such as the mesoporous 1D NiO nanostructures, mesoporous 1D ATiO3 (A = Ni and 

Co) perovskite nanostructures, and 2D MnO2@1D NiTiO3 as core-shell 

heteroarchitecture. The summarized conclusions of my research are as follows 

The large area arrays of morphology-controlled NiO nanostructures were 

synthesized on ITO coated glass substrates via a hydrothermal synthesis approach. The 

irregular morphologies of nickel oxide (NiO) are transformed into the mesoporous 

nanobelts and further altered into the nanoflakes by controlling the hydrothermal reaction 

for different time intervals such as 6, 12, 18, 24, and 48 h. This morphology-controlled 

methodology is explored to enhance the specific capacitance (Cs) and the energy density 

of the NiO nanostructures (Figure 7.1). The nanobelts and nanoflakes of NiO with an 

average width of ~74 nm and ~215 nm organizes the thickness of film ~5.8 and 2.7 m, 

respectively. The mesoporous NiO nanobelts with clearly visible textural boundaries 

deliver reasonably higher surface area (i.e., 40.572 m2/g) and pore size distribution (i.e., 

~19.7 nm) than that of nanoflakes and irregular morphologies, which offer easy access to 

larger surface-active sites and assisted the substantial diffusion of OH- ions. Therefore, 

perforated mesoporous NiO nanobelts offer a higher specific capacitance of 794 F/g than 

the nanoflakes of 146 F/g and asymmetrical morphologies of 742 F/g. Moreover, 

mesoporous NiO nanobelts exhibited exceptional charge-discharge performance in an aq. 

2M KOH electrolyte and delivered energy density of 57 Wh/kg, power density of 2963 
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W/kg, and 88.6 % retention in capacitance even after continuous 2500 charge-discharge 

cycles. The interlocking network of well-associated mesoporous NiO nanobelts provided 

excellent electrochemical reversibility and recommends its potential as electrode material 

for the supercapacitor with ultra-high rate capabilities and high energy density. Overall, 

the well-ordered methodology of altering mesoporous nanobelts from asymmetrical 

morphologies and further transforming them into 2D nanoflakes have unlocked a new 

path towards enhancing the charge storage mechanism and its employment in the hybrid 

supercapacitor. 

 

Figure 7.1. 1D nanobelts (right panel) and 2D nanosheets (left panel) morphology of NiO 

has significantly controlled the pseudocapacitive performance in the KOH electrolyte. 

The perforated and interlocked mesoporous structure of NiO nanobelts have delivered 

higher power density and energy density (middle panel) than that of nanosheets.  

The mesoporous cobalt titanite (CoTiO3) microrods incorporating interlocked 

nanoparticles with clearly visible textural boundaries are synthesized by the sol-gel 

technique (Figure 7.2). The CTO nanoparticles of average diameter ~ 59 nm 

hierarchically organized in the hexagonal form delivered mesoporous microrods of 

average diameter ~ 800 nm and the average pore size distribution of 3.919 nm throughout 

the microrod body. The CTO nanoparticles of mesoporous rods are of the hexagonal 

crystalline phase to the space group of R-3. The interconnection of CTO nanoparticles 

resulted in the formation of mesoporous rods with increased textural boundaries offered 

a larger surface area for considerably greater diffusion of OH- ions, further leading to 
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larger specific capacitance (Cs) in an aq. 2 M KOH electrolyte. The diffusion-controlled 

access to the OH- ions (0.27 s) deep inside the rod structure offers an energy density of 

9.77 Wh/kg and power density of 4835.7 W/kg. Furthermore, the outstanding cyclic 

stability up to 1950 continuous charging-discharging cycles with the capacitance 

retention of 82.3 % suggests the mesoporous CTO microrods as an efficient working 

electrode material for the supercapacitor. 

 

Figure 7.2. The interconnection of CTO nanoparticles resulted in the formation of 

mesoporous CTO rods with increased textural boundaries (left panel), offered 

significantly larger diffusion of OH- ions deep inside the rod structure, and delivered a 

specific capacitance of 608.4 F/g (right panel), the specific power of 4835.7 W/kg, and 

specific energy of 9.77 Wh/kg.  

The mesoporous nickel titanite (NiTiO3) rods encompassing hierarchically 

interlocked nanoparticles were synthesized by the sol-gel synthesis route (Figure 7.3). 

The NTO nanoparticles of diameter ~ 30 nm hierarchically arranged in the hexagonal 

form delivered mesoporous rods of the average pore size distribution of 17.481 nm 

throughout the rod body. The hierarchical interlocking of NTO nanoparticles resulted in 

the formation of mesoporous microrods with increased textural boundaries offered a 

higher surface area for significantly larger diffusion of OH- ions, further leading to 

improved specific capacitance (Cs) of 542.26 F/g in optimized 2 M aq. KOH electrolyte 

solution. The diffusion-controlled easy access to the OH- ions (20.4 s) deep inside the 

rod body through the mesoporous gained energy density of 8.06 Wh/kg and power density 

of 4320 W/kg. Moreover, the cyclic stability up to 2100 cycles with the capacitance 
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retention of 91 % projected the mesoporous NiTiO3 rods as capable electrode material 

for the supercapacitor with stable performance.  

 

Figure 7.3. Mesoporous nickel titanate rods encompassing hierarchically interlocked 

nanoparticles (inset of left panel) provided diffusion-controlled easy/faster and enhanced 

access to the OH- ions deep inside the rod body (inset of right panel) and delivered highly 

stable long-life cycle (left panel) up to 2100 cycles with partial reduction in the charge 

diffusion mechanism (right panel). 

The best performing mesoporous NTO has been explored to form nano-hetero-

architectures with promising MnO2 nanosheets as electrode materials for supercapacitors 

to enhance the specific capacitance and cyclic stability further. The heteroarchitecture of 

MnO2@NTO possesses an average pore size distribution of 3.92 nm throughout the 

porous structure. XPS analysis revealed the insignificant existence of Ni2+/Ni+3, Ti4+/Ti3+, 

and Mn4+/Mn6+. It confirmed the formation of sufficient penetration of electrolyte ions 

and helped to enhance the specific capacitance. The electrode made of NTO@MnO2 core-

shell heteroarchitecture works under a voltage window of 0.6 V and exhibits excellent 

capacitive performance in terms of power density, energy density, and cycle life. The 

NTO@MnO2 achieves a higher density of 15.7 Wh/kg at a power density of 1822.8 W/kg, 

which is much larger than the NTO microrod (Figure 7.4). The large energy density at a 

high power delivery rate and excellent cycling stability enables the NTO@MnO2 to be a 

suitable electrode material for pseudocapacitor applications. 
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Figure 7.4. The synergistic heteroarchitecture of interlinked 2D nanoflakes and 1D mesoporous 

rods of interconnected nanoparticles provided relatively larger access for ions to diffuse deep 

inside and delivered excellent energy storage performance as the electrode. 

Overall, this study reports the electrochemical energy storage performance of 

three different morphological forms of mesoporous metal oxides, i.e., nanobelts, rods 

composed of interconnected nanoparticles, and core-shell heteroarchitecture of 

nanoflakes and rods. The mesoporous morphologies have assisted in improving the 

electrochemical performance compared to their solid morphologies reported in the 

literature. However, a comparison of the observed results in this study (Table 7.1) 

indicates that the core-shell heteroarchitecture of 2D MnO2 nanoflakes and 1D NiTiO3 

mesoporous rods have delivered higher specific capacitance, larger specific energy 

density, better specific power density, and excellent cyclic stability than the pristine NiO 

mesoporous nanobelts, NiTiO3 mesoporous rods and CoTiO3 mesoporous rods. 

Table 7.1 Comparison of energy storage performance of the electrode materials explored 

in the present study. 

Electrode material 
Cs  

(F/g) 

E  

(Wh/kg) 

P  

(W/kg) 

Cs retention 

(% @ 2000 cycles) 

NiO nanobelts 794 57 2963 88.6 

CoTiO3 perovskite 608.4 9.77 4835.7 82.3 

NiTiO3 perovskite 542.3 8.06 4320 91 

NTO@MnO2 1054.7 15.7 3892.5 90.4 
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7.2 Future scope 

Supercapacitors have several futuristic applications, which include (i) the 

transportation industry, (ii) consumer electronics as backup energy sources for mobile 

phones and computers, and (iii) temporary backup power in uninterrupted power supply 

systems (UPS). Further supercapacitors have shown promising application for critical-

load operations, like the banking sector, hospitals, cell phone towers, airport control 

towers, etc., due to their ability to provide power within milliseconds to a few seconds, 

and effectively bridge the power outage and generator. Moreover, the hybridization of 

the supercapacitor is expected to challenge the battery. Therefore, one should look to 

improve the specific energy and power density of the supercapacitor in the near future. 

The present electrochemical energy storage studies signify that mesoporous NiO, 

CoTiO3, NiTiO3, and MnO2@NiTiO3 materials delivering excellent specific capacitance 

and long cyclic stability, shall be competent electrode materials for hybrid 

supercapacitors. Nevertheless, some of the key findings gave further links to explore 

replacement for A (i.e., divalent metal ions) in ATiO3 perovskites and their nano-hetero-

architectures with different combinations, such as: 

1. Study the effect of MnO2 and NiO shell layer over mesoporous CTO rods in the 

electrochemical energy storage performance. 

2. Explore the mesoporous ATiO3 (A= Zn, Fe) perovskites, where A can be Mn, Cu, 

Fe, Zn, etc., as a working electrode electrochemical supercapacitor. 

3. Study the effect of doping at A sites in the overall electrochemical performance 

of ATiO3 perovskites.  

4. These ATiO3 materials shall be competitive candidates for applications in water 

splitting, photocatalysis, and gas/ humidity sensors. 




