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1.1  INTRODUCTION 

For many decades, fossil fuels have been the dominant source of energy in the global 

economy. Fossil fuels, including coal, oil, and natural gas, are formed from the remains of 

dead plants and animals that have been buried and subjected to high heat and pressure over 

millions of years. Increasing population and unchecked industrial growth have also led to 

increased energy consumption by releasing unwanted agents that deteriorate the planet's 

ecological balance.1 With fossil fuels potentially running out and greenhouse gas emissions 

affecting the environment, global demand for sustainable energy solutions has 

increased.2,3   The most promising solutions for these problems are renewable energy 

resources, such as solar, hydro, and wind energy.4,5 Due to large fluctuations in production, 

electricity from renewable energy sources must be stored efficiently to meet the world's 

energy needs.6,7  

Among various energy-storage devices, batteries and supercapacitors are the two most 

prominent electrochemical energy storage technologies, as illustrated in the Ragone plot 

(refer figure 1.1) , which compares energy density in W h kg-1 against power density in W 

kg-1.8,9 Consumer electronics widely use lithium-ion batteries because they have a high 

energy density (approximately 250 W h kg-1).10 However, batteries generate heat and form 

dendrites when operated at high power because of sluggish electron and ion transport, 

leading to serious safety issues.11,12 Alternatively, supercapacitors (SCs), also known as 

electrochemical capacitors, can supplement or even replace batteries in some applications 

since they have high power, rapid charging, and long cycle lives (over 100,000 

cycles).13,14  Due to these advantages, SCs have increased interest, where high power density, 

fast charging, and high cycling stability are needed.15 Supercapacitors can be found in 

various applications related to the transportation sector, including heavy-duty vehicles and 

regenerative braking systems.14,16 Even though commercially available supercapacitors can 

deliver much higher energy densities (5 W h kg-1) than traditional solid-state electrolytic 

capacitors, this performance is still well below batteries (up to 200 W h kg-1) and fuel cells 

(up to 350 W h kg−1).17 Consequently, supercapacitors have not been widely adopted, and 

research has been ongoing to find ways to improve the energy-storage capability of 

supercapacitors without sacrificing their power density or cycling stability.18 
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Figure 1.1: Ragone plot depicting the energy and power performance of various energy 

storage technologies. 

1.2  HISTORY OF SUPERCAPACITORS 

The discovery of the mechanism of charge storage sparked the development of 

supercapacitors. During the mid-18th century, a capacitor was demonstrated for the first time. 

The first capacitor was invented by German cleric Ewald Georg von Kleist in 1745 and a 

Dutch scientist Pieter van Musschenbroek in 1746 independently and was named a "Leyden 

Jar".8   Electrostatics was fundamentally advanced by the discovery of the Leyden jar, which 

was used to conduct many early electrical experiments.19,20 This device was the first to allow 

large amounts of electric charge to be accumulated and stored, which could be discharged at 

the experimenter's discretion, thus breaking through an early barrier to electrical conduction 

research.21 In addition to this conceptual framework, a concept for storing static electricity at 

the interface between a solid electrode and a liquid electrolyte developed. This was over 100 
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years before the invention of the battery in 1880, which introduced the concept of an electric 

double layer.8 (refer figure 1.2)    

Figure 1.2: Historical timeline of supercapacitor development. 

Until the 19th century, static electricity was a topic of little understanding. Helmholz was the 

first person to explore the capacitor's electrical charge-storage mechanism in 1853, and he 

designed the first electric model using colloidal suspensions.22 Many pioneering interfacial 

electrochemists of the 19th and early 20th centuries developed the modern theory of electric 

double-layer capacitance between metal electrodes and liquid electrolytes, including Gouy, 

Chapman, Stern, and Grahame.23 It was not until 1954 that H. I. Becker of General Electric 

filed for the first electrochemical capacitor patent.24 A porous carbon electrode containing an 

aqueous electrolyte was described in this patent as the first energy storage device with an 

interfacial electric double layer for storing electricity. Although the patent was never 

commercialized, it was a pathbreaker for the production of supercapacitor devices.8 

Following a license agreement with SOHIO, Nippon Electric Corp. (NEC) introduced the 
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world's first electrochemical capacitor in 1978, dubbed "SuperCapacitor", and is still being 

incorporated in clock ships and several memory devices.25 

Based on RuO2, a new electrochemical capacitor was developed in 1971, called a 

pseudocapacitor, that used Faradaic processes to store and deliver charge.26 A new method of 

enhancing the charge-storage capacity of electrochemical capacitors was made possible by 

the discovery of pseudocapacitance. Based on the discovery of pseudocapacitance, a high-

performance supercapacitor based on ruthenium oxide pseudocapacitance was developed in 

the 1980s by the Pinnacle Research Institute (PRI) called the PRI Ultracapacitor and was 

used in many military applications.27 As part of the Electric and Hybrid Vehicle Program, the 

U.S. Department of Energy (DOE) began supporting a long-term supercapacitor study that 

aimed to develop high energy density supercapacitors for electric drivelines in 1989. 

Maxwell Technologies Inc., a world leader in supercapacitor manufacturing, subsequently 

contracted with the DOE to develop high-performance supercapacitors for numerous 

applications.8 The amount of research on supercapacitors has steadily increased since 2000, 

owing to a growing demand for high-power, high-reliability, and safe energy-storage 

devices.  

1.3 TYPES OF SUPERCAPACITORS AND THEIR MECHANISMS 

In general, supercapacitors work similarly to conventional capacitors.28 In supercapacitors, 

electrodes have a higher surface area than in conventional capacitors, and an electrolyte 

solution separates the electrodes using a separator.29 A supercapacitor can be divided broadly 

into two classes based on its working mechanism  as (a) electrochemical double-layer 

capacitors (EDLCs) and (b) Pseudocapacitors, a combination of the two is known as hybrid 

supercapacitors.28 

1.3.1 Electric double-layer capacitors 

EDLCs were developed by Standard Oil Company of Ohio in 1966 and are the simplest and 

most common supercapacitors.30 They consist of symmetrical cell structures containing two 

high-surface-area carbon electrodes separated by a nonaqueous electrolyte. As suggested by 

its name a double-layer of electric charge forms at all electrode/electrolyte interfaces, as 

illustrated in figure 1.3. An EDLC’s specific capacitance can be maximized by using 
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lightweight electrode materials with high surface areas, such as activated carbon, while the 

operating voltage can be maximized by using nonaqueous electrolytes with a wide stable 

potential window.31 Manufacturers/suppliers of EDLCs offer a variety of formulations 

ranging from small single-cell 2.7 V capacitors with a few farads to integrated modules 

operating at voltages relevant to large-scale applications (e.g., 125 V).32  Despite growing 

acceptance in the commercial marketplace, EDLC researchers continue to develop and adapt 

new electrode materials and electrolytes at both fundamental and applied levels. Many forms 

of nanostructured carbons are being explored as alternatives to activated carbon, including 

aerogels, nanotubes, carbide-derived carbons, and graphene, all aiming to improve specific 

energy while maintaining high specific power.33–36 There is also an investigation into 

advanced electrolytes to extend the operating voltages of EDLCs and improve specific 

energy simultaneously.37 Despite these advancements, EDLCs have fundamentally limited 

specific energies because they rely primarily on double-layer capacitance for charge storage, 

which limits their application.38 

Figure 1.3: EDLC and pseudocapacitive charge storage mechanisms. 
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1.3.2 Pseudocapacitors 

In pseudocapacitors, charges are stored electrostatically between electrodes and 

electrolytes.39 The electrode material of a pseudocapacitor undergoes both reduction and 

oxidation when subjected to a voltage.40 During this process, the charge passes across the 

electro-active material, resulting in a faradaic current passing through the material of the 

supercapacitor electrodes.41 As illustrated in figure 1.3, it is possible to circumvent the 

limitations of double-layer capacitance by selecting active materials that undergo rapid and 

reversible electron-exchange reactions near the electrode surface. Compared to EDLCs, 

pseudocapacitors achieve higher specific capacitances and energy densities through the 

faradaic process.42  Often, such materials exhibit broad and symmetric charge-discharge 

profiles reminiscent of those generated by double-layer capacitance, and for this reason, they 

are referred to as pseudocapacitors.43 The most well-known pseudocapacitance material is 

ruthenium oxide, but many other transition metal oxides, metal nitrides, and conducting 

polymers demonstrate similar electrochemical performance.44–46 

1.4 ELECTROCHEMICAL ENERGY STORAGE BASED ON 

TUNGSTEN OXIDE AND MOLYBDENUM OXIDES 

Electrochemical energy storage devices have grown in popularity due to rapid advancements 

in portable electronics and electric vehicles.47,48 In addition to offering a high energy density 

and fast charging/discharging rates, supercapacitors are regarded as promising high-

efficiency energy storage systems with significant commercial potential. Electrical double-

layer capacitors (EDLCs) and pseudocapacitors are the two mechanisms through which 

supercapacitors can store energy.49 EDLCs, such as carbon-based EDLCs, produce low 

specific capacitance due to reversible adsorption of ions at the electrode-electrolyte 

interface.38 Second, Faradaic charge storage can be achieved through reversible redox 

reactions, giving rise to pseudocapacitors.50 Pseudocapacitance is known to occur in 

transition metal oxides. One of the most widely explored pseudocapacitive material is 

ruthenium oxide, which has a high theoretical (1400-2000 F g-1) and practical capacitance 

(350-500 F g-1).51 However, due to its high cost and toxicity, it is not widely applicable in 

practical situations. The charge storage properties of various transition metal oxides and 
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conducting polymers have been investigated, including manganese oxide, vanadium oxide, 

iron oxides, cobalt oxide, nickel oxide, tungsten oxides, molybdenum oxides, polypyrrole, 

polyaniline, etc.52 In this list, Tungsten and molybdenum oxides rank relatively high due to 

their ability to switch between the oxidation states of +6 and +5 during electrochemical 

reactions, their low cost, and their environmentally friendly nature, which can also be further 

improved by nanostructuring as shown in figure 1.4.53      

Carl Wilhelm Scheele, who discovered that tungstic acid could be made from scheelite in the 

late 1700s, is credited for discovering the chemistry of tungsten.54 Later in 1783, Juan José 

Elhuyar and Fausto Elhuyar found an acid produced from wolframite that allowed them to 

isolate tungsten.55 Research on tungsten and its compounds has increased since 

then. Additionally, WO3 has been identified as a candidate for various other applications, 

including photocatalysis, gas sensing, electrochromic, dye-sensitized solar cells, 

electrocatalysis, etc.56–59     The low electrical conductivity of WO3 remains a significant 

shortcoming despite its popularity as a promising candidate for many applications. WO3 must 

possess high conductivity and a high capacity to store and deliver a large amount of charge to 

be considered an ideal supercapacitor.60 The electronic and structural properties of WO3 and 

its defects can be tuned to enhance its specific characteristics. In defect engineering, oxygen 

vacancies are the most pervasive defect types in WO3.
53 Experimental, and theoretical studies 

have shown that oxygen vacancies in WO3-x structures are highly conducive to electrode 

reactions while dramatically improving their conductivity.61,62 There has been evidence that 

redox oxidation states (W5+/W6+) and oxygen deficiencies improve charge-storage 

performance by improving the electrochemical activity and introducing more active sites that 

enhance charge transfer dynamics between the electrolyte and the WO3 matrix.53,60 Thus, to 

improve the charge-storage performance of WO3, it is most desirable to introduce defects 

such as oxygen vacancies in the material. (refer figure 1.3). 

A very versatile oxide with similar characteristics to WO3 is Molybdenum oxide (MoO3). 

Molybdenum chemistry was also pioneered by Carl Wilhelm Scheele and has been used for 

various applications, such as catalysis, sensors, optoelectronics, electrochromics, and charge 

storage.63–65 It is one of the most adaptable and functional transition metal oxide.66 There are 

various stoichiometric forms of MoO3, starting with the full stoichiometric MoO3 to the more 
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conducting MoO3-x (2 < x < 3).67 As oxygen defects are induced, Mo6+ ions can be reduced to 

Mo+5 and finally Mo4+ (MoO2).
68 To date, several liquid- and vapor-phase approaches have 

been used to synthesize and deposit these oxides to satisfy the research and 

commercialization needs.69 Molybdenum oxides have been fabricated into a variety of 

structures, including quantum dots, nanorods, nanobelts, two-dimensional sheets, and 

nanotubes, among others.70–73 The crystal form of MoO3 is found most commonly in its 

orthorhombic, monoclinic, and hexagonal phases, which form from the side and corner-

sharing of MoO6 octahedrons.74 In the expanding world of flatland materials, orthorhombic 

MoO3 has already been introduced as a stratified material, which can be exfoliated into two-

dimensional planes with tremendous potential for energy storage technologies.75 

 

Figure 1.4: Classification and significance of nanostructured materials. 

1.5 CRYSTALLOGRAPHIC CHARACTERISTICS OF WO3 

The structural diversity of WO3 is particularly notable. In stoichiometric WO3, phase 

transitions and structural polymorphism are known to occur. The ideal WO3 crystal structure 

consists of a ReO3-like structure. WO3 polymorphs are a result of distortion from the cubic 

structure of ReO3 (refer figure 1.5 A).76  In this structure, oxygen atoms surround cations, 

resulting in an octahedral arrangement that appears as a 3D network of corner-sharing WO6 

octahedra, whose arrangement results in a simple cubic symmetry. The WO6 octahedron 
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consists of tungsten atoms at its center and oxygen atoms at the corners. WO2 and oxygen 

planes are alternately disposed of in the main crystallographic direction to form the crystal 

network. Due to the tilting of WO6 and the subsequent translation of the W atoms from the 

center of the octahedra, WO3 has less symmetry than ReO3.
51 Furthermore, the different 

crystal structures of WO3 are temperature-dependent. The WO6 octahedra undergo a 

displacement of the central W atoms by changing the temperature, which exhibits various 

polymorphic forms.     Monoclinic I (γ-WO3) is the most common phase of WO3 that is stable 

at room temperature. Temperature range of 17-330°C is optimal for the stability of this 

phase.  There are two other crystallographic phases of WO3 below room temperature: 

monoclinic II (ε -WO3) at temperatures below -43°C and triclinic (δ-WO3) at temperatures 

between - 43°C and 17°C. If γ-WO3 is exposed to temperatures above 330°C, it transforms to 

orthorhombic (β-WO3), which is stable at 740°C. Above 740℃, the orthorhombic phase is 

converted to tetragonal (α-WO3). At high temperatures, both the orthorhombic and tetragonal 

phases of WO3 are stable, but upon cooling, they tend to revert to a monoclinic phase (γ-

WO3).
77 This phase transformation is caused by the tilting angle of the WO6 octahedra, while 

the interatomic distances and angles remain nearly unchanged.78 Figure 1.5 A shows some of 

these crystal structures. 

As shown in figure 1.5 B, the oxygen vacancies induced in the crystal structure during 

crystallization lead to the non-stoichiometric WO3-x (i.e., 2 ≤  x < 3). Glemser and Sauer first 

identified the non-stoichiometric tungsten oxide.81,82 They demonstrated that by introducing 

oxygen vacancies, the WO3 phase structure could be changed to WO2.9. WOx (x = 2.63-2.91), 

a non-stoichiometric tungsten compound with oxygen deficiency, can be divided into several 

well-defined sub-oxides with differing W to O ratios such as. W32O84 (WO2.625), W3O8 

(WO2.667), W18O49 (WO2.72), W17O47(WO2.765), W5O14(WO2.8), W20O58(WO2.9), W2O5, WO2, 

and W25O73(WO2.92) and they are known as Magnéli phases (refer figure 1.5 B).80  The 

crystal structure of WO2.62 and WO2.66 is orthorhombic; monoclinic for WO2.72, WO2.765, 

WO2.9, and WO2.92; and tetragonal for WO2.8. Magnéli phases can also be formed through the 

reduction of monoclinic WO3. This reduction process results in the change from corner-

sharing of the WO6 octahedra to edge-sharing as the oxygen vacancies increase.83 

Additionally, the edge-sharing WO6 octahedra with channels form hexagonal tunnels and 

pentagonal columns in these sub-oxides. With partially reduced W5+ species, the lattice 
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structure of WOx can uphold considerable oxygen deficiency. Sub-oxides become highly 

metallic and conductive when they hold sufficient oxygen vacancies.84 In addition, oxygen 

vacancies affect the number of free electrons and the Fermi level of WOx as well as the 

energy gaps. Several recent studies indicate that these properties increase with the increase in 

non-stoichiometry.85,86 

Figure 1.5: Classification of WO3 based on (A) Crystal phases [Reprinted with permission 

from ref.79, Copyright (2010), AIP Publishing] and (B) Stoichiometry [Reprinted with 

permission from ref. 80, Copyright (2010), AIP Publishing]. 

Nanostructuring also plays a crucial role in improving energy storage in tungsten oxide, 

along with defect engineering. The nonstructural design of WO3 endows several key features, 

such as the generation of kink sites, exposing electrochemically active facets, heterostructure 

formation, and porosity generation.87 (refer figure 1.4). Researchers have reported a wide 

variety of nanostructures of WO3 with dimensions ranging from 0D to 3D, such as spherical 

nanoparticles, nanoclusters, nanorods, nanotubes, nanobowls, nanosheets, sponge-like, 

wedge-like, snowflake-like, etc.87,88 During the formation of each of these synthesized 
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structures, unique experimental conditions and methods are required. This has been discussed 

in more detail in section 1.8. 

1.6 CRYSTALLOGRAPHIC CHARACTERISTICS OF MOO3 

Figure 1.6: Classification of MoO3 based on (A) Crystal phases and (B) Stoichiometry 

[Reprinted with permission from ref.89, Copyright (2017), AIP Publishing]. 

Based on the octahedron building block of MoO6, the two most common crystal phases of 

MoO3 are the thermodynamically stable i.e., orthorhombic α-phase and the metastable 

monoclinic β-phase.90 Both of these phases possess distinctive physical and chemical 

properties, such as refractive indices, conductivity, bandgap energies, and mechanical 

hardness.91 Another phase that has been observed is the metastable high-pressure phase 

MoO3-II, also known as ε -MoO3, and the slightly more stable phase, hexagonal h-MoO3 

(refer figure 1.6 A).89,92 Orthorhombic α -MoO3, has a well-known layered crystal structure, 

which has the capability of creating two-dimensional (2D) morphologies.93 They are formed 

from double layers of linked and distorted MoO6 octahedra arranged in an atomically thin 

layer with a thickness of ≈0.7 nm.93,94 A distance of 1.4 nm separates two layers of Mo 

atoms.89 Double-layered sheets of distorted MoO6 octahedra form edge-sharing zigzag rows 
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along the [001] direction, while corner-sharing rows follow the [100] direction.95 It is 

apparent that the distorted MoO6 octahedra are held together by weak van der Waals forces, 

which result in stratification.96 In contrast, the internal interactions between the octahedra are 

determined by strong covalent and ionic bonds.97 Non-stoichiometric molybdenum with 

oxygen deficiency MoOx can form a number of well-defined sub-oxides with average 

valences between 6.0 (MoO3) and 4.0 (MoO2) (i.e., Mo18O52, Mo17O47, Mo9O26, Mo8O23, 

Mo5O14, and Mo4O11).
98 Figure 1.6 B shows some of the non-stoichiometric crystal structures 

of MoO3-x.  

1.7 ROLE OF ION INTERCALATION AND ELECTROCHEMICAL 

CHARGE STORAGE  

Innovative technologies like hybrid vehicles, electronics, and storage technologies have 

significantly improved over the past couple of decades.99 Tungsten and molybdenum oxides 

are especially good at storing charges and exhibiting electrochemical stability compared to 

other electrode materials.100,101 In addition, they possess unique physico-chemical properties 

which are attributed to their modified crystal structures, as discussed earlier, making them 

highly effective electrode materials.102 The oxidation state of W and Mo changes between 6+ 

and 5+ (sometimes 4+) at the surface of an electrode during an electrochemical process, 

which involves reversible redox reactions.60,103 The charge transfer and storage processes that 

are responsible for WO3 and MoO3 electrode’s supercapacitor properties can be explained by 

the following reversible chemical reaction:53,77 

MO3 + 𝑥A+ + 𝑥𝑒− ↔ AxMO3             (1) 

M represents the metal atom (either W or Mo), the cation is represented by A (such as H+, 

Na+, Li+, and K+), e represents electrons, while the number of charged species is represented 

by x. The main factors that influence the charge storage properties of WO3 and MoO3 

include; i) the current collector-electrolyte interface electron transport mechanism, ii) the 

charge transfer resistance of the W and Mo ions, iii) the insertion mechanism of A+ ions into 

the metal oxide matrix.104 These factors create an alteration in the oxidation state of W and 

Mo. Furthermore, their morphological characteristics, crystallinity, electroactive surface area, 

and conductivity all influence the charge storage properties of these oxides.51 The 
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intercalation-deintercalation process also causes chromaticity in these oxides.105,106 As a 

result of the color change associated with these oxides, electrochromic supercapacitors are 

now a reality.107,108 One example of this application has been demonstrated by Gao and Co-

workers, who developed large-scale electrochromic energy storage devices based on WO3 

nanosheets.109  The color-modulated charge storage device had high color efficiency, ultra-

fast response times, and a long cycle life based on Li intercalation.  

1.8 NANOSTRUCTURED WO3 FOR SUPERCAPACITOR 

APPLICATIONS  

As discussed in the previous sections, WO3 is a well-suited material for energy storage 

systems due to its unique physical and chemical properties, which are primarily influenced 

by the nanostructure of the material.102 Thus, tuning the nanostructure is paramount to 

maximizing the potential of WO3 as a supercapacitor.  There have been several reports on 

nanostructured WO3 synthesized using different synthetic methodologies. This section 

describes some of the unique nanostructures of WO3 synthesized using different synthesis 

routes and how they have been explored for their charge-storage properties.  Table 1.1 

presents an overview of some of the reported WO3 morphologies for supercapacitors.      

A widely accepted method for synthesizing WO3 nanoparticles is the sol-gel method.110  This 

method utilizes the unique chemistry of tungsten to form the tungstic acid sol and its 

subsequent conversion into the gel phase.111 Sol-gel synthesis, for example, has been used in 

the production of WO3 nanoparticles, an example of which is the work by Kusuma and co-

workers.112  They used graphite substrate and spin-coated it with WO3 nanoparticles obtained 

by the sol-gel method and could obtain a specific capacitance of 233.6 F g-1 at a scan rate of 

2 mV s-1. The wet chemical synthesis route is an alternative strategy for producing WO3 

nanostructures (mostly hydrated WO3). An example of this is the wet chemical method 

followed by a post-annealing method used by Walke and co-workers to produce WO3 

nanoplates.113  It was interesting to note that the WO3 synthesized at the post-annealing 

temperature of 200°C exhibited remarkable specific capacitance of 606 F g-1 at a current 

density of 1 A g-1. Through wet-chemical synthesis, the same group also produced 

hierarchical flowers of hydrated WO3 that yielded a specific capacitance of 457 F g-1 at a 
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scan rate of 2 mV s-1.114 Furthermore, they have also produced hydrated WO3 3D slabs that 

could provide a specific capacitance of 386 F g-1 at a scan rate of 2 mV s-1.115   

Using chemical bath deposition technique which is another wet chemical method, Lokhande 

and co-workers created thin films consisting of disk-like WO3.
116 At a current density of 7 

mA cm-2, the thin films demonstrated a high specific capacitance of 725 F g-1. Lee and co-

workers designed a mesoporous WO3 material using KIT-6 which is a mesoporous molecular 

sieve template.117 When tested at a current density of 1 mA cm-2, the ordered WO3 showed a 

specific capacitance of 199 F g-1 along with good rate capabilities. The higher specific 

capacitance associated with WO3 whenever the wet chemical method is utilized is associated 

mainly with confined water in the crystal structure of WO3. Due to this confinement, van der 

Waals gaps develop in the layered crystal structure, allowing the easy insertion of ions and 

enhancing charge storage. 

The electrodeposition and atomic layer deposition techniques are also very interesting 

techniques that have been largely used to synthesize 3D and ordered WO3 architectures.118,119 

An example of this is the work by Mai and co-workers who used an electrodeposition 

technique to fabricate WO3 nanoflowers.120 Ti foil was used as a scaffold and substrate for 

the electrodeposition of WO3. The nanoflowers demonstrated a specific capacitance of 196 F 

g-1 at a scan rate of 10 mV s-1. The WO3 nanoflowers also exhibited an excellent energy 

density of 0.53 mW h cm-3 and a power density of 229.3 mW cm-3 when assembled into an 

asymmetric device (NFL-WO3//TiO2@C@PPy). Zhuiykov and co-workers developed 2D 

WO3 electrodes using atomic layer deposition.121 In their study, 0.7 nm thick films of 2D 

WO3 were synthesized, which gave a specific capacitance of 650.3 F g-1 at a current density 

of 1.5 A g-1. However, their capacitance retention was limited (65.8%) to about 2000 cycles.  

The hydro/solvothermal method is another widely used method for synthesizing WO3 

nanostructures.     This technique uses high pressure and temperature conditions to promote 

nanostructured designs under closed systems.122 Many reports have described the fabrication 

of nanostructured WO3 electrodes using hydrothermal techniques for supercapacitor 

applications.123 Lei and co-workers, for instance, synthesized WO3 nanorod bundles that 

performed well as negative electrodes in an asymmetric device, demonstrating energy 

densities of 35.3 W h kg-1 and power densities of 314 W kg-1, respectively.124 It was 
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concluded in their study that the conductivity of the material and greater diffusion rates of 

ions were primary factors responsible for the device's performance. In another investigation, 

Walke and co-workers synthesized mixed-phase hydrated WO3 nanorods with hexagonal 

tunnels aligned along the (020) plane that displayed a specific capacitance of 539 F g-1 at a 

scanning rate of 2 mV s-1.125 Upon assembly into an asymmetric supercapacitor device, it 

could yield a power density of 800 W kg-1 at an energy density of 43.7 W h kg-1. They 

concluded that a combination of the WO3 nanorod's morphological features which in turn 

allowed for improved wettability, and effective diffusion of protons into the WO3 

nanotunnels were responsible for the high electrochemical performance of the material. 

A study by Wang and co-workers examined the impact of crystallinity on WO3 

supercapacitor performance. 126 They used hydrothermal synthesis to produce low-crystalline 

(LC) WO3 nanorods. A comparison of the supercapacitor performance of low-crystalline 

WO3 and highly-crystalline WO3 was conducted. Electrochemical kinetic analysis revealed 

that LC-WO3 exhibited a capacitive-dominated charge storage mechanism, resulting in 

enhanced rate capabilities. Therefore, the LC-WO3 demonstrated superior supercapacitor 

performance with a specific capacitance of 474 F g-1 at a current density of 0.1 A g-1.     Dai 

and co-workers used the hydrothermal technique and synthesized mesoporous WO3 

microspheres composed of self-assembly of nanofibers.127 They demonstrated that the WO3 

microspheres were capable of delivering a specific capacitance of 797 F g-1 at a current 

density of 0.5 A g-1. The unsymmetric supercapacitor device assembled using these WO3 

microspheres exhibited an energy density of 97.61 W h kg-1 at a power density of 28.01 kW 

kg-1.  

Li and co-workers synthesized hydrous hexagonal WO3 using a hydrothermal technique and 

using it, developed a mixed protonic-electronic conductor.128 They achieved excellent 

capacitance retention of 100% even after 50000 cycles with a specific capacitance of 496 F g-

1. The high capacitance retention attributed to a highly reversible proton insertion/desertion 

mechanism at the electrode. Additionally, in situ XRD was used to study the process, which 

revealed the dominance of (002) and (200) reflections for both charge and discharge 

processes. In addition to maintaining its "breathable" property, h-WO3 did not show any 

phase transformations.  In terms of material stability, this intern minimized mechanical and 
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chemical stresses on the material. This gives the material a significant advantage over 

previously reported WO3 nanostructures. Liu and co-workers also used the hydrothermal 

method to produce self-assembled pancake-like WO3.
129  With a current density of 0.37 A g-

1, the pancake-like WO3 exhibited a specific capacitance of 605.5 F g-1
, and capacitance 

retention of 100% after 4000 cycles. Zhi and co-workers synthesized hexagonal nanopillars 

made of WO3 that demonstrated a specific capacitance of 421.8 F g-1 at a current density of 

0.5 A g-1.130  

The comparison between nanostructured WO3 electrodes and conventional nanoparticles has 

shown that the former is capable of demonstrating superior specific capacitance, which 

means that it can store more electrical energy per unit of mass compared to conventional 

nanoparticles. This is a promising finding that can lead to more efficient energy storage 

capabilities of supercapacitor devices. Furthermore, the research also revealed that the use of 

nanostructured WO3 electrodes led to improved electrochemical stability compared to the 

use of conventional nanoparticles. Electrochemical stability is crucial for the longevity of 

supercapacitor devices since it measures how well a material can withstand repeated charging 

and discharging cycles without degrading its performance. Despite these promising results, it 

is still necessary to improve the WO3 nanostructures to commercialize supercapacitor 

devices on a large scale. In particular, the electrical conductivity of the WO3 nanostructures 

needs to be improved, as this characteristic is critical for efficient electrical current flow in 

supercapacitor devices. Enhancing the electrical conductivity can lead to faster charging and 

discharging times, as well as higher overall efficiency of the supercapacitor. Another 

challenge that needs to be addressed to commercialize WO3 nanostructure-based 

supercapacitor devices is improving their electrochemical stability. While nanostructured 

WO3 electrodes exhibit better electrochemical stability than conventional nanoparticles, 

further improvements are necessary to ensure the long-term performance and reliability of 

the supercapacitor devices. Lastly, the surface area of the WO3 nanostructures also needs to 

be improved. The surface area of the electrode material is critical for energy storage in 

supercapacitors since it determines the amount of electrolyte that can come in contact with 

the electrode material. Increasing the surface area of the electrode material can, therefore, 

lead to a higher energy storage capacity of the supercapacitor devices. 
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1.9 NANOSTRUCTURED MoO3 FOR SUPERCAPACITOR 

APPLICATIONS  

Analogues to WO3, MoO3 has also gained much attention for being an excellent 

intercalating/ pseudocapacitive material.133 The uniqueness of MoO3 lies in its crystal 

structure which is formed from bilayer stacking which endows it with intercalation 

channels.134 It has been thoroughly proven that weak van der Waals interactions link bilayers 

in MoO3 with an interlayer spacing of 0.69 nm.135 This large interlayer spacing offers 

sufficient diffusion path for intercalation-deintercalating a range of foreign ions, thus making 

it an interesting charge storage material.136 MoO3 as a supercapacitor has been reported with 

a variety of controlled morphologies and sizes ranging from nanoparticles to three-

dimensional structures using an array of different synthesis approaches. It has been 

summarized in detail in table 1.2. 

Among all the different approaches used to synthesize MoO3, the hydrothermal technique is 

the most widely utilized one.137 Using flexible temperature and pressure conditions, this 

method allows for the forced hydrolysis of the reactant precursor for crystallization. MoO3 

obtained from the hydrothermal route are known for their high phase purity along with 

morphological control.138 Both of which are beneficial when it comes to charge storage. An 

example of this is the elm seed line mesoporous MoO3-x nanosheets synthesized by Nan and 

co-workers.139 They demonstrated high pseudocapacitive performance of their material 

which could yield a specific capacitance of 1480 F g-1 at a current density of 5 A g-1. They 

also showcased that their material did not show any decay in the capacitance retention even 

after 10,000 cycles which was scanned at a scanning rate of 100 mV s-1. When assembled 

into an asymmetric supercapacitor device, the MoO3-x nanosheets delivered an energy density 

of 143 W h kg-1 at a power density of 2010 W kg-1.  

Along similar lines with a slight temperature modification to the synthesis protocol Cao and 

co-workers synthesized an oxygen vacancy enriched MoO3-x nanobelts via the hydrothermal 

method.140 They developed asymmetric supercapacitors based on the nanobelts, utilized 

H2SO4 with ethylene glycol as a novel electrolyte, and could achieve a specific capacitance 

of 1220 F g-1 at the current density of 50 A g-1. When assembled into an asymmetric 

supercapacitor device the MoO3-x nanobelts delivered an energy density of 111 W h kg-1 at a 
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power density of 803 W kg-1. In a recent investigation by Wang and co-workers, they 

synthesized MoO3 nanorods and demonstrated them for dual, electrochromic, and capacitor 

performance.141 They demonstrated that their MoO3 nanorods alonwith excellent 

electrochromic performance with 67% high transmission contrast, also showed good 

capacitor performance with a specific capacitance of 650 F g-1 at a current density of 1 A g-1. 

Additionally, the material exhibited a capacitance retention of 98.5% even after 10,000 

cycles. Warsi and co-workers used the hydrothermal technique to achieve in situ 

hydrogenation of MoO3 nanowires which resulted in enhancement of its supercapacitor 

performance.142 They demonstrated that the hydrogenation of MoO3 nanowires could yield a 

specific capacitance of 168 F g-1 at a current density of 0.5 A g-1. The hydrogenated MoO3 

demonstrated a capacitance retention of 97% after 3000 cycles. 

Nanostructured MoO3 for supercapacitors have been synthesized using the chemical bath 

deposition method as well, which utilizes the process of heterogeneous nucleation in order to 

deposit thin films of MoO3 onto a suitable substrate.143 For instance, Lokhande and co-

workers have reported hexagonal architectured MoO3 thin films and demonstrated them for 

supercapacitor applications.144 They could achieve a specific capacitance of 194 F g-1 at a 

scanning rate of 5 mV s-1 with capacitance retention of 100% after 1000 cycles. Recently, as 

a modification to the classical chemical bath deposition method, Tezel and co-workers have 

produced MoO3 thin films through a bio-chemical bath deposition method.145 This was 

achieved by mixed catalase and invertase enzymes in the chemical bath solution prior to 

deposition. The thin films synthesized using this technique exhibited a specific capacitance 

of 460 F g-1 at a scanning rate of 50 mV s-1. 

Electrodeposition is another interesting technique reported in the literature for producing 

MoO3 for supercapacitors.146 For instance, Zhao and co-workers have recently produced a 

MoO3 electrode using the electrodeposition technique which works within a widened 

electrochemical potential window.147 The electrode exhibits a capacitance of 186 µAh cm2 

and has capacitance retention of only 65% after 100 cycles. When assembled as a symmetric 

supercapacitor device, the electrodeposited MoO3 delivered an energy density of 22 W h kg-1 

at a power density of 301 W kg-1. Spray pyrolysis is another technique largely utilized for 

synthesizing MoO3 thin films for a variety of applications such as memory devices, gas 
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sensing, and photochromics however, there are very few reports on supercapacitors. One 

such report is by Mane and co-workers, who deposited polycrystalline MoO3 thin films over 

a fluorine-tin oxide (FTO) substrate at various deposition temperatures.148 These films were 

then demonstrated for their charge storage performance and could exhibit a specific 

capacitance of 1249.2 F g-1 at a current density of 6 A g-1. Additionally, the MoO3 thin films 

exhibited capacitance retention of 85% even after 5000 cycles.  

However, since most of the methods employed for synthesis include methods such as 

hydrothermal, chemical bath deposition, electrodeposition, spray pyrolysis, etc. are not 

economically practicable for large-scale industrial production. In addition, the supercapacitor 

performance is also very limited in terms of long-term stability and energy delivery. 

Therefore, it has become imperative to develop a simple and scalable methodology by which 

nanostructured WO3 and MoO3 with high conductivity and improved electrochemical cycling 

stability can be made for application in supercapacitors.  

The motivation for this thesis was provided by the need to improve energy storage 

technology and find alternatives to traditional fossil fuel-based power sources. The focus of 

the thesis was on designing nanostructured WO3 and MoO3 materials for supercapacitor 

applications, which are promising candidates for energy storage due to their high power 

density, fast charging times, and long cycle lives. The design of several nanostructured WO3 

and MoO3 materials for supercapacitor applications was the core objective of this thesis. The 

major aims of this thesis are listed in section 1.10 in light of the literature review above. The 

outcome of the systematic research methodology employed to achieve the above objectives is 

discussed in detail in individual chapters 2-4. Finally, chapter 5 provides an overall summary 

of the findings of these investigations. The research presented in this thesis provides a 

valuable contribution to the field of energy storage technology and highlights the potential of 

nanostructured WO3 and MoO3 materials for supercapacitor applications. By demonstrating 

the importance of specific design parameters in optimizing the electrochemical performance 

of these materials, this thesis provides a framework for future research and development in 

the field of energy storage. 
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1.10 THESIS OBJECTIVES 

➢ To synthesize nanostructures of WO3-x and perform their detailed material 

characterization.  

➢ To synthesize WO3-x/C microfibers and perform their detailed material 

characterization.  

➢ To synthesize 2D MoO3-x microplates and microdisks and perform their detailed 

material characterization.  

➢ To synthesize 3D MoO3-x microflowers and perform their detailed material 

characterization.  

➢ To evaluate the synthesized materials for their charge storage performance. 
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2.1  CHEMICALS USED 

Sodium tungstate dihydrate (Na2WO4.2H2O, 99%), Ammonium heptamolybdate 

((NH4)6Mo7O24.4H2O, 99%), Urea (CH4N2O, 99%), Citric acid monohydrate (C6H8O7.H2O, 

99%) were purchased from Spectrochem Pvt. Ltd. Hydrochloric acid (HCl), and Sulphuric 

acid (H2SO4) were purchased from Fisher Scientific, India. N-Methylurea (C2H6N2O, 97%), 

and Tetramethylurea (C5H12N2O) were acquired from Sigma-Aldrich. Carbohydrazide 

(CH6N4O, 97%), Semicarbazide hydrochloride (CH5N3O.HCl, 99%), Toray Carbon paper 

(TGP-H-60), Acetylene black, Poly (vinylidene fluoride) [-CH2CF2-]n and Polyvinyl alcohol 

[-CH2CH(OH)-]n  were purchased from Alfa Aesar and N-Methyl-2-pyrrolidone (C5H9NO) 

was purchased from S D Fine chemicals limited. All the chemicals used in this study were of 

reagent grade and were used as received from commercial sources without further 

purification. 

2.2  EXPERIMENTAL: SYNTHESES STRATEGIES & PROCEDURES 

2.2.1 Synthesis of WO3 nanoparticles 

Sodium tungstate dihydrate (2.84 g) was added to 20 mL of deionized water with stirring for 

10 minutes to form a clear solution. 30 mL of 2M HCl was added dropwise to this solution in 

order to form a colloidal gel of tungstic acid at a constant stirring speed of 1200 RPM. This 

gel was washed to remove Na+ and Cl- ions by centrifugal filtration. The tungstic acid gel 

was digested on an oil bath at 90°C for 6 h. The obtained semi-solid precipitate was calcined 

in air using a preheated muffle furnace at a temperature of 550°C for 2 h. 

2.2.2 Synthesis of 1D WO3-x nanorods 

Tungsten acid gel free from Na+ and Cl- was prepared using similar procedure mentioned in 

2.2.1. Urea (14.27 g) was dissolved separately in 20 mL of deionized water. The urea 

solution was added dropwise to the tungstic acid gel under constant stirring at 1200 RPM, in 

order to form the colloidal tungstic acid-urea hybrid gel precursor. The pH of the hybrid gel 

was maintained at 2 using 2 M HCl.  The hybrid gel was digested on an oil bath at 90°C for 3 

h. The obtained semi-solid precipitate was calcined in air using a preheated muffle furnace at 

a temperature of 550°C for 2 h. 
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2.2.3 Synthesis of 2D WO3-x microsheets 

In the process of synthesizing 2D WO3-x microsheets, the methodology described in section 

2.2.2 was followed with all other experimental parameters being kept the same. However, the 

only variation made in the process was that the calcination temperature was changed to 

650°C. This alteration in the calcination temperature was performed in order to study the 

effect of sintering on the properties of the resulting WO3-x. 

2.2.4 Synthesis of 3D WO3-x microstructures 

The synthesis of the 3D WO3-x microstructures was performed by following the methodology 

described in section 2.2.2, with all other experimental parameters being kept constant. After 

the digestion stage, the obtained semi-solid precipitate was subjected to calcination in air, 

which was performed using a preheated muffle furnace. The calcination was carried out at a 

specific temperature of 450°C for a duration of 4 to 6 hours, which was necessary for the 

transformation of the semi-solid precipitate into 3D WO3-x microstructures.  

2.2.5 Effect of synthesis pH and calcination temperature on the growth of 1D WO3-x 

nanorods 

The synthesis involved keeping all other parameters constant, as detailed in section 2.2.2, 

while varying the pH of the hybrid gel using either 2 M HCl or 2 M NH4OH in the range of 1 

to 10. The calcination temperature was also varied between 150°C to 650°C. The resulting 

materials were then analyzed to determine the effects of these variations on their 

morphological characteristics. 

2.2.6 Effect of metal to SDA ratio on the WO3-x morphologies 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.2 and only varying the metal : urea ratio from 1:1 to 

1:10.  

2.2.7 Effect of substituted ureas on the morphology of WO3-x 

The process of synthesis of WO3 was carried out using a methodology described in section 

2.2.2, while making sure to maintain all other experimental parameters constant. However, 
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the only modification made was the substitution of urea with one of the following substituted 

ureas: N-methylurea, tetramethylurea, carbohydrazide or semicarbazide. This alteration in the 

synthesis process was performed in order to investigate the effect of these different 

substituted ureas on the morphology of WO3-x. 

Figure 2.1: General synthesis scheme for preparing nanostructured WO3-x. 

2.2.8 Synthesis of 3D WO3-x/C microfibers using citric acid 

Tungsten acid gel free from Na+ and Cl- was prepared using similar procedure mentioned in 

2.2.1. Citric acid monohydrate (9.52 g) was dissolved separately in 20 mL of deionized 

water. The citric acid solution was added dropwise to the tungstic acid gel under constant 

stirring at 1200 RPM, in order to form the colloidal tungstic acid-citric acid hybrid gel 

precursor. The pH of the hybrid gel was maintained at 2 using 2 M HCl.  The hybrid gel was 

refluxed on an oil bath at 100°C for 6 h. The obtained semi solid precipitate was calcined in 

air using a preheated muffle furnace at a temperature of 450°C for 2 h. 

2.2.9 pH dependent synthesis of 3D WO3-x/C microfibers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.8 and only varying the pH. The pH was varied in range 

of 1-10 using either 2 M HCl or 2 M NH4OH. After digestion the obtained semi solid 

precipitate was calcined in air using a preheated muffle furnace at a temperature of 450°C for 

2 h. 
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2.2.10 Temperature dependent synthesis of 3D WO3-x/C microfibers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.8 and only varying the calcination temperature from 

150 to 550°C.  

2.2.11 Effect of metal to SDA ratio on the growth of 3D WO3-x/C microfibers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.8 and only varying the metal : citric acid ratio from 1:1 

to 1:10.  

Figure 2.2: General synthesis scheme for preparing WO3-x/C microfibers and hierarchical 

structures. 

2.2.12 Synthesis of MoO3-x nanoparticles 

Ammonium heptamolybdate (1.22 g) was dissolved in 10 mL of deionized water with stirring 

for 15 minutes. Then, 15 mL of 2 M hydrochloric acid was added dropwise to the above 

solution while stirring constantly at a speed of 1200 RPM. The pH of the solution was 

adjusted to 2 using 2 M HCl. The resulting mixture was digested on an oil bath at a 

temperature of 90°C for 8 hours. After the digestion process, a semi-solid precipitate was 

obtained, which was subsequently calcined in air using a preheated muffle furnace at a 

temperature of 550°C for 2 hours. 
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2.2.13 Synthesis of 2D MoO3-x microplates  

Ammonium heptamolybdate (1.22 g) was dissolved in 10 mL of deionized water with stirring 

for 15 minutes. 15 mL of 2 M HCl was added dropwise to the above solution at a constant 

stirring speed of 1200 RPM. 7.99 g of urea was dissolved separately in 20 mL of deionized 

water. The urea solution was added dropwise to the ammonium heptamolybdate solution. 

The pH of the mixture was maintained at 3 using 2 M HCl throughout the synthesis and the 

solution mixture was digested on an oil bath at 90°C for 8 h. The obtained semi-solid 

precipitate was calcined in air at temperatures ranging from 150 to 650°C for 2 hours using a 

preheated muffle furnace. 

2.2.14 Synthesis of 2D MoO3-x microdisks 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.13 and only changing the synthesis pH to 5. 

2.2.15 Influence of synthesis pH on MoO3-x morphologies 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.13 and only varying the synthesis pH from 1 to 10 

using either 2 M HCl or 2 M NH4OH.  

2.2.16 Influence of calcination temperature on MoO3-x morphologies 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.13 and only varying the calcination temperature from 

150 to 650°C. 

2.2.17 Effect of metal to SDA ratio on MoO3-x morphologies 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.13 and only varying the metal : urea ratio from 1:1 to 

1:10.  
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2.2.18 Effect of using substituted ureas as structure directing agents on the morphology 

of MoO3-x 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.13 and replacing urea with substituted ureas (N-

methylurea, tetramethylurea, carbohydrazide or semicarbazide). 

Figure 2.3: General synthesis scheme for preparing MoO3-x microstructures. 

2.2.19 Synthesis of 3D MoO3-x microflowers using citric acid 

Ammonium heptamolybdate (1.22 g) was dissolved in 10 mL of deionized water with stirring 

for 15 minutes. 15 mL of 2 M HCl was added dropwise to the above solution at a constant 

stirring speed of 1200 RPM. Furthermore, citric acid monohydrate (7.99 g) was dissolved 

separately in 20 mL of deionised water. The citric acid solution was dropwise added to the 

ammonium heptamolybdate solution under vigorous stirring at 1200 RPM. The pH of the 

mixture was maintained at 2 throughout the synthesis using 2M HCl and the solution mixture 

was refluxed on an oil bath at 100°C for 8 h. The obtained semi-solid precipitate was 

calcined in air at 550°C for 2 hours using a preheated muffle furnace. 

2.2.20 pH dependent synthesis of 3D MoO3-x microflowers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.19 and only varying the synthesis pH from 1 to 10 

using either 2 M HCl or 2 M NH4OH.  
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2.2.21 Temperature dependent synthesis of 3D MoO3-x microflowers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.19 and only varying the calcination temperature from 

150 to 650°C. 

 

2.2.22 Effect of Mo to SDA ratio on the morphology of 3D MoO3-x microflowers 

The synthesis was performed by keeping all other experimental parameters similar to the 

methodology described in section 2.2.19 and only varying the metal : citric acid ratio from 

1:1 to 1:10.  

Figure 2.4: General synthesis scheme for preparing MoO3-x microflowers.  

2.3 INSTRUMENTATION 

The principles of different instrumental techniques used in this thesis have been presented in 

brief in this section. 

2.3.1 Characterization techniques 

In order to fully understand the properties and potential applications of the synthesized nano 

and microstructured catalysts, a range of characterization techniques were utilized to analyze 

the physical and chemical properties of the materials. These techniques included 

Thermogravimetric-Differential Thermal Analysis (TG-DTA), Infrared Spectroscopy (IR), 

Powder X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy-Dispersive 

X-ray Spectroscopy (EDS), High Resolution-Transmission Electron Microscopy (HR-TEM), 
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N2-adsorption-desorption isotherm studies (BET), CHNS analysis, Raman spectroscopy, 

Electron Paramagnetic Resonance spectroscopy (EPR), and X-ray Photoelectron 

Spectroscopy (XPS). In order to provide a comprehensive overview of the methods and 

techniques utilized in this study, the principles and associated equations of each technique 

have been summarized and presented below. 

2.3.1.1 Thermogravimetric Differential Thermal Analysis (TG-DTA) 

TG/DTA analysis is a method of thermal analysis in which the mass and the temperature 

changes associated with the sample are measured over time as the temperature is increased 

with a fixed heating rate and under a controlled gaseous environment.1 A TG/DTA analyzer 

is capable of characterizing multiple thermal properties simultaneously of a sample. In the 

TG component, temperatures at which substances decompose, reduce, or oxidize are 

measured. The TG technique can accurately measure the weight losses associated to 

decomposition, oxidation, or any other physical or chemical changes in the material. While 

the differential thermal analysis also referred to as "DTA" identifies whether or not the 

decomposition process is endothermic or exothermic.  

In DTA, the difference between the sample temperature (Ts) and the reference temperature 

(Tr), usually alpha alumina is measured.2 Thermal events are mapped by a plot of Ts – Tr 

over a programmed temperature range that shows peaks or step changes. Furthermore, the 

DTA can measure temperatures related to phase changes where no mass loss is involved, 

such as melting, crystallization, or glass transitions.  In the present study a hyphenated TG-

DTA instrument was used for performing the thermal analysis. The instrument used was a 

thermogravimetric analyzer (NETZSCH STA 409PC-LUXX) operated in an air atmosphere 

at a fixed heating rate of 5 °C min-1. 

2.3.1.2 Infrared Spectroscopy (IR) 

Infrared spectroscopy measures a sample's vibrational spectrum by passing IR radiation 

through it and measuring the wavelengths absorbed.3 Chemical compounds such as metal 

precursors, oxides and also other chemical compounds can be studied and identified for their 

functional groups using this technique. When a beam of infrared light is passed through a 

sample to record its infrared spectrum, absorption occurs when the IR frequency matches the 
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vibrational frequency of a chemical bond which is associated with a change in dipole 

moment of a molecule. Only those molecules that undergo a change in dipole moment when 

interacting with IR radiations are termed as IR active. 

At each frequency (or wavelength), the transmitted light shows how much energy has been 

absorbed. The collected data is processed using fourier transformation, and then a 

transmittance or absorbance spectrum is generated.5 Infrared spectrums are represented as 

graphs charting infrared radiation absorbance (or transmittance) on the y-axis versus 

wavelength, frequency, or wavenumber on the x-axis.4 In the present study SHIMADZU 

FTIR Prestige-21 spectrophotometer was used for the analysis. For all the IR analysis the 

samples were first finely ground with KBr and then mounted on the sample holder for the 

analysis. The IR spectra were recorded in the vibrational frequency regime of 4000-400 cm-1. 

2.3.1.3 Powder X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a very useful analytical technique that is primarily used to 

identify phases of crystalline materials and can also provide information about phase purity, 

average crystallite size, crystal structure, etc.6 In XRD, a material is irradiated with incident 

X-rays, and then the X-rays that leave it are measured for intensity and scattering angle. It is 

based on the constructive interference of monochromatic X-rays with crystalline samples. By 

using a cathode ray tube, monochromatic X-rays are generated, filtered, collimated, and 

directed at the sample. A sample interacting with incident rays produces constructive 

interference when Bragg's Law is satisfied: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃              (2.1) 

In the above equation n is an integer, 𝜆 is the wavelength of X-rays, d is the inter planner 

spacing and 𝜃 is the diffraction angle. According to this law, electromagnetic radiation 

wavelength is related to the diffraction angle and the lattice spacing in an crystalline 

samples.7 By scanning the sample through a range of 2θ angles, diffracted X-rays are 

detected, processed, and counted. In the present study the phase and structure of the samples 

were investigated using a RIGAKU ULTIMA IV X-Ray diffractometer using Cu Kα as 

target source having 𝜆=1.5418 nm and using a Ni filter. The samples were recorded from the 

angles 20 to 80° with the scanning step speed of 0.02. 
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2.3.1.4 Scanning Electron Microscopy (SEM) & Energy Dispersive X-ray spectroscopy 

(EDS) 

The scanning electron microscope (SEM) is a popular tool for studying or analyzing surface 

morphology of the samples.8 A SEM produces high resolution images of a sample by 

detecting high energy electrons emitted from a sample surface after an electron gun shoots a 

highly focused beam of electrons at it. A SEM objective lens focuses the electron beam onto 

a small spot on the sample surface. In order to achieve the best quality images, variables such 

as accelerating voltage, aperture size, and working distance between sample and electron gun 

can be optimized. Different types of electron detection enable different types of imaging and 

analysis, each providing valuable information. A contrast can be generated based on the 

backscattered electrons. Whereas, secondary electron emission can provide information 

about the surface topography of the sample.9  

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique that is widely used to 

characterize and quantify materials in terms of their chemical and elemental composition.10 

The technique involves the use of an electron beam with an energy of 10-20 keV that strikes 

the surface of a conducting sample, which then emits X-rays whose energy depends on the 

composition of the sample. Electrons are focused into the specimen in order to stimulate the 

emission of characteristic X-rays. In an atom at rest, electrons are bound to the nucleus at 

discrete energy levels. When an electron in an inner shell is excited by the incident beam, it 

may be ejected from the shell, creating an electron hole. When an electron from an outer 

shell fills the hole, the difference in energy between the shell with higher energy and the one 

with lower energy is released as an X-ray.  

An energy-dispersive spectrometer is used to measure the number and energy of the emitted 

X-rays from the specimen. Since the energy of X-rays is determined by the difference in 

energy between the two shells and by the atomic structure of the emitting element, EDS can 

be used to determine the elemental composition of the sample. In the present work, the 

morphologies of the nano and microstructured catalysts were observed using scanning 

electron microscopy (SEM) with the Carl-Zeiss JSM-5800LV instrument, which was coupled 

with the Ametek edx PV6500 EDS system to enable the determination of the elemental 

composition of the catalysts. 
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2.3.1.5 High Resolution Transmission Electron Microscopy (HRTEM) and Selected 

Area Electron Diffraction (SAED) analysis 

In transmission electron microscopy electrons are transmitted through a specimen and as the 

beam passes through the sample, electrons interact with the sample to form an image. After 

amplification, the electron transmission pattern is focused onto an imaging device, such as a 

fluorescent screen, photographic film, or a charge-coupled device with a scintillator attached. 

It is possible to see morphology, size distribution, crystal structure, strain, defects in 

materials down to the atomic level through TEM.   Electron-sample interaction is the source 

of all information derived from TEM.  The TEM sample must be thin enough to allow 

electrons to transmit through it (usually less than 200 nm, depending on the sample 

composition and TEM characterization information expected).11 There are two basic modes 

of operation for TEM imaging systems, namely diffraction mode and imaging mode. The 

SAED method is produced through the diffraction mode of TEM and it creates diffraction 

patterns by virtually selecting an area aperture from the sample to insert into the image 

plane. It is possible to identify crystal structures, nanostructure growth direction, and 

crystallinity by using SAED.12 In the present study the TEM analysis were performed using a 

transmission electron microscope (TEM -Tecnai 200 kV). A Lacey carbon 400 mesh Cu 

TEM grid was coated with all samples after they were sonicated in acetone for 15 minutes 

and subsequently dried under an IR lamp. 

2.3.1.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy is based on the photoelectric effect. XPS is a surface-

sensitive quantitative spectroscopic technique.13 It identifies the elements present in a 

material (elemental composition) as well as their chemical state and can also provide 

information on their overall electronic structure and density of electronic states.   It is a form 

of photoemission spectroscopy in which X-rays are used to obtain electron population spectra 

of materials. In this technique electrons emitted from the top 1-10 nm of a solid surface are 

measured by irradiating it with X-rays and measuring their kinetic energy. Electrons ejected 

from a target are counted over a range of kinetic energies to generate a photoelectron 

spectrum. It is possible to identify and quantify all surface elements (except hydrogen) by 

measuring the energies and intensities of the photoelectron peaks.14 In the present thesis a 
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Kratos Axis Supra DLD XPS spectrometer having an Al Kα X-ray source (hν = 1486.6 eV) 

operated at 150 W was used to evaluate the oxidation states of elements in the samples. A 

multi-channel plate and delay line detector at a vacuum of ≈ 10-9 mbar was used for sample 

analysis. The instrument was calibrated at 284.8 eV using adventitious carbon C1s.  

2.3.1.7 BET Surface area analysis 

In Brunauer-Emmett-Teller (BET) surface area analysis, an inert gas, such as nitrogen, is 

continuously flowed over a solid sample, or the solid sample is suspended in a defined 

gaseous volume at extremely low temperatures, to measure analyte surface area (m2/g). The 

adsorbed gas forms a monolayer on the solid substrate and its porous structures due to weak 

van der Waals forces. A N2 adsorption - desorption isotherm was constructed by measuring 

the adsorbed volume at different adsorption pressures. In addition to calculating the specific 

surface area of a solid sample, one can also determine the porous geometry of the solid based 

on the monomolecular layer and the rate of adsorption.15,16 In the present work the N2 

sorption studies were performed using a QUANTACHROME AUTOSORB iQ-MP-C 

instrument at liquid nitrogen temperature. The samples were degassed at 200 °C for 2h prior 

to the surface area measurements. 

2.3.1.8 Raman Spectroscopy 

Raman spectroscopy is a class of vibrational spectroscopy and it provides information about 

molecular interaction and material properties such as crystallinity, phase, and 

polymorphism.17 The technique involves the scattering of incident light or photons from a 

high intensity laser light source and its subsequent measurement. As most of the scattered 

photons are at the same wavelength as the laser source, it does not provide useful 

information. This phenomenon is known as Rayleigh scattering. However, approximately 

one in ten million of these photons will scatter at a different frequency than the incident 

photon. This effect is also known as Raman scattering or inelastic scattering, which is unique 

for different chemical systems and it forms the basis of chemical characterization of 

materials through Raman spectroscopy.18 In the present thesis a Raman spectrometer (Witech 

Alpha 300 RAS) consisting of a 532 nm laser source along with a dual-purpose 50× objective 

lens was used to analyze the nature of samples. 
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2.3.1.9 Electron Paramagnetic Resonance Spectroscopy  

Electron paramagnetic resonance (EPR) is a spectroscopic technique for determining the 

structure and dynamics of systems containing unpaired electrons (paramagnetic 

systems).19   A magnetic field is applied to the sample during the EPR experiment, which 

removes the degeneracy of the paramagnetic center's spin states. Microwave irradiation can 

then induce transitions between the different spin states. EPR spectra are obtained by 

registering the absorption of microwaves by the sample. As a result, this spectrum is 

particularly useful for characterization of paramagnetic centers due to its high sensitivity to 

their physical and chemical environments.20 In the present thesis the EPR measurements 

were carried out using a JEOL Model JES FA200 instrument operated at room temperature 

(300 K). 

2.3.2 Electrochemical charge storage measurements  

The supercapacitor (SC), or ultracapacitor (UC), is a high-capacity capacitor, also known as a 

high performance capacitor, that bridges the gap between electrolytic capacitors and 

rechargeable batteries.21 As shown in Figure 2.5, a supercapacitor (SC) consists of two 

electrodes separated by a separator and is immersed in an electrolyte. Supercapacitors store 

charges using electrode materials, so the choice of electrode materials directly affects their 

performance. In order to understand how different electrode materials work, it is necessary to 

investigate their working mechanisms. As discussed in section 1.3 it is possible to categorize 

SCs into two types, that is, electric double-layer capacitors (EDLCs) and 

pseudocapacitors.22   

Typically, charge storage electrochemical measurements are performed in a classical three-

electrode configuration which provide the inputs for a two-electrode device scale 

applications. Active materials can then be investigated using a three-electrode system, which 

includes the active materials as the working electrode, Ag/AgCl(sat KCl) as a reference 

electrode, and a Pt wire as a counter electrode. To investigate the electrochemical charge 

storage performance of asymmetric supercapacitors, a two-electrode system comprising an 

active material on one electrode and active carbon on the other is                             

employed. The techniques used to  evaluate the SC performance in both these configurations 
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include cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS). As a result of the above measurement 

techniques, three basic parameters can be measured: voltage, current, and time. Additional 

performance indicators can be further derived from this measurements which include the 

operating voltage, electroactive area, diffusion coefficients, specific capacitance, equivalent  

series resistance, cycling stability as well as energy and power densities. 

Figure 2.5: Schematic of a two-electrode supercapacitor device. 

2.3.2.1 Electrode preparation 

Prior to device scale measurements, a standard three electrode system was used to evaluate 

the electrochemical performance using a CHI 660 E series potentiostat. A uniform film slurry 

was prepared of the nanostructured metal oxide by making use of acetylene black as a 

conducting agent and Polyvinylidene fluoride as a binder. The three components were mixed 

thoroughly by grinding in the weight ratio of 70:20:10, i.e. (14:4:2 mg). From the finely 

ground mixture, 10 mg was taken and dispersed in N-methyl pyrrolidone (NMP) solvent and 

sonicated for 1 hour to obtain a uniform homogenous slurry. 0.05 mL (mass loading of 0.7 

mg) of this slurry was uniformly dropped on a Toray carbon paper TGP-H-60 with a 
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dimension of 1 × 1 cm2 followed by drying the electrode in an oven at 100 ℃ for 6h.  The 

electrodes electrochemical performance was then studied in a three-electrode cell 

configuration. The prepared electrode was used as a working electrode, Ag/AgCl(sat KCl) and 

platinum electrodes were used as reference and counter electrodes respectively. 1 M H2SO4 

was used as an electrolyte for all the measurements and all the tests were performed at room 

temperature. 

To understand the device performance of the different nanostructured metal oxides, an 

asymmetric supercapacitor device was assembled. The current collectors comprised of Toray 

carbon paper TGP-H-60 with a dimension of 1 × 1 cm2. The cathode was prepared using the 

same procedure as above. For preparing the anode, the active material was replaced with 

active carbon (AC). The electrolyte was prepared by adding 1 g of polyvinyl alcohol in 8 mL 

of distilled water, followed by 2 mL of 1 M H2SO4 and stirred at 85 ℃ until a clear gel was 

obtained. This gel was saturated onto a Whatman glass microfiber separator and was coated 

in-between the two current collectors and dried till the device solidified.23,24  

2.3.2.2 Optimizing the electrode mass loading percentages 

Figure 2.6: Electrode drop casting solution optimization. 

To optimize the electrode preparation process, the mass loading percentages of a drop casting 

solution consisting of WO3 nanoparticles were varied by loading different amounts of drop 
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casting solutions. The drop casting volumes of 0.01, 0.03, 0.05, 0.07, and 0.09 mL 

corresponded to mass loadings of 0.14, 0.42, 0.7, 0.98, and 1.26 mg, respectively. A gradual 

increase in specific capacitance was observed with increasing mass loading up to 0.7 mg. 

Beyond this point, the specific capacitance remained almost constant. This phenomenon 

could be attributed to the increasing thickness of the electrode layer, which hindered the 

intercalation process at higher mass loading percentages. Therefore, it was concluded that a 

mass loading of 0.7 mg was ideal for making electrodes.  

2.3.2.3 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement technique.25   

In this technique, a linearly cycled potential sweep between two or more set values is used to 

measure the current response of a redox active solution.  It is a valuable technique which can 

be used for determining the kinetics of electronic-transfer reactions, as well as the 

thermodynamics of redox processes. A working electrode, a reference electrode, and a 

counter electrode are used in cyclic voltammetry, as in other types of voltammetry.26 A cyclic 

voltammetry experiment is performed by using an electrochemical cell with three electrodes 

and the electrolyte solution. Using a potentiostat, the potential between the working electrode 

and reference electrode is linearly swept until it reaches a pre-set limit, at which point it is 

reversed. It repeats this process multiple times during a scan, and the device measures real-

time the changing current between the counter electrode and the working electrode. This 

yields a characteristic duck-shaped current vs potential plot called a cyclic voltammogram. 

2.3.2.4 Galvanostatic charge-discharge analysis (GCD) 

The Galvanostatic charge-discharge (GCD) analysis is one of the most important methods for 

studying electrode material electrochemical performance.27 Galvanostatic measurements are 

used for electrochemical analysis or for determining kinetics and mechanisms of electrode 

reactions using a current control. In GCD analysis the working electrodes are successively 

charged and discharged at constant current density without or with dwelling periods (in 

which the peak voltage remains constant between charging and discharging).28 Charge and 

discharge times and potential windows can be determined from the GCD curves. 

Subsequently, the charge-discharge curves can be used to calculate the specific capacitance 
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(Csp) of electroactive materials, and the charge-discharge performance analysis at different 

current densities can be used to measure the rate performance of electrodes. In addition, the 

charge and discharge tests performed in this thesis were used to determine the cycling 

stability of electrode materials. 

2.3.2.5 Electrochemical Impedance Spectroscopy (EIS) 

An electrochemical impedance spectrometer (EIS) measures a system's resistance in 

frequency domain by applying a sinusoidal voltage perturbation.29  It is possible to analyze 

the electrode reaction kinetics and the charge transfer between electrode materials at the 

electrode/electrolyte interface with EIS. A single perturbation amplitude is used to sweep 

through a wide range of frequencies in EIS in order to obtain a graph called as the Nyquist 

plot. Typically, Nyquist plots reveal a depressed semicircle at high-to-medium frequencies 

due to charge transfer and a straight line at low frequencies caused by ion diffusion. By 

simulating an equivalent circuit, it is possible to estimate the internal resistance of the 

solution, the charge transfer resistance, the double layer capacitance of the electrode, and the 

diffusion mass transfer process.30 In the present thesis the EIS measurements were performed 

at an open circuit potential, an amplitude of 5 mV, and a frequency range of 1 mHz - 1 MHz. 

2.4 FORMULAS USED FOR CALCULATING ELECTROCHEMICAL 

METRICES 

2.4.1 Specific capacitance calculations 

In the formulas for specific capacitance, Csp represents the specific capacitance (F g-1), I 

represents the response current (A), v represents the scan rate (V s-1), m represents the 

average mass of the electro-active material (g), Δt represents the discharge time (s), ΔV 

represents the voltage window (V). 

2.4.1.1 Three electrode CV measurements 

𝐶𝑠𝑝 =
∫ 𝐼 𝑑𝑉

2 × 𝑣 × 𝑚 ×  ∆𝑉
  … … … … … … . . (2.2)          
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2.4.1.2 Three electrode GCD measurements 

𝐶𝑠𝑝 =
∫ 𝐼  × ∆𝑡

𝑚 ×  ∆𝑉
  … … … … … … . . (2.3)     

2.4.1.3 Two electrode CV measurements 

𝐶𝑠𝑝 =
∫ 𝐼 𝑑𝑉

𝑣 × 𝑚 × ∆𝑉
  … … … … … … . . (2.4)         

2.4.1.4 Two electrode GCD measurements 

𝐶𝑠𝑝 =
∫ 2𝐼  ×  ∆𝑡

𝑚 ×  ∆𝑉
 … … … … … … . . (2.5)   

2.4.2 Energy and power densities from two electrode GCD studies 

C represents the specific capacitance (F g-1), ΔV represents the voltage window (V), Δt 

represents the discharge time (s), E represents the energy density (W h kg-1) and P represents 

the power density (W kg-1). 

𝑬 =
1

2
𝐶(∆𝑉)2  … … … … … … . . (2.6)    

 

𝑃 =
𝐸

∆𝑡
  … … … … … … ..          (2.7) 

2.4.3 Electroactive area 

The electroactive areas of the materials were estimated by the Cottrell equation using a 

ferrocyanide reversible redox system.31 

(𝑖)𝑡 =
𝑛𝐹𝐴𝐷0

1
2⁄

𝐶∗

Π
1

2⁄ 𝑡
1

2⁄
 … … … … . (2.8)    

where (i)t is the peak current (in A), n denotes the number of electrons, F = 96,485 C mol-1 is 

the Faraday constant, A represents the electroactive surface area of the electrode (cm2), C* 

represents bulk concentration of the analyte (mol cm-3) and t denotes the time (s). 
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2.4.4 Diffusion coefficient 

From CV measurements at different scan rates, the values of anodic peak current (Ip) were 

obtained. From the slope of square root of scan rate (v1/2) versus the anodic peak current (Ip) 

graph, the diffusion coefficient of H+ ions is calculated using the Randles-Sevcik equation at 

298 K.32 

𝐼𝑝 = 2.69 × 105𝐴𝐶0𝐷0

1
2⁄

𝑛
3

2⁄ 𝜐
1

2⁄  … … … … … … . . (2.9) 

In the above equation 2.69 × 105 is a constant, A is the area of electrode, C0 is the electrolyte 

concentration and n is the amount of electrons transferred during the reaction.  

Based on the innovative synthesis strategies as discussed in this chapter, this thesis presents a 

plethora of nano and microstructured WO3-x and MoO3-x alongwith their detailed 

characterization. These materials have also been evaluated for their charge storage 

performance, and the detailed results have been discussed in the next chapters III and IV.  
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3.1 PROLOGUE 

Tungsten trioxide (WO3) is a semiconductor material that has aroused a great deal of 

attention for being used in various industrial applications such as electrochemical 

supercapacitors, water splitting, photocatalysis, photoluminescence, gas sensing, 

photochromic, electrochromic devices, etc.1,2 WO3 due to its inherent characteristics such as 

high theoretical specific capacitance, good electrochemical stability, high conductivity, 

environmental friendliness, and low cost, is considered to be a promising candidate for high 

energy supercapacitors. This provides a scope of interest towards morphology and size-

controlled synthesis of nanostructured WO3 to enhance its activity when targeted towards a 

specific application such as the ones discussed above.  

Numerous nanostructured WO3 with unique morphologies are listed in the literature and 

presented in detail in section 1.5. The major drawback of all these techniques is the cost 

inefficiency and the hazards/safety issues that come with handling high-pressure instruments, 

along with the associated problems of bulk synthesis. While the research on developing WO3 

nanostructures using hydrothermal conditions and organic templates has gained a lot of 

interest, less focus has been channelled towards the scalable synthesis of nanostructures 

using simple precipitation or gelation methods. 

Thus in the present chapter, various nano and microstructures of WO3-x have been presented 

that are synthesized using a modified sol-gel method. The synthesis were performed using 

various structure directing agents such as urea, carbohydrazide, semicarbazide, N-

methylurea, tetramethylurea, and citric acid. The details of chemicals used and synthesis 

procedures are presented in sections 2.1 and 2.2, respectively. The effect of various synthesis 

parameters such as solution pH, calcination temperature, reaction time, metal to SDA ratio on 

the morphology of WO3-x was investigated in detail. The synthesized WO3-x were 

characterized using the different characterization techniques listed in section 2.3. All 

synthesized WO3-x nano and microstructures were utilized in the fabrication of electrodes, 

and their charge-storage performance was assessed. The results and discussion of this 

investigation are presented in detail in section 3.2, while the conclusions of this study which 

provides a concise and critical reflection on the significance of the results can be found in 

section 3.9. 
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3.2 RESULTS AND DISCUSSIONS 

3.2.1 TG-DTA studies 

Using the methodology described in section 2.2 the WO3-x nanorods were synthesized. Prior 

to calcination, the as-synthesized tungstic acid-urea hybrid gel was subjected to TG-DTA 

analysis in the temperature range of 30-600 °C at a constant heating rate of 5 °C min-1. 

Analysis of TG-DTA data as presented in figure 3.1 (A) indicated an initial weight loss 

below 150°C (10%) corresponding to an endothermic peak at 102°C in DTA and was 

attributed to the loss of physically adsorbed water. At temperatures from 150°C to 280°C, the 

exothermic peak centering at 257°C (accounting for a further weight loss of 47%) was 

attributed to the combustion of excess urea leading to the formation of CO/CO2 and NOx 

gases. The weight loss from 280°C to 500°C (≈10%) was attributed to the oxidation of urea 

coordinated with tungstic acid molecules, which required relatively higher temperatures for 

complete removal. Based on the TG data, the calcination temperature was fixed at 550°C. On 

the contrary, the tungstic acid gel without urea synthesized as per the procedure mentioned in 

section 2.2.1, showed an overall weight loss of only 30%, which was due to the loss of water 

of crystallization. The WO3-x samples obtained after calcination at different temperatures 

were subjected to IR and XRD analysis.  

Figure 3.1: TG-DTA analysis of (A) Tungstic acid-urea hybrid gel and (B) Tungstic acid 

(without urea). 
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3.2.2 IR studies 

The IR spectra of the as-synthesized tungstic acid-urea hybrid dry gel, calcined at different 

calcination temperatures of 250°C, 350°C, 450°C, 550°C, and 650°C, respectively, are 

presented in Figure 3.2 (A). At 250°C, the peak appearing at 1676 cm-1 can be assigned to 

C=O stretching frequency. A broad peak that appears at 3455 cm-1 can be assigned to O-H 

stretching and N-H stretching frequencies. The C-N stretching frequency appears at                

1447 cm-1. All these peaks indicate the presence of urea in the sample. As the temperature 

increases to 450°C, bands at 672 cm-1 and 837 cm-1 begin to appear and can be assigned to 

the O-W-O and W=O vibrations, indicating the formation of tungsten oxide. These peaks due 

to the metal oxide persist as the temperature is increased to 550°C and 650°C. However, the 

peaks at 3455 cm-1, 1676 cm-1, and 1447 cm-1 disappear due to the combustion of urea into 

NOx(g) and CO2(g). 

3.2.3 XRD studies 

Figure 3.2 (B) represents the XRD pattern of WO3-x samples obtained after drying and 

calcination at different temperatures ranging from 250°C to 650°C. WO3-x samples dried at 

250°C exhibits an orthorhombic phase (Fmm2, JCPDS # 35-0270). A phase change from 

orthorhombic to anhydrous hexagonal phase (P6/mmm, JCPDS # 75-2187) is observed at 

350°C.3–5 Further increase in the annealing temperature ≥ 450°C produces a stable 

monoclinic  phase, with peaks appearing at 2θ value of 22.7, 23.5, 24.2, 26.5, 28.8, 32.8, 

33.6, 34.1, 35.2, 41.2, 41.8, 45.1, 47.1, 49.8, 50.1 and 55.4 having miller indices (002), (020), 

(200), (120), (-112), (022), (-202), (202), (122), (-222), (222), (004), (040), (140), (-114) and 

(420) respectively (P21/n, JCPDS # 43-1035).6–8  

A comparative analysis of the ratio of major peaks with miller indices (002) : (020) : (200) at 

450°C and 550°C are observed to be similar (i.e. 1 : 0.85 : 0.65). However, a major shift in 

the ratio of the corresponding peak intensities is observed at 650°C (i.e., 1: 0.94 : 0.98), thus 

indicating morphological transformation in the synthesized WO3-x at elevated temperatures. 

Additionally, the observed peaks were strong, sharp, and narrow, with no peaks of secondary 

phases present. Thus, it can be concluded that the synthesized WO3-x were of high phase 

purity and crystallinity.  
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Figure 3.2: (A) IR spectra and (B) X-ray diffractograms of synthesized tungstic acid-urea 

hybrid gels dried/calcined at different temperatures. 

3.2.4 Morphological studies 

To understand the influence of experimental conditions such as solution pH, urea 

concentration, calcination temperature, and calcination time on the formation of WO3-x, 

several control experiments were carried out by varying each of the above synthesis 

parameter one at a time.  

3.2.4.1 Effect of synthesis pH 

In the first set of experiments, the pH of the tungstic acid colloidal gel was varied in the 

range of 1-10 by adding HCl or NH4OH solution. In a parallel experiment, the pH of the 

tungstic acid-urea hybrid gel was also varied similarly as above before subjecting the two 

sets to digestion at 100 °C and calcination in air at 550 °C for 2 h. The effect of pH on        
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WO3-x morphology with and without urea was monitored by SEM analysis. Figure 3.3 shows 

the SEM micrographs of the two sets of experiments.  

Figure 3.3: Effect of variation in pH on the morphology of synthesized WO3-x at 550°C; 

SEM images of WO3-x in A,B,C, and D correspond to pH values of 1, 2.5, 5, and 10, 

respectively, synthesized without urea and A', B', C', and D' synthesized with urea. 
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It was observed that variation in pH of the tungstic acid gel without urea did not induce any 

significant changes in the shape of  WO3-x particles (henceforth labelled as WP). The overall 

morphology of the obtained nanoparticles was more or less spherical, with an observed 

relative increase in the tendency for agglomeration as the pH of the solution increases.  On 

the contrary, when urea is added to the colloidal tungstic acid gel, the lower pH conditions 

tend to favor nanorod formation, as can be seen in figure 3.3 A' and B', with best results 

obtained in the pH range of 2-3. At pH < 2, the obtained WO3-x demonstrated irregular 

formation of rod-like structures densely packed together as agglomerates. The high pH of the 

solution (pH=5-10) did not yield nanorods and  only increased the tendency for the formation 

of aggregates of WO3-x nanoparticles, having no specific morphology. 

3.2.4.2 Effect of W to urea ratio on the growth of 1D WO3-x nanorods 

Figure 3.4: Effect of W to urea ratio on the morphology of WO3-x (A) 1:1, (B) 1:3, (C) 1:6, 

and (D) 1:9. 

When experiments were performed by varying the W to urea ratio in the order 1:1, 1:3, 1:6, 

and 1:9, it was observed that with W to urea ratio ≤ 1:6, mixed aggregates of WO3-x 

nanoparticles and nanorods were formed while ratios ≥1:6 were necessary for better growth 
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of nanorods, with best results obtained when the ratio was maintained at 1:6 as shown in 

figure 3.4 C (henceforth labeled as WN).  

Figure 3.5: Temperature dependent morphological transformation of WO3-x at (A) 150 °C, 

(B) 250 °C, (C) 350 °C, (D) 450 °C, (E) 550 °C, and (F) 650 °C at pH = 2.5 and calcination 

time = 2h. 
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3.2.4.3 Effect of calcination temperature on the growth of 1D WO3-x nanorods 

To get a better insight into the process of transformation of colloidal tungstic acid-urea 

hybrid gel into WO3-x nanorods, the hybrid gels were subjected to calcination in air at 

different temperatures of 150°C, 250°C, 350°C, 450°C, 550°C, and 650°C for 2 hours. The 

temperature-dependent morphological transformation of the calcined product was monitored 

by SEM (Figure 3.5). At a low temperature of 150-250°C, the tungstic acid-urea dry gel 

appears as aggregates of densely packed particles composed of both tungstic acid and urea 

(presented in figures 3.5 A, B). A further rise in calcination temperature initiates the 

decomposition of urea into NH3(g) and CO2(g), and at 350°C, the nanorods begin to appear 

(refer to figure 3.5 C, inset). Further increase in temperature (450 – 550°C, figure 3.5 D and 

E) leads to the complete removal of urea and transformation of WO3-x particles into bundles 

of WO3-x nanorods. Temperatures > 600°C lead to the sintering of WO3-x nanorods, wherein 

the nanorods appear to stack together and grow into lamellar sheet-like structures (henceforth 

labeled as 2DW).  This observation is consistent with the XRD data wherein the preferential 

growth is observed along the (200) plane due to an increase in calcination temperature from  

550°C to 650°C.  

3.2.4.4 Effect of calcination time on the morphology of 1D WO3-x nanorods 

When subjected to longer calcination times of > 2 to ≤ 4h at 550°C, the initially formed 

nanorods self-assemble into complex 3D microstructures. It is evident from figure 3.6 A-F 

that the nanorods stack together in the form of bundles. These bundles grow in three 

dimensions to form a complex surface heterostructure, full of edges and kink sites which are 

crucial for catalytic performance. Another unique feature of these nanostructures is that the 

empty spaces created within a given stack of nanorod bundle results in the formation of well-

aligned porous structures, similar to a stack of hollow vertical columns, which not only 

increases the available surface area but also could serve as passages for easy diffusion of ions 

or molecules through it. However, longer calcination time ≥ 6 h results in excessive fusion of 

nanorod bundles resulting in loss of both the 3D nanostructure morphology and the collapse 

of nanoporous structure (refer figure SF1 in Annexure-1). The growth mechanism of the 

synthesized nanorods and their subsequent self-assembly into microstructures is further 

discussed in detail in section 3.2.7. 
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Figure 3.6: SEM images depicting self-assembly of WO3-x nanorod bundles into 3D 

nanoporous structure. A-C= represents the 3D growth of nanostructure, D = the side view of 

a stack of vertically aligned nanorod bundles, and E-F= top and complete view of the 3D 

porous structure. 

3.2.5 HRTEM studies 

To understand the detailed structural and morphological characteristics of the synthesized 

WO3-x nanorods, low and high-resolution TEM images were recorded. A typical image of a 

single nanorod bundle is shown in figure 3.7 A. The analyzed nanorods have an average 

diameter of ~115 nm and a length of ~5 μm, in good agreement with SEM analysis. The 

HRTEM image shown in figure 3.7 B reveals lattice fringes with a d-spacing of 0.386 nm, 

which matches with the (002) plane of monoclinic WO3. Selected-area electron diffraction 

(SAED) pattern, figure 3.7 C, also reveals the 002 plane and can be indexed with a 

monoclinic phase of WO3 (JCPDS No. 43-1035). The regular intensities of bright spots in the 

SAED pattern confirm the monocrystalline nature of synthesized monoclinic WO3-x. The 

HRTEM and SAED analysis were in good agreement with the XRD analysis, establishing the 

formation of stable monoclinic WO3-x nanorods, preferentially growing along the (002) plane 

at temperature  ≤ 550°C.  
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Figure 3.7: (A) TEM image of synthesized WO3-x nanorod bundle, (B) HRTEM image of 

WO3-x nanorod, and (C) SAED pattern of WO3-x nanorod. 

3.2.6 XPS studies 

To obtain more information on the chemical composition and relative distribution of 

oxidation states of the synthesized WO3-x nanostructures, X-ray photoelectron spectroscopy 

(XPS) was employed (refer figure 3.8). All the WO3-x samples display the characteristic W4f 

peaks located at 35.53 eV and 37.82 eV, which can be attributed to W4f7/2 and W4f5/2, 

respectively. These peaks result from the spin-orbital splitting of 4f7/2 with 4f5/2.
9 These two 

peaks are well separated, and the peak fitting reveals the presence of a majority of bulk 

tungsten in W6+ while  ̴  5-25 % was in W5+ oxidation state, which was present mostly on the 

surface of the material, in agreement with the observations of Tu et al.10 and Qiu et al.11  

The O1s peak located at 530.36 eV, can be ascribed to the W-O peak, and a shoulder peak at 

532.62 eV is due to the oxygen in water molecules intercalated in the WO3-x crystal 

structure.48, The percentage composition analysis of W6+, W5+, and O1s peaks are presented 

in Table 3.1. The W4f analysis of XPS spectra reveals that the ratio of W5+/W6+ is the highest 

for WN (0.15) and 3DW (0.21), which confirms that the nanostructured surface has a greater 

magnitude of surface oxygen defects compared to particle agglomerates (0.04).  Moreover, 

the relative distribution of the interstitial water is also greater in WN and 3DW compared to 

WP. The lower value of W5+/W6+ in the case of 2DW is due to the high-temperature sintering 

the material. 
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Figure 3.8: XPS spectra of (A-C) WP, (D-F) WN, (G-I) 3DW, and (J-L) 2DW. 
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Material Narrow scan Tungsten 

species 

XPS area 

integration (%) 

Area ratio 

W5+ / W6+ 

WP W 4f W6+ 95.77 0.04 

W5+ 4.23 

O 1s W-O 81.88  

Intercalated H2O 18.12 

WN W 4f W6+ 86.58 0.15 

W5+ 13.41 

O 1s W-O 78.45  

Intercalated H2O 21.55 

3DW W 4f W6+ 82.77 0.21 

W5+ 17.23 

O 1s W-O 76.48  

Intercalated H2O 23.52 

2DW W 4f W6+ 94.15 0.06 

W5+ 5.85 

O 1s W-O 82.75  

Intercalated H2O 17.25 

 

Table 3.1: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra. 

3.2.7 Growth Mechanism of WO3-x nanostructures 

In the presence of urea, the growth mechanism of 3D WO3-x microstructures at low pH can 

be explained according to the crystal nucleation-growth–assembly mechanism.12–14 As 

explained earlier, the formation of colloidal tungstic acid gel and its interaction with 

protonated urea, plays a significant role in crystal growth of WO3-x nanorods and 

microstructures. It is well established that, the crystal growth mechanism consists of two 

main stages: nucleation and subsequent growth. The nucleation stage comprises of rapid 

formation of small colloidal particles of tungstic acid, which are driven by the 



 
 

75 
 

          Chapter III                     SALKAR 2023 

supersaturation force of the acidic medium.13 These small particles subsequently enter the 

growth phase in order to form larger crystals of WO3-x particles.  

Figure 3.9: Schematic illustration of the growth mechanism of WO3-x nanorods and 

subsequent transformation into sheets and microstructures. 

The addition of protonated urea in an appropriate amount at this stage becomes crucial, as it 

acts as a capping agent under acidic conditions to orient the growth of nanorods (see figure 

3.9). Under acidic conditions, mono-protonation of urea occurs at the carbonyl oxygen, 

resulting in the formation of iminium cation (-C=NH2
+).15,16  In an investigation by 

Bortoluzzi et al., these imminum cation salts were isolated by reacting WCl6, WCl5, and 

WOCl4 with alkylated ureas in ratios ≥ 1:2.17,18  They isolated corresponding O-

monoprotonated dimeric (figure 3.10 A) and monomeric salts (figure 3.10 B) in 

approximately 50% yield. In our synthesis method presented here, a similar effect could 

occur wherein, ionic interaction of protonated urea would serve as a charge stabilizer by the 

interaction of positively charged iminium ions with oxygen atoms of WO6 octahedra, thus 

avoiding agglomeration of particles and directing the growth mechanism of WO3-x nanorods. 

This was also comfirmed by performing an control experiment in which urea was replaced 

with thiourea and it was observed that no nanorod formation took place. (refer figure SF2 in 

Annexure-I) The lower yields of iminium salt formation in the work of Bortoluzzi et al. could 

also explain the need for a high W to urea ratio (1:6) for the effective growth of nanorods, as 
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observed in the present study. At pH < 2 (high concentration of H+ ions), the nucleation rate 

of tungstic acid particles could be so fast that, it could kinetically dominate over urea 

protonation and its subsequent rearrangement around the WO6 octahedral units. This would 

explain the incomplete formation of nanorod-like aggregates seen in SEM micrograph at pH 

~1 (figure 3.3 A').  

 

Figure 3.10: (A) O-monoprotonated dimeric salt (B) O-monoprotonated monomeric salt 

obtained by reacting tetramethyl urea with tungsten hexachloride.15,16 

On the contrary, at high pH (5-10), the significant difference in the nucleation and the growth 

phase can be attributed to the fact that the nucleation rate is too slow due to the lack of H+ 

ions. Moreover, the WO6 units are not stable in the basic medium, and urea protonation may 

not occur in these conditions.  Therefore, the basic conditions become entirely unfavorable to 

the growth of nanorods, which ultimately results in the formation of densely aggregated, 

irregular-shaped nanoparticles. At the optimized conditions of pH =2.5 and W: urea ratio of 

1:6, which are ideal for nanorod formation, the thermodynamic requirements of nanorod 

growth is satisfied by the exothermic decomposition of urea into NH3 and CO2, providing 

sufficient energy for directional growth and transformation of WO6 units into WO3-x 

nanorods. At calcination temperatures of 450°C-550°C, complete removal of the capping 

agent leads to fully grown WO3 nanorods within a short calcination time of 2 h.  

At higher calcination temperatures above ≥ 600°C, the obtained lamellar sheet-like 

aggregates (refer figure 3.5 F) can be explained based on the fact that such high pyrolysis 

conditions lack the time for structural orientation of individual nanorods and rapid burst of 

heat energy due to urea decomposition possibly resulting in sintering of WO3-x nanorods, 

thus resulting in sheet like morphology. On the contrary, if the nanorods are allowed to grow 
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at lower temperature and for longer time (up to 6 h), the nanorods self-assemble into 3D 

WO3-x microstructures as explained earlier (refer figure 3.6).  

Comparing the above results with that of literature such as the work published by Chen et 

al.19, striking advantages of our synthesis method over the cited literature can be revealed. 

The rapid combustion synthesis of Chen et al. utilizes ammonium paratungstate as a 

precursor and large excess of fuels such as glycine or citric acid-urea co-fuel mixtures (W to 

fuel ratio of >1:20) and ammonium nitrate as oxidizer. The authors stress on the importance 

of the presence of amino group and carboxylic groups in fuels such as glycine and urea-citric 

acid co-fuel mixture wherein the amino group needs to undergo hydration polymerization 

reaction with carboxylic groups, in order to form a cross-linked network structure, which is 

filled with high volumes of reducing gases (CO/NH3), resulting in the formation of reduced 

W18O49. The oxidizer, ammonium nitrate/O2 converts W18O49 into WO3 nanorods during the 

combustion process. It was interesting to note that, since urea has only amino groups and no 

carboxylic groups, urea alone could not form such a network structure as mentioned above 

and hence essentially produces only nanoparticles of WO3.
19  

On the contrary to the above literature, our method used urea under protonated conditions in 

significantly lower amounts (W to urea ratio of 1:6, which is required for complete formation 

of nanorods), as an efficient and cost-effective structure directing agent, thus eliminating the 

need of additional co-fuel and oxidizer, making the synthesis process more simple and cost-

efficient. This is also an additional highlight of the present method over traditional 

nanostructure synthesis methods reported in literature, which requires co-fuels, oxidizers 

under hydrothermal/solvothermal conditions, in high pressure autoclaves, which limit their 

bulk scale industrial production.The synthesized WO3-x nanostructures were tested for their 

charge storage performance and the results obtained are discussed in the next section.   

3.3 Evaluation of the charge storage properties of nanostructured WO3-x 

synthesized using urea 

3.3.1 Three electrode charge storage studies 

The investigation of the charge storage properties of WO3-x nanostructures, namely 3DW, 

WN, WP, and 2DW were performed using cyclic voltammetry (CV), galvanostatic charge-
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discharge (GCD), and electrochemical impedance spectroscopic (EIS) measurements. Figure 

3.11 A shows an overlay of CV measurements in a three-electrode system with 0.5 M H2SO4 

as an electrolyte and recorded at a fixed scan rate of 50 mV s-1 in a potential window between 

-0.2 to 1.0 V (vs. Ag/AgCl) at 28°C ± 1°C. The shape of the voltammogram if typical of 

WO3-x and its nature can be understood as per the following reaction 3.1. 

WO3−x(bleached) + 𝑛H+ + 𝑛𝑒− ↔ HnWO3−x(colored)             (3.1) 

When protons are intercalated in the WO3-x lattice, the metal is reduced from W+6 to W+5
, and 

the reverse reaction occurs during deintercalation. This property was investigated by studying 

H+ intercalation using cyclic voltammetry with three-electrode system. The typical cyclic 

voltammogram (as shown in figure 3.11 A and figure SF3 in Annexure-I), shows an anodic 

peak at ~ -0.1 V vs. Ag/AgCl due to the deintercalation of H+ ions from the WO3-x matrix.20,21 

However, as the electrode approaches more negative potentials, it can be observed that there 

is a steep drop in current. This is a result of excess polarization of the electrode, which is 

caused by the formation of solid electrolyte interphase layers on the electrode surface. This 

layer can slow down or completely block the intercalation of H+ ions into the electrode, 

resulting in a decrease in current response. This drop in current is seen as a steep decline in 

the CV curve at around -0.2 V. 

The largest area under the CV were observed for 3DW and WN. The area under the CV 

curve is an important parameter in evaluating the electrochemical performance of materials. 

The CV curve represents the relationship between the potential and charge in a system, and 

the area under the curve provides a measure of the amount of charge stored in the material. A 

large area under the CV curve suggests that the material can store a significant amount of 

charge, which is critical for its use as a supercapacitor. In the case of 3DW and WN, the large 

area under the CV curve indicates that their nanostructure has a positive impact on the charge 

storage performance, leading to improved electrochemical performance. This observation 

also highlights the importance of nanostructuring in the design and optimization of 

supercapacitor materials. 

Furthermore, the diffusion coefficient (D0) for H+ ions were estimated by performing scan 

rate-dependent study of the different WO3-x nanostructured electrodes and using the Randles-
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Sevciks method described in section 2.4.4 (refer figure SF3 in Annexure-I). The calculated 

results show that, the D0 value of WP is 2.4 × 10-9 cm2 s-1, was ~ 2 times smaller than that of 

WN, 4.1 × 10-9 cm2 s-1. Moreover, D0 values for the 3DW nanostructured films were found to 

be 5.9 × 10-9 cm2 s-1. On the contrary, the calculated Do value for 2DW is 1.1 x 10-9 cm2 s-1, 

which are almost 6 times lower compared to 3DW due to the heavy sintering in the former 

case. This suggests that 3D nanostructures with porous channels allowed greater mobility and 

enhanced diffusion of H+ ions compared to the rest of the catalysts. 

Figure 3.11: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 

10 mV s-1; (B) GCD analysis at the current density of 2 A g-1 ; (C) Nyquist plots in the 

frequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 8 A g-1. 

To further investigate the role of surface morphology on improved electrochemical activity 

of WO3-x nanostructures, chronoamperometric measurements were performed to estimate the 
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electroactive surface area using the method described in section 2.4.3. The obtained areas are 

summarized in Table 3.2 along with a comparison to their BET surface area results 

(presented as SF4 in Annexure-I). As evident from Table 3.2, the presence of 3D nanoporous 

network in 3DW results in an electroactive surface area of 0.87 cm2 and a greater BET 

surface area of 8.3 m2 g-1 compared to the rest of the synthesized catalysts. The 3D 

nanoporous network enables active sites of the material to be readily exposed to diffusing H+ 

ions, thus improving intercalation efficiency and hence an increase in the electroactive area 

of the material. Due to the increased diffusion coefficient and greater electroactive surface 

area, the 3DW and WN also show enhancement in charge storage capacity (i.e., specific 

capacitance). 

 

 

 

 

 

 

 

Table 3.2: Summary of the electroactive and BET surface area for the different WO3-x 

nanostructures. 

The values of specific capacitance for synthesized nanostructures were calculated from cyclic 

voltammograms as well as galvanostatic charge-discharge analysis using the formulas 

described in section 2.4.1. The values of specific capacitance at various scanning rates have 

been tabulated in table 3.3. The highest specific capacitance of 310.8 Fg-1 was observed for 

3DW, followed by WN (270.3 F g-1), while WP and 2DW gave lower values of 84.3 and 39.2 

F g-1. The lower values of Do, electroactive area, and specific capacitance as observed in the 

case of 2DW could well be due to the sintering effect of particles resulting in decreased 

surface area, in good agreement with the SEM and BET N2 adsorption-desorption studies.  

Material 

code 

Electroactive 

surface area 

(cm2) 

BET surface 

area (m2g-1) 

3DW 0.87 8.3 

WN 0.32 7.3 

WP 0.11 4.0 

2DW 0.07 1.8 



 
 

81 
 

          Chapter III                     SALKAR 2023 

Scan rate 

(mV s-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

3DW WN WP 2DW 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

5 310.8 163.4 270.3 142.3 84.3 78.3 39.2 31.2 

10 296.4 129.2 256.2 128.8 79.7 61.5 30.9 25.6 

20 175.2 105.3 162.3 102.5 61.1 53.6 21.5 18.3 

50 152.9 92.8 132.5 82.6 52.6 42.8 17.3 14.2 

100 120.6 81.1 105.9 72.2 40.3 32.6 12.8 6.5 

Table 3.3: Summary of specific capacitance values calculated from CV curves obtained for 

the different WO3-x nanostructures.  

Furthermore, these observations were confirmed by performing galvanostatic charge-

discharge analysis at various current densities from 2 to 10 A g-1. A typical overlay of the 

charge-discharge curve recorded at a current density of 2 A g-1 is shown in figure 3.11 B.  

Specific capacitance calculated from the charge-discharge curve at various current densities 

(refer figure SF5 in Annexure-I) and their values are tabulated in table 3.4. The values for 

specific capacitance at the current density of 2 A g-1 are observed to be 240.4 F g-1,          

210.9 F g-1, 64.6 F g-1, and 28.1 F g-1 for 3DW, WN, WP, and 2DW, respectively. In order to 

better understand the observed order of specific capacitance, electrochemical impedance 

measurements at open circuit potential values within the frequency region of 1 mHz to 1 

MHz were recorded and are presented in figure 3.11 C. The Nyquist plots comprised of two 

regions wherein a linear dependence was observed in the low-frequency region, which can be 

attributed to the solution resistance (Rs), whereas a semicircle was observed in the high-

frequency region, which could be ascribed to the charge transfer resistance.22 A 

representative circuit diagram which best describes the system is presented as an inset in 

figure 3.11 C. The circuit diagram comprises of a charge transfer resistor (RCT) that is 

connected with a capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) 

in series.  The solution resistance values of 12.1, 18.3, 23.2, and 26.6 Ω were observed for 
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3DW, WN, WP, and 2DW, respectively, indicating greater conductivity of nanostructured 

WO3-x along with easy access to the electrolytic phase which can be correlated to the 

presence of oxygen vacancies in the materials.23 

Current 

density 

(A g-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

3DW WN WP 2DW 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

2 240.4 138.2 210.9 125.5 64.6 51.6 28.1 56.2 

4 202.9 103.7 191.3 96.3 52.7 39.2 21.1 40.6 

6 170.3 79.2 162.7 62.9 41.3 30.3 15.3 32.7 

8 149.5 56.3 138.3 51.1 29.6 25.1 9.4 23.4 

10 127.6 42.9 117.2 33.8 19.3 15.2 6.5 16.3 

Table 3.4: Summary of specific capacitance values calculated from GCD curves obtained for 

the different WO3-x nanostructures. 

Electrode stability is also an important parameter for evaluating the performance of a charge 

storage electrode materials.24 We observed that the morphology of the electrode material had 

an impact on its stability. The stability of the modified electrodes were investigated by 

performing continuous galvanostatic charge-discharge measurements at a constant current 

density of 8 A g-1. 3DW and WN demonstrated excellent stability with capacitance retention 

of 89.2 % (133.3 F g-1) and 85.5 % (118.2 F g-1), respectively. Whereas WP and 2DW 

demonstrated relatively lower capacitance retention of 70.2 % (20.7 F g-1) and 49.1 % (4.6 F 

g-1), respectively, after over 12,000 continuous GCD cycles, compared to their initial specific 

capacitance as reported in table 3.4. The excellent stability demonstrated by 3DW and WN 

indicate their potential for device scale applications and have been evaluated for the same in 

the next section 3.3.2. 
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3.3.2 Electrochemical performance of the WO3-x//AC asymmetric supercapacitor device 

Figure 3.12: (A) CV curves of 3DW and AC recorded at a scan rate of 10 mV s-1, (B) CV 

curves of 3DW//AC at variable voltage windows, (C) overlay of CV curves recorded at a 

scan rate of 5 mV s-1, (D) overlay of GCD analysis recorded at the current density of 2 A g-1, 

(E) overlays of Nyquist plots in the frequency range of 1 mHz to 1 MHz ,and (F) overlays of 

cycling stability performance measured in a two-electrode asymmetric setup evaluated at       

8 A g-1. 
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To evaluate the practical applicability of the synthesized WO3-x nanostructures, an 

asymmetric supercapacitor device was assembled using WO3-x nanostructures fabricated onto 

carbon paper as the anode and activated carbon (AC) fabricated onto another carbon paper as 

a cathode using the methodology described in section 2.3.2.1. Figure 3.12 A shows the CV 

curves of 3DW and AC electrodes at a fixed scan rate of 5 mV s-1, from which it was 

observed that the faradaic pseudocapacitance of 3DW was almost double than the double-

layer capacitance of the AC fabricated electrode. The material loading onto the WO3-x coated 

electrode was modified accordingly. The voltage window of the asymmetric supercapacitor 

device was also extended effectively while avoiding excess polarization, as shown in figure 

3.12 B, and was evaluated from 0.4 to 1.4 V. The testing of the asymmetric supercapacitor 

device was performed at the optimum voltage window of 1.0 V. An overlay of the cyclic 

voltammograms at a fixed scan rate of 5 mV s-1 and galvanostatic charge-discharge studies at 

a constant current density of 2 A g-1 has been shown in figure 3.12 C and D respectively, 

which indicates both greater voltammogram area and longer discharge time for 3DW and 

WN electrodes in comparison to WP and 2DW. Scan rate dependent CV and current density-

dependent GCD studies were also performed (see figures SF6 and SF7 in Annexure-I), and 

the specific capacitance thus obtained has been tabulated in tables 3.3 and 3.4 (Equations 

2.4and 2.5).   

Figure 3.13: Ragone plot demonstrating the device performance of WO3-x nanostructures. 
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The highest specific capacitance of 163.4 F g-1 at a scan rate of 5 mV s-1 and 138.2 F g-1 at a 

current density of 2 A g-1 was demonstrated by 3DW. The observed results of specific 

capacitance measurements were in line with the results of three-electrode studies. A 

representative circuit diagram which best describes the system is presented as an inset in 

figure 3.12 E. The circuit diagram comprises of a charge transfer resistor (RCT) that is 

connected with a capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) 

in series. The EIS studies showed the Rs values of 3.2, 8.5, 10.1, and 12.3 Ω by 3DW, WN, 

WP, and 2DW, respectively. Additionally, exceptional cycling stability was also observed for 

the 3DW and WN when testing over 12000 continuous charge-discharge cycles. Capacitance 

retention of 90.1 (50.7 F g-1), 88.4 (45.1 F g-1), 79.2 (19.8 F g-1), and 58.4 % (13.6 F g-1) were 

observed for 3DW, WN, WP, and 2DW electrodes, compared to their initial specific 

capacitance as reported in table 3.4. 

As power density and energy density are the most important parameters of supercapacitors, 

figure 3.13 displays the Ragone plot of the assembled asymmetric supercapacitors. (Equation 

2.6 and 2.7). The highest power density of 437.3 W kg-1 and energy density of 11.6 W h kg-1 

were demonstrated by the 3DW, followed by the performance of WN, which displayed a 

power density of 418.2 W kg-1 and energy density of 11.8 W h kg-1. In contrast, the WP, due 

to the only particle like morphology and 2DW due to heavy sintering, demonstrated the least 

performance. The exceptional capacitance performance and high electrochemical stability of 

the WO3-x nanostructures can be considered as a cumulative outcome of the presence of a 

greater number of oxygen vacancies accompanied by surface redox states and nanostructured 

features which facilitate the diffusion of H+ ions through the WO3-x matrix. 

3.4 Effect of substituted ureas on growth characteristics of WO3-x 

nanorods. 

Multifunctional organic molecules, which can act as structure-directing motifs and energy-

rich fuels in combustion synthesis, play a vital role in tailoring the surface morphologies of a 

variety of transition metal nanostructures.25–27 Urea is one such organic compound that can 

form persistent hydrogen-bonded chains in various environments and has been investigated 

as an efficient nanostructure-inducing fuel in the present thesis. The characteristic hydrogen 

bonding feature of urea has made it an attractive candidate for supramolecular chemistry as 
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well.28 The nature of the substituents on the nitrogen atom in urea has a direct effect on its 

hydrogen bonding attributes, thus making it a robust and tunable building block.29  

A wide variety of building blocks can be produced by substitution in urea which can be 

applied as assembly directing motifs towards the construction of nanostructured 

materials.30,31 Urea has a unique feature wherein it can act both as a hydrogen donor through 

its NH protons as well as an acceptor through the lone pair of the C=O group. Elucidating 

this mechanism becomes crucial since the good complementarity between the two groups can 

result in self-association into robust hydrogen-bonded chains, which can be further applied to 

produce nanostructured materials.29,32 This property has been explored in the present thesis to 

produce WO3-x nanostructures described in detail in the previous sections. 

In comparison to urea, substituted ureas have been far less explored for the rational design of 

nanomaterials, despite the fact that they can also form relatively strong hydrogen-bonded 

motifs. Understanding urea's fundamental chemistry becomes crucial to identify what makes 

urea a nanostructure growth promoter. In the previous sections, we demonstrated two critical 

parameters i.e., 1) the mono-protonation of urea at the carbonyl oxygen, which resulted in the 

formation of an iminium cation (-C=NH2
+) which facilitates the kinetics of one-dimensional 

growth and 2) the exothermic decomposition of urea could satisfy the thermodynamic 

requirements for transforming particles of WO3-x into stable solid-state nanostructures.33 

However, urea being a sluggish fuel, there exists a significant scope to improve upon its 

exothermic decomposition efficiency.   

Several research groups have utilized hydrazine as an alternative fuel to urea in combustion 

synthesis due to its ability to undergo rapid exothermic decomposition.26,34 However, the lack 

of an O-protonation center, inability to act as an assembly directing motif, and excessive 

particle sintering induced by the explosive nature of its exothermic decomposition have 

severely restricted its use in designing nanostructured materials. On the contrary, NH- 

substituted ureas such as semicarbazide and carbohydrazide which are traditionally prepared 

in the laboratory by combining hydrazine and urea, could prove to be the perfect balance of 

nanostructure directing ability with improved exothermicity and can further promote the 

growth of WO3-x nanostructures.  
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On the contrary, if the NH- substitution is replaced by CH- substitution in urea, this could 

have detrimental effects on its nanostructuring ability to direct the growth of nanorods. More 

importantly, by altering the degree of NH- substitution in urea, its decomposition pattern in 

the metal-precursor hybrid gels can be tuned to achieve controlled in situ reduction of WO3 

surface to synthesize advanced WO3-x nanostructures.  This in turn could have a direct effect 

on its electrochemical charge-storage characteristics. Therefore, in the present section, we put 

the above hypothesis to test by utilizing NH- and CH- substituted, O-protonated ureas in a 

dual role, i.e., to act as a fuel and a cost-effective nanostructure directing motif, for 

synthesizing 1D WO3-x nanorods. The resulting effect of NH- and CH- substitution on the 

decomposition pattern of metal precursor, WO3-x nanorod morphology, percentage 

distribution of redox states, and corresponding influence on the charge-storage performance 

have also been investigated. 

3.4.1 SEM studies 

Figure 3.14 A-F presents the SEM images of synthesized WO3-x using carbohydrazide, urea, 

semicarbazide, N-methylurea, and tetramethylurea, and shall be referred to as WC, WN, 

WSC, WM, and WT respectively and have been synthesized using the methodologies 

described in section 2.2.7. The SEM images presented in Figure 3.14 provide important 

insights into the morphological characteristics of the different WO3-x nanostructures 

synthesized using various carbonyl compounds. Among these, the SEM results clearly show 

that calcination of tungstic acid gels with carbohydrazide and urea resulted in the formation 

of fully grown nanorods with diameters in the range of 100-200 nm and lengths of 2-7 μm. 

Notably, WC demonstrated a more robust growth and homogeneous distribution of nanorods 

compared to WN. On the other hand, moving in the direction of NH- substitution, the WSC 

yielded relatively poor nanorod characteristics, as evidenced by the SEM image presented in 

Figure 3.14 D. Furthermore, from Figures 3.14 E and F, it is observed that CH-substituted 

ureas such as N-methylurea lead to only partial or incomplete growth of rod-like 

morphologies, while tetramethylurea largely produced mixed rod-particle aggregates with 

incompletely formed or deformed rod-like structures visible in the mixture. These 

observations highlight the crucial role of substituted ureas used in the synthesis process in 

determining the morphological characteristics of the resulting WO3-x nanostructures. 
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Figure 3.14: SEM images of WO3-x synthesized by calcining tungstic acid gels with (A, B) 

carbohydrazide, (C) urea, (D) semicarbazide (E) N-methylurea, and (F) tetramethylurea. 

3.4.2 HRTEM studies 

To investigate the detailed morphological and structural characteristics, the synthesized  

WO3-x samples were subjected to HRTEM and SAED analysis. The typical representative 

results, one containing fully grown nanorods (WC) and the second with a mixture of rod-like 

and particle agglomerates (WT) are presented in figure 3.15. Figure 3.15 A revealed that the 

average diameter of nanorods in WC was 115 nm with an average length of  500 nm, 

measured through TEM analysis which was in good agreement with the results of SEM 

analysis. The HRTEM images of fully formed nanorod morphologies shown in figure 3.15 B 

revealed the lattice fringes with a d-spacing of 0.382 nm, which matches with the (002) plane 
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of monoclinic WO3-x in agreement with the literature reports.35,36 The Selected-Area Electron 

Diffraction (SAED) pattern (Figure 3.15 C) also reveals the (002) plane, which could be 

indexed to a monoclinic phase of WO3 (JCPDS No. 43-1035) for WC. However, the 

incompletely formed rod-like/particle aggregates showed the presence of mixed fringes of 

both (002) and (020) planes. The particle agglomerates had fringes with a d-spacing of 0.371 

nm, which matched with the (020) plane of monoclinic WO3 as reported in the literature.35,37 

The regular intensities of bright spots in the SAED pattern and the monocrystalline surface 

character were both profound in the case of WC compared to WT. 

 

Figure 3.15: The TEM, HRTEM, and SAED analysis (A-C) for WC and (D-F) for WT, 

respectively. 

3.4.3 XRD studies 

Further analysis of the surface crystal structure and growth patterns of different planes in the 

synthesized WO3-x morphologies were performed using an X-ray powder diffractometer. 

Figure 3.16 A-E represents the XRD pattern of all the synthesized WO3-x morphologies. All 

the WO3-x samples indicate the formation of  a stable monoclinic phase, with peaks appearing 
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at 2θ values of 22.7, 23.5, 24.2, 26.5, 28.8, 32.8, 33.6, 34.1, 35.2, 41.2, 41.8, 45.1, 47.1, 49.8, 

50.1 and 55.4 having miller indices (002), (020), (200), (120), (-112), (022), (-202), (202), 

(122), (-222), (222), (004), (040), (140), (-114) and (420) respectively (P21/n, JCPDS # 43-

1035) and as reported in.6,8,38  Since, the observed peaks were intense, sharp and of narrow 

width with no peaks of secondary phases present, it could be concluded that the synthesized 

WO3-xwere of high phase purity and crystallinity. 

Figure 3.16: XRD patterns of (A) WN, (B) WC, (C) WSC, (D) WM, and (WT). (I) overlay 

of XRD patterns, and (II) is a magnified subset of the rectangular area in (I). 

It was interesting to note that the obtained WO3-x morphologies had significant differences in 

the relative percentage distribution of (002), (200), and (020) facets (shown as a separate 

subset at R.H.S in figure 3.16). A comparative analysis of the ratio of major peaks with 

miller indices (002) : (020) : (200) are as follows: WN  (1.5 : 1.26 : 1), WC (1.59 : 1.31 : 1), 



 
 

91 
 

          Chapter III                     SALKAR 2023 

WSC (0.99 : 1.05 : 1), WM (0.95 : 0.92 : 1), and WT (0.92 : 0.99 : 1). It was evident that 

both urea and carbohydrazide had the highest intensity ratio of (002) plane which was 

indicative of the fact that, the profound growth of WO3-x nanorods as observed in SEM and 

TEM, was facilitated by the systematic tailored growth of WO3-x particles along the (002) 

plane, leading to a highly monocrystalline nanorod surface. On the contrary, XRD pattern of 

WO3-x obtained using CH- substituted ureas showed a significant decrease in the (002) plane 

intensity with an increase in the degree of CH- substitution from N-methylurea to 

tetramethylurea. It was evident that with the increase in the number of bulky methyl groups, 

the steric effect also increased, which facilitates the growth of WO3-x particles along the 

(020) and (200) plane instead of (002). These (020) and (200) planes possibly lack in the 

flexibility for tailored growth into one-dimensional structure, resulting in incompletely 

formed nanorods or nanoparticle agglomerates. The (002) plane is not only important for 

building 1D WO3-x nanostructures as observed above but is even more significant in 

improving the electrochemical charge-storage characteristics of WO3-x, which have been 

confirmed through charge storage measurements and shall be discussed later in detail in 

section 3.5. 

3.4.4 XPS studies 

It is possible that structural defects could accompany such a transformation from 0D particles 

into 1D rods during solid-state crystal growth of WO3-x nanorods. Such defects could also 

result in induced partial non-stoichiometry in molecular composition leading to the formation 

of   WO3-x. To obtain more information on the chemical composition and relative distribution 

of oxidation states of the synthesized WO3-x nanostructures, X-ray photoelectron 

spectroscopy (XPS) was employed to analyze representative samples of fully grown 

nanorods (WC) and mixed rod-particles agglomerates (WT). The XPS spectra (Figure 3.17, 

A-C) is of WC while that of WT is presented in figure 3.17 D-F. Both WO3-x samples display 

the characteristic W4f peaks located at 35.53 eV and 37.68 eV, which can be attributed to W 

4f7/2 and W 4f5/2, respectively, these peaks result from the spin-orbit splitting of 4f7/2 with 

4f5/2.
9 These two peaks were well separated, and the peak fitting revealed the presence of the 

majority of bulk tungsten in W6+ while  ̴ 15-20 % in W5+ oxidation state, mostly on the 

surface of the material. The O1s peak was located at 530.36 eV, which could be ascribed to 
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the W-O peak, and a shoulder peak at 532.62 eV was due to the oxygen in water molecules 

intercalated in the WO3-x crystal structure.48,50 A minor C1s peak was observed at 284.92 eV 

due to the presence of adventitious carbon species from the instrument.  

Similar peaks were observed in case of WT as shown in figure 3.17 D-F.  The energy 

separations and the peak positions are in good agreement with the NIST XPS database.39 The 

percentage composition analysis of W6+, W5+, and O1s peaks as presented in Table 3.5. The 

W4f analysis of XPS spectra reveals that the ratio of W5+/W6+ was 0.17 for WC and 0.13 for 

WT which confirmed that the nanorod surface has a greater magnitude of surface oxygen 

defects compared to particle agglomerates. Moreover, the relative distribution of the 

interstitial water was also greater in WC compared to WT. Therefore, the above findings 

clearly suggested that the NH- substitution in urea enhanced the presence of surface oxygen 

defects during the growth of nanorod structures, which could serve as active centers that 

promote the electrochemical charge-storage processes.40  On the contrary, the inefficiency of 

CH- substituted ureas in forming nanorod structures, thus resulted in the retention of the 

agglomerated particle morphologies with relatively lesser oxygen defects.  

Material Narrow scan Tungsten 

species 

XPS area 

integration (%) 

Area ratio 

W5+ / W6+ 

WC W 4f W6+ 85.66 0.17 

W5+ 14.34 

O 1s W-O 74.55  

Intercalated H2O 25.45 

WT W 4f W6+ 88.47 0.13 

W5+ 11.53 

O 1s W-O 78.88  

Intercalated H2O 21.01 

Table 3.5: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra of WC and WT. 
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Figure 3.17: XPS spectra of (A-C) WC and (D-F) WT. 
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3.4.5 TG-DTA and IR studies 

 

Figure 3.18: TG-DTA curve of the as-synthesized mixture of (A) tungstic acid– 

carbohydrazide, (B) tungstic acid-semicarbazide (C) tungstic acid–N-methylurea and (D) 

tungstic acid–tetramethylurea hybrid gels. 

All the above findings and trends of SEM, HRTEM, XRD, and XPS studies confirm that the 

type of NH- and CH- substitution in urea significantly alters the growth mechanism of WO3-x 

nanorods. This alteration in the growth mechanism could arise from the differences in the 

thermal decomposition processes of CH- and NH- substituted ureas. Therefore, 

thermogravimetric analysis were performed on the as-synthesized metal precursor -CH/-NH 

substituted urea-hybrid gels to obtain greater insight into the oxidation process. Figure 3.18 

A-D represents the TG-DTA curve of the as-synthesized tungstic acid-substituted urea hybrid 
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gels.  The initial weight loss observed below 150 ℃, corresponding to an endothermic peak 

around 100-110 ℃ in DTA, is attributed to the loss of physically adsorbed water and is 

common in all the four samples. However, striking differences were observed in the 

subsequent decomposition rate of hybrid gels based on the type of substitution in urea. For 

instance, in case of NH- substituted carbohydrazide and semicarbazide modified precursor 

gels, decomposition started during its melting process i.e.,  ̴159 ℃ for carbohydrazide and  ̴ 

170 ℃ for semicarbazide. Upon further heating, a major weight loss was observed, which 

could be attributed to the combustion of, at first, the excess uncoordinated 

carbohydrazide/semicarbazide, followed by the combustion of those molecules coordinated 

with tungstic acid gel, which required relatively higher temperatures for complete removal.33 

The decomposition of carbohydrazide in particular, is known to facilitate the in situ 

formation of hydrazine.41 This step-wise release of in situ generated hydrazine (which is an 

efficient fuel) and its subsequent exothermic decomposition into NOx and CO2 would allow 

controlled release of excess energy for complete and profound crystal growth of WO3-x 

nanorods. This controlled combustion of in situ generated hydrazine also avoids the 

unwanted nanoparticle sintering effect observed by several research groups when hydrazine 

is added ex-situ as a fuel.26  More importantly, the in situ reducing atmosphere so created 

could also facilitate partial reduction of the W6+ to W5+ on the nanorod surface resulting in 

the formation of WO3-x surface oxide as confirmed by XPS studies.  A similar effect can be 

observed in urea modified precursor gels, with urea decomposition producing NH3 and CO.19 

On the contrary, the corresponding decomposition patterns of metal precursor gels modified 

with CH-substituted ureas are relatively rapid and reach a stable weight loss at around 400 oC 

compared to 500 oC in the case of NH-substituted urea-modified precursor gels. Such a rapid 

decomposition possibly does not provide sufficient kinetic energy for controlled reduction of 

W6+ and complete growth of nanorod structure. Moreover, it induces sintering and 

agglomeration of nanoparticles as observed in SEM and TEM analysis, thus reducing the 

number of accessible active redox centers. The FTIR analysis were also performed wherein 

characteristic peaks due to C-H, C-N, N-H, N-N, C=O, and O-H, stretching frequencies of 

the corresponding substituted urea modified hybrid gels were observed (refer figure SF 8 in 

Annexure-I).  These peaks get eliminated upon calcination at 550 oC in air,  giving rise to O-
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W-O and W=O vibrations at 672 cm-1 and 837 cm-1 leading to the formation of WO3-x in 

agreement with XRD and XPS studies. 

3.4.6 Influence of urea substitution on the growth characteristics of 1D WO3-x nanorods.  

 

Figure 3.19: Schematic illustration of the plausible WO3-x nanorod growth mechanism with 

in situ induction of partial surface oxygen vacancies during the calcination of tungstic acid- 

carbohydrazide precursor gels in air at 550 oC. 

 

The detailed growth mechanism of protonated urea-induced transformation of nanoparticles 

into 1D WO3-x nanorods using the nucleation-growth-assembly route has already been 

explained in section 3.2.7. As explained earlier, the key factors for the generation of 

nanorods is the formation of colloidal tungstic acid gel particles and its subsequent 

interaction with NH-substituted, O-protonated urea. The supersaturation force of the acidic 

medium acts as the driving force at the nucleation step, forming larger crystals of WO3 
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nanoparticles.33 The capping tendency of O-protonated, NH-substituted ureas becomes 

crucial at this stage as it serves as a structure-directing motif to force one-dimensional growth 

of WO3-x crystallites.33 Moreover, the tailoring of nanocrystallites into 1D nanorods requires 

a greater activation energy along with other kinetic and thermodynamic requirements. The 

relative differences in the combustion energies of substituted ureas vary in the order 

carbohydrazide>semicarbohydrazide> urea> N-methylurea> tetramethylurea.42–45 Therefore, 

their differential combustion rates as observed in TG-DTA, induces variation in the 

percentage distribution of (002):(020):(200) surface planes in the nanocrystallites. This 

possibly results in the variation in the number of nanocrystallites being stitched into 1D 

nanorods along the preferred (002) plane. The in situ formation of hydrazine in case of NH- 

substituted ureas, possibly allow controlled release of excess energy to effectively overcome 

these requirements, which are accompanied by induction of partial surface oxygen vacancies 

in the lattices during the growth of nanorods.  

The extent of W6+ partial reduction tendency is in the order of carbohydrazide > 

semicarbazide > urea > N-methylurea > tetramethylurea which was in good agreement with 

the XPS results. In a recent study by Tu et al.10 a series of WO3-x nanorods with surface 

oxygen vacancies were obtained via thermally treating pre-synthesized nanorods in H2 

atmosphere.10 The chemical reactions leading to the production of WO3-x nanorods in the 

present work can be described as follows: 

Na2WO4  +  2HCl + nH2O → H2WO4. nH2O + 2NaCl          (3.2) 

H2WO4. nH2O +  m(−C = NH2
+)(iminium cation)

∆
→  WO3−x  + mNH3 +  mCO2 + (n + m)H2O   (3.3) 

The second crucial factor to be considered here is the requirement of self-association of one-

dimensional hydrogen-bonded chains of the building units, which are the prerequisites for 

designing one-dimensional nanostructures. In order to form these one-dimensional hydrogen-

bonded chains, a good complementarity must be maintained between both the protonated 

carbonyl oxygen as well as, at the NH groups. The increase in the degree of methylation from 

N-methylurea to tetramethylurea, therefore, decreases this synergy and is unable to produce 

WO3-x nanorods. On the contrary, as observed in SEM and TEM studies, carbohydrazide 

satisfies both the thermodynamic requirements of energy and nucleation growth kinetics for 

the complete growth of nanorods. The schematic illustration of the above plausible 
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mechanism is presented in figure 3.19. The effect of all the above morphological and 

chemical changes induced in WO3-x nanostructures due to the CH- and NH- substitution in 

ureas, on the interfacial processes such as reversible H+ ion intercalation in WO3-x with 

reference to supercapacitor application, has been further investigated and shall be discussed 

in the next section 3.5. 

3.5 Evaluation of the charge storage properties of nanostructured WO3-x 

synthesized using substituted ureas 

3.5.1 Three electrode charge storage studies 

Figure 3.20: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 

10 mV s-1; (B) GCD analysis at the current density of 2 A g-1 ; (C) Nyquist plots in 

thefrequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 8 A g-1. 
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The investigation of charge storage properties in order to highlight the merits of NH- and 

CH- substitution in urea to generate WO3-x architectures was carried out using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 

spectroscopy (EIS) tests. Figure 3.20 A shows an overlay of cyclic voltammograms of WO3-z 

synthesized using the different substituted ureas at a scan rate of 50 mV s-1 in a potential 

window between -0.2 to 1.0 V (vs. Ag/AgCl) at 28°C ± 1°C. It is observed that the highest 

area under the voltammograms is shown by the WO3-x nanorods (WC and WP), indicative of 

their large charge storage characteristics. As observed from our XRD analysis (Figure 3.16 A 

and B) both WC and WN nanorods have the dominance of (002) plane. The (002) plane of 

WO3-x has been reported several times as being the reason for improved electro-catalytic 

activity.46 Valdés et al., using density functional theory (DFT) calculations, has reported that 

the photo-oxidation of water on gamma WO3 surfaces requires an overpotential of 1.10 V for 

(020) and 1.05 V for (002) plane.47 Xie et al. and Zheng et al. have established the surface 

energy order in WO3 as (002) (1.56 J m-2) > (020) (1.54 J m-2) > (200) (1.43 J m-2), which 

indicates that (200) being the most stable and (002) as the least stable and thereby making it 

the most reactive plane.48,49 Guo et al. reported that in nanoporous WO3, the preferential 

orientation of the (002) planes helps in improving electrode kinetics by providing better 

conditions for the adsorption and redox reaction of pollutants compared to the (020) planes.50 

To understand the improved kinetics associated with the (002) surface dominant WO3-x, the 

diffusion coefficient (D0) for H+ ions was estimated by performing a scan rate-dependent 

study of the different WO3-x modified electrodes. (refer figure SF-9 in Annexure I) 

Figure SF-9 shows the CVs of the synthesized WO3-x nanorods at scan rates from 25 to 250 

mV s-1. The oxidation current increases with increasing scan rate. Inset shows the graph of 

oxidation peak current vs square root of scan rate, which exhibits a linear regression with R2 

value of 0.99, which is an indication that there is no surface poisoning of the electrode 

surface. Furthermore, the diffusion coefficient (D0) for H+ ions were estimated using the 

Randles-Sevciks method described in section 2.4.4. The calculated  D0 value obtained for 

WC was 5.2 × 10-9 cm2 s-1 and WN was 4.1 × 10-9 cm2 s-1, while that of WM was 3.4 × 10-9 

cm2 s-1, WSC was 2.8 × 10-9 cm2 s-1 and WT was 1.9 × 10-10 cm2 s-1 which were almost 

identical within the error limits. It is to be noted here that, the D0 values of fully grown 

nanorods (WC and WP) are relatively greater compared to partially formed rod-particles 
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agglomerates (WM, WSC, and WT) as listed above. The greater D0 values for WC and WN 

indicate the ease with which the H+ ions can diffuse in as well as out of the WO3-x matrix. 

The D0 values are comparable to work of Xiao et al.66 wherein a value of 1.91 × 10-9 cm2 s-1 

has been reported for porous WO3 electrode and to the work of Ghosh et al.16 who have 

reported a value of 2.27 × 10-10 cm2 s-1 for hexagonal WO3. To understand the reason behind 

the difference in D0 values between the morphologies, the electroactive areas of the materials 

were estimated using the method described in section 2.4.3. 

WC resulted in the highest electroactive area of 0.45 cm2 followed by WN (0.32 cm2) while 

WM, WSC had relatively lower electroactive areas of 0.29 cm2, 0.21 cm2 respectively with 

WT (0.17 cm2) being the lowest electroactive surface. The BET surface area analysis results 

were in trend with the electroactive area results and were observed to be 7.0, 5.3, 4.0, 3.9, 

and 3.5 m2 g-1 for WC, WN, WM, WSC, and WT respectively. (refer figure SF 10 in 

Annexure-I) The decrease in the electroactive areas from the nanorods (WC with W5+/W6+ = 

0.17) to particle agglomerates (WT with W5+/W6+ = 0.13) can be understood as a 

consequence of the reduction in surface oxygen defects and decreased presence of 

intercalated H2O as observed from the XPS analysis (Table 3.5).  

 

 

 

 

 

 

 

 

Table 3.6: Summary of the electroactive and BET surface area for the different WO3-x 

synthesized using substituted ureas. 

Material 

code 

Electroactive 

surface area 

(cm2) 

BET surface 

area (m2g-1) 

WC 0.45 7.0 

WN 0.32 5.3 

WM 0.29 4.0 

WSC 0.21 3.9 

WT 0.17 3.5 
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The values of specific capacitance for synthesized nanostructures were calculated from cyclic 

voltammograms as well as galvanostatic charge-discharge analysis using the formulas 

described in section 2.4.1. A typical overlay of the cyclic voltammograms recorded at a scan 

rate of 10 mV s-1 is shown in figure 3.20 B.   The values of specific capacitance at various 

scanning rates have been tabulated in table 3.7. The highest specific capacitance of           

285.4 F g-1 was observed for WC, followed by WN (270.3 F g-1), while WM, WSC, and WT 

produced relatively lower values of 196.3, 180.2, and 162.7 F g-1.  

Scan rate 

(mV s-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

WC WM WSC WT 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

5 285.4 156.8 196.3 125.2 180.2 115.3 162.7 101.2 

10 260.7 142.3 172.7 116.2 165.8 102.6 152.9 96.7 

20 212.5 116.2 160.3 91.6 158.2 85.9 147.3 73.9 

50 175.6 92.0 146.8 80.1 140.1 71.8 129.5 62.2 

100 150.2 75.3 130.9 65.3 118.3 58.4 102.3 41.6 

Table 3.7: Summary of specific capacitance values calculated from CV curves obtained for 

WO3-x synthesized using substituted ureas. 

Furthermore, these observations were confirmed by performing galvanostatic charge-

discharge analysis at various current densities from 2 to 10 A g-1 (refer figure SF 11 in 

Annexure-I). A typical overlay of the charge-discharge curve recorded at a current density of 

2 A g-1 is shown in figure 3.20 C.  Specific capacitance was calculated from charge-discharge 

curves at various current densities and their values are tabulated in table 3.8. The values for 

specific capacitance at the current density of 2 A g-1 are observed to be 231.3 F g-1,          

210.9 F g-1, 198.3 F g-1, 150.2 F g-1, and 111.2 F g-1 for WC, WN, WM, WSC, and WT 

respectively. In order to better understand the observed order of specific capacitance, 

electrochemical impedance measurements at open circuit potential values within the 

frequency region of 1 mHz to 1 MHz were recorded and are presented in figure 3.20 D. The 
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Nyquist plots comprised of two regions wherein a linear dependence was observed in the 

low-frequency region, which can be attributed to the solution resistance (Rs), whereas a 

semicircle was observed in the high-frequency region, which could be ascribed to the charge 

transfer resistance.22 A representative circuit diagram which best describes the system is 

presented as an inset in figure 3.20 C. The circuit diagram comprises of a charge transfer 

resistor (RCT) that is connected with a capacitor and a Warburg resistor (W) in parallel and 

solution resistor (RS) in series. The solution resistance values of 6.5, 8.0, 18.1, 25.2, and 30.6 

Ω were observed for WC, WN, WM, WSC, and WT, respectively, indicating greater 

conductivity of WO3-x nanorods along with easy access to the electrolytic phase which can be 

correlated to the presence of oxygen vacancies in the materials.23 

Current 

density 

(A g-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

WC WM WSC WT 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

2 231.3 135.2 198.3 120.3 170.2 111.1 152.2 89.2 

4 215.7 121.3 172.3 106.3 163.2 98.3 151..2 81.7 

6 193.6 106.8 156.7 90.1 147.7 79.3 135.8 70.3 

8 172.3 94.6 140.3 81.6 131.3 67.3 121.7 52.3 

10 156.8 87.3 129.9 72.3 102..3 58.4 92.6 40.5 

Table 3.8: Summary of specific capacitance values calculated from GCD analysis obtained 

for WO3-x synthesized using substituted ureas. 

Electrode stability is also an important parameter for evaluating the performance of capacitor 

electrode materials.24It was observed that the morphology of the electrode material had an 

impact on its stability. The stability of the modified electrodes was studied by performing 

continuous galvanostatic charge-discharge measurements and has been presented in Figure 

3.20 D. It was observed that the electrode films prepared from fully grown nanorod 

morphologies were significantly more stable than those prepared with rod-particle 
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agglomerates. The order of capacitance retention was WC (95.8 %) (169.7 F g-1) > WN (84.2 

%) (118.2 F g-1) > WSC (81.3 %) (114.1 F g-1) > WM (104.7 %) (104.7 F g-1) > WT (64.3 %) 

(78.2 F g-1), compared to their initial specific capacitance as reported in table 3.8. The 

excellent stability demonstrated by WC and WM indicated their potential for device scale 

applications and have been evaluated for the same in the next section 3.5.2. 

3.5.2 Electrochemical performance of the WO3-x//AC asymmetric supercapacitor device 

Figure 3.21: (A) Overlay of CV curves recorded at a scan rate of 5 mV s-1 (B) Overlay of 

GCD analysis recorded at the current density of 2 A g-1 (C) Overlays of Nyquist plots in the 

frequency range of 1 mHz to 1 MHz and (D) Overlays of cycling stability performance 

measured in a two-electrode asymmetric setup evaluated at 8 A g-1. 

To evaluate the influence of substituted urea towards the charge storage characteristics of 

WO3-x nanostructures and to evaluate their practical applicability, asymmetric supercapacitor 

devices were assembled using WO3-x nanostructures fabricated onto carbon paper as the 

anode and activated carbon (AC) fabricated onto another carbon paper as an cathode using 
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the methodology described in section 2.3.2.1. Figure 3.21 A displays an overlay of the cyclic 

voltammograms at a fixed scan rate of 5 mV s-1 and galvanostatic charge-discharge studies at 

a constant current density of 2 A g-1 has been presented as figure 3.21 B. The two figures 

indicates both greater voltammogram area and longer discharge time for WC and WN 

electrodes in comparison to WM, WSC and WT. Scan rate dependent CV and current 

density-dependent GCD studies were also performed (see figures SF12 and SF13 in 

Annexure-I), and the specific capacitance thus obtained has been tabulated in tables 3.7 and 

3.8 (Equations 2.4 and 2.5). 

The highest specific capacitance of 156.8 F g-1 at a scan rate of 5 mV s-1 and 138.2 F g-1 at a 

current density of 2 A g-1 was demonstrated by WC. The observed results of specific 

capacitance measurements were in line with the results of three-electrode studies. The EIS 

studies showed the Rs values of 12.5, 14.2, 25.1, 28.5, and 39.3 Ω by WC, WN, WM, WSC, 

and WT, respectively. A representative circuit diagram which best describes the system is 

presented as an inset in figure 3.21 C. The circuit diagram comprises of a charge transfer 

resistor (RCT) that is connected with a capacitor and a Warburg resistor (W) in parallel and 

solution resistor (RS) in series. Additionally, exceptional cycling stability was also 

demonstrated by WC and WN when tested over 12,000 continuous charge-discharge cycles. 

Capacitance retention of 87.2 (82.4 F g-1), 83.9 (45.1 F g-1), 70.3 (57.3 F g-1), 64.2 (43.2 F g-

1), and 59.1 (30.9 F g-1) % were observed for WC, WN, WM, WSC, and WT electrodes, 

compared to their initial specific capacitance as reported in table 3.8. 

Power density and energy density are the most significant parameters of any supercapacitor 

device. The Ragone plot displaying the performance of the assembled asymmetric 

supercapacitors has been presented as figure 3.22 (Equations 2.6 and 2.7). The highest power 

density of 436.2 W kg-1 and energy density of 11.4 W h kg-1 were demonstrated by WC, 

followed by the performance of WN, which displayed a power density of 418.2 W kg-1 and 

energy density of 11.8 W h kg-1. In contrast, the WM, WSC, and WT, due to poor 

morphological features, demonstrated the least performance. The exceptional capacitance 

performance and high electrochemical stability of the WO3-x nanostructures can be 

considered as a cumulative outcome of the presence of a greater number of oxygen vacancies 

accompanied by surface redox states and nanostructured features which facilitate the 
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diffusion of H+ ions through the WO3-x matrix. The overall results thus indicate the 

remarkable performance of nano and microstructured WO3-x. However, they can still be 

improved further if assembled into even higher dimensional microstructures. This motivation 

has led to the synthesis of WO3-x/C microfibers, which are presented in the next section 3.6. 

Figure 3.22: Ragone plot demonstrating the device performance of WO3-x nanostructures. 

3.6 Designing 3D WO3-x/C microfibers using citric acid 

3D fibrous nanostructures have immense potential applications in the field of bioengineering, 

energy harvesting, optical diagnostics, drug delivery etc.51–53 The revolutionary discovery of 

double helical DNA (deoxyribonucleic acid) structure in 1953, led to the fundamental 

understanding that helical structures impart special properties such as, enhanced stability, 

cellular replication, signal processing, catalysis, etc.53–55 The fibrous structure is, therefore, of 

paramount importance to unravel the mystery about the origin of life itself.56 The curiosity 

and fascination towards this unique architecture has led material chemists worldwide to 

synthesize fibrous structures using organic and inorganic molecules and gain insight into 

nature’s construction rules, study material properties, and its utilization in potential 

applications. 

Tuning the nanomaterial design into fibrous structures is extremely difficult as the 

nanoparticles are too small for lithographic fabrication and too big for molecular synthesis. 
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Recently, Suzuki et al.57 utilized L/D-cysteine moieties functionalized to the edges of 

graphene quantum dots (GQDs), causing single helical buckling at the “crowded” edges of 

GQDs. Hou et al.58 designed helical fibers via co-pyrolysis of Fe(CO)5 and toluene/pyridine 

mixture as carbon source. Micro-ribbons of ZnO have been reported via the solid-vapor 

phase deposition method by Wang et al..59 Wu et al.60 reported the synthesis of double 

helical silica fibers using tetraethyl orthosilicate (TEOS), sodium dodecyl sulfate as a chiral 

surfactant, and N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride as the co-

structure-directing agent. Jung et al.61 utilized a predesigned helical template, p-dodecanoyl-

aminophenyl-β-D-glucopyranoside, to functionalize TEOS to produce SiO2 microfibers. 

Sharma et al.62  performed Au functionalization of DNA itself to produce double helical gold 

nanostructures. Although these methods produce fibrous structures, the use of expensive 

templates and post-separation complexities limit their large-scale production. Therefore, a 

great deal of further research is required to develop simple and scalable methods for 

preparing double helical structures of semiconductor oxides, especially with reference to 

their utilization in energy and environmental applications.  

Therefore, this section presents a facile citric acid-assisted synthetic route for producing 

WO3-x/C microfibers. The design strategy utilizes citric acid-tungstic acid hybrid gel 

precursor, controlled pH, and calcination treatment in order to generate WO3-x nanorod in a 

similar manner as described in previous sections. Furthermore, their in situ carbon fiber 

encapsulation into a core-shell structure and subsequent self-assembly into a microfibers-like 

structure is presented and further evaluated for its charge-storage performance.  

3.6.1 SEM studies 

Figure 3.23 A-E presents the temperature-dependent morphological transformation and 

growth of WO3-x/C microfibers (hereafter referred to as WF) from 250°C to 550°C. 

Calcination of tungstic acid-citric acid hybrid gel initiates the formation of a tripodal-shaped 

intermediate structure (refer figure 3.23, A-C), which transforms into WF at 450°C (refer 

figure 3.23, (D,E)).  The EDX elemental mapping of D confirmed the homogeneous surface 

distribution of W, O with carbon encapsulation of rod-like morphologies (refer figure 3.23, 

F-H). Further increase in temperature > 550 °C, resulted in collapse of the microfiber-like 

structure due to the removal of carbon fibers, leaving behind a randomly oriented hierarchical 
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assembly made of WO3-x nanorods separated by hollow cavities (refer figure 3.23 E), 

henceforth labeled as WH.  

Figure 3.23: (A-E) SEM micrograph of temperature-dependent morphological 

transformation of tungstic acid-citric acid hybrid gel (A) 250 °C, (B) 300 °C, (B1) Inset of B 

(C) 350 °C, (C1) Inset of C, (D) 450 °C and (E) 550°C. (F-H) Elemental mapping of D. 
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3.6.2 HRTEM studies 

Figure 3.24: (A-D and F) represent the HRTEM and SAED analysis of  WF, and (E and G) 

represent the HRTEM and SAED analysis of  WH, respectively. 

The HRTEM and SAED analysis (refer figure 3.24) of WF and WH revealed that the WF 

consisted of a random arrangement of a number of carbon encapsulated WO3-x nanorods. 

These WO3-x rods were held together by a double helical arrangement, which grows along 

the three directions in close contact with each other, within the initially formed tripodal 

geometry. Two types of carbon encapsulated WO3-x nanorods are observed (refer figure 3.24 

A and B). The bigger microrods of size < 200 nm in diameter comprises the fibrous chains 

while relatively smaller nanorods of size < 50 nm which get randomly trapped in between the 
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adjacent fibrous chains, somewhat mimicking a DNA-like structure. The carbon fiber 

encapsulation of WO3-x nanorods was confirmed using HRTEM analysis, as depicted in 

figure 3.24 A and B. The calculated lattice fringe spacing of ~0.381 nm and ~0.363 nm 

matched with the (002) and (200) planes of monoclinic WO3-x.
35,36 WH consisted of 

relatively bigger nanorods (refer figure 3.24 E). The SAED pattern (refer figure 3.24 F and 

G), displayed bright spots due to monocrystalline surface character, both of which were more 

profound in WF compared to WH due to the removal of excess surface carbon. 

3.6.3 TG-DTA and elemental studies 

Figure 3.25: (A) TG-DTA of the as-synthesized tungstic acid-citric acid gel and (B) 

histogram of the C and H distribution. 

In the TG analysis of the hybrid gel (Figure 3.25 A), four distinct weight losses and their 

corresponding DTA peaks were evident. i) At ≤ 150 °C, loss of adsorbed water was 

observed. ii) In the temperature range of 150 °C - 200 °C, rapid combustion of the excess 

citric acid was observed. Subsequently, iii) a gradual weight loss of around 15% within a 

temperature range of 200 °C - 450 °C occurred. This could result from partial oxidative 

carbonization of citric acid into its pyrolysis products which could further transform it into 

reduced graphene oxide (rGO)-like carbon fibers catalyzed by the growing WO3-x nanorods. 

Further heating, iv) > 550°C resulted in the increased oxidative removal of carbon fibers 

causing loss of structural integrity of WF and collapse of the fibrous structure. Elemental 

analysis of C and H of the post calcination products (refer figure 3.25 B) revealed that nearly 
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17 % carbon content was present in the WF which reduced to ~ 4 % when the fibrous 

structure collapsed, forming WH, which was in good agreement with the TG results. 

3.6.4 IR and XRD studies 

IR analysis (refer figure 3.26 A) revealed the presence of a broad peak within 3600 to 2300 

cm-1
,
 which could be a combination of O-H and C-H stretching vibrations. The O-H bending 

vibration was observed at 1660 cm-1
. The C=O and C-O stretching frequencies of citric acid 

present in the gel mixture were observed at the characteristic wavenumbers of 1722 and 1207 

cm-1at 150 °C, respectively. A slight shift in the C=O stretching vibration from 1722 to 1731 

and 1735 cm-1 was observed with an increase in temperature to 250 and 350 °C, respectively. 

The C-O stretching vibration also showed a similar trend wherein the stretching vibrations 

shifted to 1225 and 1233 cm-1 at temperatures of 250 and 350 °C. Such a shift towards a high 

wavenumber is indicative of stronger bonding interaction between the metal and carboxylic 

groups. The above shifts in the C=O and C-O stretching frequencies was accompanied by the 

morphological transformation of tungstic acid-citric acid hybrid gel into tripodal shaped 

intermediate structures as observed in the SEM analysis (refer figure 3.23). All the above 

signals were eliminated at higher temperatures >350 °C confirming the decomposition of 

citric acid. A broad peak corresponding to the presence of O-W-O and W=O vibration within 

1020 to 535 cm-1 was indicative of the oxide formation in the temperature range of 450 °C - 

650 °C.35 

Figure 3.26 B presents the XRD patterns depicting gradual transformation of the tungstic 

acid-citric acid gels into monoclinic phase of WO3-x. Peaks are observed at 2θ value of 22.6, 

23.5, 24.1, 26.5, 28.7, 32.7, 33.5, 34.1, 35.1, 41.2, 41.7, 45.1, 47.1, 49.7, 50.1 and 55.3. 

Corresponding miller indices  of (002), (020), (200), (120), (-112), (022), (-202), (202), 

(122), (-222), (222), (004), (040), (140), (-114) and (420) for the above peaks were matched 

with P21/n, JCPDS # 43-1035 and were in agreement with the literature reports.6,38 The low 

intensity carbon peaks possibly overlapped with that of high intensity WO3 peaks at 2θ 

values of 26.5 and 45.1 and hence were not evident from the XRD plot,  in agreement with 

the observations of Wang et al. 63 It was interesting to note that, WF and WH exhibited 

significant differences in the relative peak percentage distribution of the (002), (020) and 

(200) facets. Intensity ratio comparison of the major peaks having miller indices (002): (020): 
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(200) gave values of 1.6 : 0.9 : 1 for WF and 0.9 : 0.7 : 1 for WH. The surface dominance of 

(002) plane was in agreement with the HRTEM results. The (002) plane is crucial for 

building 1D WO3-x nanostructures and is reported to significantly enhance electrochemical 

performance of WO3-x, 
46,48,49 

Figure 3.26: (A) IR spectra and (B) XRD patterns depicting the transformation of tungstic 

acid-citric acid gel mixture at various temperatures from 150 to 650 °C. 

3.6.5 Raman and EPR studies 

The nature of carbon encapsulation plays a crucial role in tailoring the nanorods of WO3-x 

into the complex fibrous structure. Therefore, Raman analysis were performed to elucidate 

the carbon structure (refer figure 3.27 A and B). Besides the bands due to WO3-x at 710 and 

804 cm-1 ascribed to the stretching modes of W-O vibrations, the characteristic first order 

Raman bands at 1350 cm-1  and 1600 cm-1 were identified, typical of reduced graphene oxide 
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(rGO)-like carbon fibers.64–67 The Raman bands of rGO like carbon fibers were deconvoluted 

via a five peak fit model using the Voigt function.  This has been a standard method used 

over decades to explain the types of disorders in carbon soot, and more recently, it has been 

adopted to analyze GO.68 The corresponding fitted peaks are denoted as D1 = 1353 cm-1, D2 

= 1560 cm-1, D3 = 1445 cm-1, D4 = 1150-1250 cm-1, and G =1610 cm-1.69  

The D bands represent the defects and disorder of carbon structure, while the G band 

represents the graphitic carbon layers.70 The ratio of peak intensities (ID1/IG) is a good 

measure of the crystal structure disorder induced due to strong chemical interactions of GO 

with WO3-x. From the values of intensity ratios of the D1 and G bands, the ID1/IG values of 

1.13 and 1.45 were obtained for WF and WH, respectively. The D4 peak represents the 

crystal edge disorder due to the presence of sp3 bonded oxygen species present at the edges 

of GO, while the D3 is an indicator of the amorphous carbon surface structure.  

Figure 3.27: (A-B) Raman spectra of WF and WH, respectively, and (C) Overlay EPR 

spectra of WF and WH, respectively. 
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The relative decrease in ID4/IG peak intensity is more pronounced in the case of WF (0.25) 

compared to WH (0.31).  This confirms the reduction in surface or edge oxygen 

functionalities due to the chemical bonding of GO with WO3-x resulting in the formation of 

reduced graphene oxide (rGO) like encapsulation over WO3-x nanorods.  This is 

understandable as the calcination temperature was lower in the case of WF compared to the 

WH and agrees with the C, H, N, and TGA studies as well. Such a heterostructure formation 

could induce variations in surface oxygen vacancies resulting in changes in the surface redox 

states of WO3-x nanorods as illustrated in the schematic in figure 3.29. Therefore, EPR 

spectroscopic analysis of WF and WH were performed. 

The EPR analysis (refer figure 3.27 C) gave a resonance signal at g = 2.001, confirming the 

presence of oxygen vacancies on the WO3-x nanorod surface.63,71 Furthermore, the peak 

intensity comparison of the EPR spectrum of WF and WH revealed greater oxygen vacancies 

in the former case. The presence of redox states and types of oxygen functionalities in rGO 

fiber encapsulated WO3-x nanorods were investigated further using X-ray photoelectron 

spectroscopy (XPS). 

3.6.6 XPS studies 

The XPS spectra shown in Figure 3.28 A-D are of WF, while that of WH are presented as 

figure 3.28 E-H. The typical W4f peaks (at 35.53 eV and 37.68 eV) ascribed to W 4f7/2 and 

W 4f5/2, respectively, were observed in case of both WF and WH, as a result of spin orbital 

splitting (refer figure 3.28 B and F). Analysis confirmed that majority of surface tungsten is 

in W6+ state while < 20 % is in W5+, distributed throughout the nanorod surface.10,11,72 The 

530.36 eV peak of O1s was ascribed to the W-O species while the shoulder peak at 532.62 

eV was a result of oxygen in intercalated water (refer figure 3.28 C and G). 

The C1s band at 284.92 eV was from the carbon species (figure 3.28 D and H), which upon 

deconvolution revealed three peaks at 285.0, 286.6, and 288.3 eV due to C-C, C-O, and C=O 

groups of rGO-like carbon fibers respectively.73,74 The possibility of carbon doping in WO3 

matrix was thus ruled out, since no peaks around 281-282 eV were observed in XPS 

spectrum.73 Therefore, it was concluded that the carbon was largely distributed over the 

surface of WO3-x nanorods as also observed from the HRTEM (refer figure 3.28 B)  and EDX 

map (refer figure 3.23 F-H).  
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Figure 3.28: XPS spectra of (A-D) WF and (E-H) WH. 
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The percentage compositional analysis from the W4f, O1s and C1s narrow scan spectrums 

are presented in table 3.9. The W4f analysis of XPS spectrum revealed that the ratio of 

W5+/W6+ was 0.18 for WF while for WH was only 0.07 which confirmed that WF had a 

greater magnitude of surface oxygen defects in agreement with EPR results. The peak due to 

the intercalated water in the O1s spectra were due to the oxygen from the hydroxyl ions and 

is an direct indicative for oxygen vacancies on the surface.75 The relative distribution of the 

intercalated water was also greater in WF reconfirming the greater magnitude of oxygen 

defects. The increased distribution of oxygen vacancies is also known to exhibit improved 

electrochemical performance and has been demonstrated in section 3.7 by performing charge 

storage measurements.70,76,77 

Material Narrow scan Tungsten 

species 

XPS area 

integration (%) 

Area ratio 

W5+ / W6+ 

WF W 4f W6+ 84.61 0.18 

W5+ 15.39 

O 1s W-O 78.88  

Intercalated H2O 21.12 

C 1s C-C 56.36  

C-O 33.74 

C=O 9.9 

WH W 4f W6+ 93.46 0.07 

W5+ 6.54 

O 1s W-O 97.61  

Intercalated H2O 2.39 

C 1s C-C 67.73  

C-O 30.03 

C=O 2.24 

Table 3.9: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra of WF and WH. 
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3.6.7 Growth mechanism of 3D WO3-x/C microfibers 

The schematic representation of the plausible growth mechanism of WF and WH is 

illustrated in figure 3.29. Citric acid is a well-known naturally available organic surface 

modifier, used in nanomaterial synthesis. Being a weak triprotic acid with three carboxylic 

groups that are able to cap metal ions under controlled pH conditions, allows synthetic 

tunability for designing nanostructures. The hydrolysis of sodium tungstate forms tungstic 

acid sol which upon subsequent polycondensation results in the formation of tungstic acid 

gel. The presence of citric acid at this stage serves as a capping agent to induce anisotropic, 

directional growth of WO3 particles. These interactions between citric acid and WO4
2- were 

observed in IR measurements as well (refer figure 3.26 A). Moreover, the oxidative pyrolysis 

(incomplete combustion) of citric acid is reported to produce polymeric graphene oxide-like 

quantum dots and fibers especially when catalyzed by alkali metals.78,79 While majority of 

unreacted citric acid would decompose into CO/CO2 upon heating, it is speculated that, the 

dominant (002) surface plane of the growing WO3-x nanorods may serve as an active surface 

for catalyzing the growth of rGO-like carbon fibers in the temperature range of 200-450oC. 

Since, varied size distribution of WO3-x nanorods were observed in TEM analysis, it is likely 

that the carbon encapsulation rate could compete with WO3-x nanorod growth kinetics.80,81 

This may result in the termination of the nanorod growth to a restricted size and leads to the 

formation of WO3-x/C heterostructures.  

Elucidating the helicity induction mechanism in such carbon fibers still remains a challenge 

till date. Several mechanisms attempting to explain the growth of helical structures can be 

found in the literature. For instance, the crystallization of a double helical superstructure 

from a macrocyclic dimer that exhibits two diastereoisomeric conformations was reported by 

Stoddart and coworkers.82 These double helical structures were stabilized by intermolecular 

[C-H...O] interactions across the functional groups of the diastereoisomers. Furthermore, 

duplex formation through base pair specific hydrogen bonding interactions in nucleic 

acids83,84, Van der Waals interactions in self-assembled fibers85 and interaction of organic 

ligands with metal surfaces have also been reported to produce double, triple and quadrapole  

helices.86 Computational studies by Suzuki et al.57 on L/D-cysteine moieties functionalized to 
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the crowded edges of graphene were found to undergo “buckling effect” across the functional 

groups inducing helicity in GO. 

Figure 3.29: Schematic illustration of the plausible growth mechanism of WF and WH. (A) 

depicts tungstic acid-citric acid hybrid gel, (B) capping effect induced by citric acid, (C) 

orientational growth of citric acid particles, (D) growth of carbon fiber encapsulated WO3-x 

single helices, (E) formation of WO3-x/C double helical fibers, (F-G) self-assembled WF 

tripodal superstructures and (H) transformation of WF into WH.    

Considering the above observations, it can be speculated that such a hydrogen bonding or 

Van der Waals interaction across carbon fiber encapsulated WO3-x nanorods may produce 

helical fibers via self-assembly process. The trapping of WO3-x nanorods in between the 

growing helical strands along the three directions (refer figure 3.29 F) may thus result in the 
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formation of the double helical tripodal superstructure. It is to be noted here that the actual 

mechanism of inducing helicity in carbon fiber encapsulated WO3-x/C nanorods could be 

much more complex than the one speculated in figure 3.29. Furthermore, subsequent heating 

of these superstructures to > 450oC, results in removal of carbon encapsulation via CO/CO2 

loss (as observed in TG). This lead to collapse of the double helical structure, leaving behind 

a hierarchical assembly of WO3-x nanorods (refer figure 3.29 H). The WF structure with 

redox surface states, enhanced oxygen vacancies is also expected to exhibit enhanced 

electrical conductivity and electrode-electrolyte interfacial kinetics due to the rGO-like 

carbon fiber-WO3-x heterostructure formation. Therefore, the synthesized WF and WH 

microstructures were subjected to charge-storage measurements. 

3.7 Evaluation of the charge storage properties of microstructured 3D 

WO3-x/C microfibers and hierarchical structures 

3.7.1 Three electrode charge storage studies 

Cyclic voltammetry (CV), galvanostatic charge discharge (GCD), and electrochemical 

impedance spectroscopic (EIS) measurements were conducted to evaluate the 

electrochemical performance of WF and WH. The comparative CVs for WF and WH are 

presented in figure 3.30 A. The cyclic voltammograms exhibits an anodic peak at ~ -0.1 V 

due to the H+ ions deintercalation from the WO3-x/C matrix as per the reaction 3.1. WF 

displayed a highest area coverage under the CV curve compared to WH demonstrating 

significant improvement in electrochemical performance due to its fibrous morphology 

assisted by the presence of rGO-like fiber encapsulation, which provides facile diffusion 

pathways for H+ ions across the WO3-x matrix. Therefore, scan rate dependent CV 

measurement were performed to calculate the diffusion coefficients (D0) using the Randles-

Sevciks method described in section 2.4.4 (refer figure SF14 in Annexure-I).87,88 The WF 

electrodes exhibited the highest D0 value of 5.6 ×10-9 cm2 s-1 compared to the D0 value of WH 

(4.7 ×10-9 cm2 s-1). 

The 3D arrangement of WO3-x nanorods and its fibrous nature provide preferential orientation 

of a greater number of electroactive centers to participate in the electrochemical reaction. 

Therefore, the electroactive area of each material was determined using the Cottrell equation 
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using the methodology described in section 2.4.3. The highest electroactive area of 0.78  cm2 

was obtained for WF while WH displayed a relatively lower electroactive area of 0.54 cm2, 

which were in trends with the results of BET surface area analysis as well (refer figure SF 15 

in Annexure-1). The decrease in the electroactive areas from the WF to WH can be 

understood as a result of reduction in surface oxygen defects and decreased intercalated H2O 

as observed from the XPS analysis. 

Figure 3.30: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 

10 mV s-1; (B) GCD analysis at the current density of 2 A g-1 ; (C) Nyquist plots in the 

frequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 8 A g-1. 

The values of specific capacitance for synthesized nanostructures were calculated from cyclic 

voltammograms as well as galvanostatic charge-discharge analysis using the formulas 

described in section 2.4.1. The values of specific capacitance at various scanning rates have 
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been tabulated in table 3.11. The highest specific capacitance of 315.2 Fg-1 was observed for 

WF while WH gave a lower values of 216.6 F g-1. The lower values of Do, electroactive area 

and specific capacitance as observed in case of WH could well be due to the loss of fibrous 

nature of the material resulting in decreased surface area and was in good agreement with the 

SEM and BET N2 adsorption-desorption studies as well.  

Scan 

rate 

(mV s-1) 

Specific capacitance (F g-1) 

(Error bar ± 2%)  

WF WH 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 

5 402.3 196.3 352.8 170.1 

10 375.1 165.6 361.9 149.4 

20 332.7 146.7 311.3 128.3 

50 292.3 125.1 271.6 116.9 

100 248.3 101.8 228.1 91.2 

Table 3.10: Summary of specific capacitance values calculated from CV curves obtained for 

WF and WH. 

Furthermore, these observations were confirmed by performing galvanostatic charge-

discharge analysis at various current densities from  2 to 10 A g-1 (refer figure SF 16 in 

Annexure-I). A typical overlay of the charge-discharge curve recorded at a current density of 

2 A g-1 is shown in figure 3.30 B.  Specific capacitance was calculated from charge-discharge 

curve at various current densities and their values are tabulated in table 3.12. The values for 

specific capacitance at the current density of 2 A g-1 are observed to be 161.6 F g-1 for WF 

and 146.2 F g-1 for WF and WH, respectively. The obtained capacitance of WF showed 

improvement in comparison to other reported microfiber-like WO3 morphologies. For 

instance, Wang et al. 89 reported WO3-polypyrrole core shell nanowire arrays grown on 

carbon fibers using an electrodeposition technique and exhibited capacitance of 253 mF cm-2 
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at a current density of 0.67 mA cm-2. Gao et al. 90  made use of hydrothermal technique to 

produce WO3 nanowire arrays/carbon cloth integrated electrodes with the specific 

capacitance of 32.6 mF cm-2 at 1.2 mA cm-2. Tian et al. 91produced W18O49 nanofibers with 

polyaniline using electro-deposition technique, yielding specific capacitance of 20 mF cm-2 at 

0.5 mA cm-2. This suggests that the double helical superstructure significantly improves the 

supercapacitor performance of WO3.  

Current 

density 

(Ag-1) 

Specific capacitance (F g-1) 

(Error bar ± 2%) 

WF WH 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 

2 315.2 161.6 216.6 121.2 

4 289.6 142.3 182.3 105.5 

6 262.3 129.5 163.9 95.4 

8 226.5 102.4 149.8 78.3 

10 199.6 81.5 119.4 58.6 

Table 3.11: Summary of specific capacitance values calculated from GCD analysis obtained 

for WF and WH. 

In order to better understand the observed order of specific capacitance, electrochemical 

impedance measurements at open circuit potential values within the frequency region of 1 

mHz to 1 MHz were recorded and are presented in figure 3.30 C. The Nyquist plots from the 

EIS studies of low frequency region showed linear dependence while a small semicircle form 

was observed in the high frequency region.92,93 A representative circuit diagram which best 

describes the system is presented as an inset in figure 3.30 C. The circuit diagram comprises 

of a charge transfer resistor (RCT) that is connected with a capacitor and a Warburg resistor 

(W) in parallel and solution resistor (RS) in series. The solution resistance (Rs) for WF (8.2 

Ω) was almost 4 times lower than WH (32.1.2 Ω). The lowest Rs values suggested better 
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conductivity of WF compared to WH. Electrode stability is also an important parameter for 

evaluating the performance of capacitor electrode materials.24 It was observed that the 

morphology of the electrode material had an impact on its stability. The stability of the 

modified electrodes was studied by performing continuous galvanostatic charge-discharge 

measurements and has been presented in Figure 3.30 D. It was observed that the electrode 

films prepared from WF were significantly more stable (92 %) (208.3 F g-1) than those 

prepared with WH (87 %) (130.3 F g-1), compared to their initial specific capacitance as 

reported in table 3.11. The excellent stability demonstrated by WF and WH indicated their 

potential for device scale applications and have been evaluated for the same in the next 

section 3.7.2. 

3.7.2 Electrochemical performance of the WO3-x/C//AC asymmetric supercapacitor 

devices 

To evaluate the practical applicability of the synthesized WF and WH microstructures, an 

asymmetric supercapacitor device was assembled using WO3-x microstructures fabricated 

onto carbon paper as the anode and activated carbon (AC) fabricated onto another carbon 

paper as an cathode using the methodology described in section 2.3.2.1. Figure 3.31 A 

displays an overlay of the cyclic voltammograms at a fixed scan rate of 5 mV s-1 and 

galvanostatic charge-discharge studies at a constant current density of 2 A g-1 has been 

presented as figure 3.31 B. The two figures indicate both greater voltammogram area and 

longer discharge time for WF in comparison to WH. Scan rate-dependent CV and current 

density-dependent GCD studies were also performed (see figures SF16 and SF17 in 

Annexure-I), and the specific capacitance thus obtained has been tabulated in tables 3.10 and 

3.11, respectively (Equations 2.4 and 2.5). 

The highest specific capacitance of 165.6 F g-1 at a scan rate of 5 mV s-1 and 161.6 F g-1 at a 

current density of 2 A g-1 was demonstrated by WF. The observed results of specific 

capacitance measurements were in line with the results of three-electrode studies. However, 

low coulombic efficiency (∼ 55 %) was observed in the GCD curves for the asymmetric 

supercapacitor. This may be due to irreversible peristatic reactions that occur during the 

charging and discharging of the supercapacitor. The low coulombic efficiency could be a 

result of the properties of the solid electrolyte material itself, such as its ionic conductivity, 
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electrochemical stability, and chemical compatibility with the cathode and anode materials. It 

is also possible that the efficiency is limited by the interface between the solid electrolyte and 

the electrodes, as well as by the thickness of the solid electrolyte layer. The low coulombic 

efficiency observed in our study also presents an opportunity for future research to improve 

the performance of asymmetric supercapacitor devices. The EIS studies showed the Rs 

values of 21.2 and 31.9 Ω by WF and WH, respectively. A representative circuit diagram 

which best describes the system is presented as an inset in figure 3.31 C. The circuit diagram 

comprises of a charge transfer resistor (RCT) that is connected with a capacitor and a Warburg 

resistor (W) in parallel and solution resistor (RS) in series.  Additionally, exceptional cycling 

stability was also demonstrated by WF when tested over 12000 continuous charge-discharge 

cycles. Capacitance retention of 87.6 (89.7 F g-1) and 71.9 % (56.2 F g-1) were observed for 

WF and WH electrodes, compared to their initial specific capacitance as reported in table 

3.11. 

Figure 3.31: (A) Overlay of CV curves recorded at a scan rate of 5 mV s-1 (B) Overlay of 

GCD analysis recorded at the current density of 2 A g-1 (C) Overlays of Nyquist plots in the 

frequency range of 1 mHz to 1 MHz and (D) Overlays of cycling stability performance 

measured in a two-electrode asymmetric setup evaluated at 8 A g-1. 
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Figure 3.32: Ragone plot demonstrating the device performance of WF and WH 

microstructures 

Power density and energy density are the most significant parameters of any supercapacitor 

device. The Ragone plot displaying the performance of the assembled asymmetric 

supercapacitors has been presented as figure 3.32 (Equation 2.6 and 2.7). The highest power 

density of 489.3 W kg-1 and energy density of 15.3 W h kg-1 were demonstrated by the WF, 

while WH displayed a power density of 400.3 W kg-1 and energy density of 8.2 W h kg-1. 

The exceptional capacitance performance and high electrochemical stability of the WF can 

be considered as a cumulative outcome of the presence of a greater number of oxygen 

vacancies accompanied by surface redox states and nanofibrous features, which facilitate the 

enhanced charge performance of the material. 

3.8 The impact of nanostructuring in WO3-x on the charge storage 

performance 

It is known through literature that nanostructuring provides several catalytic advantages to 

materials, such as generation of kink sites, exposure of catalytically active facets, enhanced 

material stability, larger surface area, improvements in the long-range anisotropy, etc.99 

Introspecting the charge storage performance of all the synthesized nano and microstructures 

of WO3-x in the present thesis, it appears that WP being the simplest nanostructure, displayed 

the least charge storage performance with the specific capacitance of 51.6 F g-1 along with 
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the energy and power density values of 8.1 W h kg-1 and 405.2 W kg-1. When the 

dimensionality was increased from 0D to 1D WO3-x, improvement in the charge storage 

performance was observed, with the specific capacitance being doubled to 125.5 F g-1 with 

the energy and power density values of 11.8 W h kg-1 and 418.2 W kg-1. When WN was 

utilized in constructing 3D WO3-x microstructures, further performance improvements were 

observed. 3DW displayed a specific capacitance of 138.2 F g-1 with energy and power 

density values of 9.1 W h kg-1 and 435.2 W kg-1, respectively. Remarkably higher 

performance was observed in WF, which has added advantage of being fibrous in nature 

along with the presence of graphitized carbon. This allowed WF to produce a specific 

capacitance of 161.2 F g-1 along with energy and power density values of 15.3 W h kg-1 and 

489.3 W kg-1 respectively. These results were on par or in some cases even better than the 

complex nanostructures of WO3-x reported in literature as presented in figure 3.33. 

Figure 3.33: Comparative analysis of our synthesized WO3-x with some literature      

reports.94–98 

On the other hand, sintering had a detrimental effect on the properties of WO3-x. This was 

evident from the decrease in the charge storage performance of WH, which was formed by 

the sintering of WF. The sintering decreased the electroactive area from 0.78 cm2 (WF) to 
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0.07 cm2 (WH). Thus WH resulted in a lower specific capacitance of 131.2 F g-1 with energy 

and power density values of 131.2 W h kg-1 and 400.3 W kg-1 respectively.  Similarly, 2DW, 

which was produced through sintering of WN has the least performance with the specific 

capacitance of 136.2 F g-1 with energy and power density values of 8.3 W h kg-1 and 398.3 W 

kg-1. The sintering effect which has a detrimental influence on the 2D morphology of WO3-x 

is an exception to the properties of 2D nanomaterials as they are expected to have higher 

charge storage performance due to the presence of long-range anisotropy in the material. The 

observed effect in the present case arises due to a number of factors such as lower W+5 and 

the lowering of the electroactive area caused by the temperature-induced destruction of active 

centers, etc. Nonetheless, the merits of 2D nano and microstructures have been highlighted 

by constructing a number of novel microstructures of MoO3-x in the next chapter.   

3.9 CONCLUSIONS 

The study demonstrates the synthesis WO3-x nano and microstructures such as nanorods, 

microplates, 3D hierarchical structures, microfibers, etc. Fuels such as urea, N-methylurea, 

tetramethylurea, carbohydrazide, semicarbazide, and citric acid were utilized in a dual role of 

a structure-directing agent and also as fuel to transform WO3 nanoparticles into complex 

nanostructures. It was confirmed that the SDA, when utilized under protonated conditions 

and in a tungsten to SDA ratio of ≈1:6, could produce WO3-x nano/microstructures. A 

detailed investigation into the growth mechanism by perturbing different synthesis conditions 

of pH, temperature, time, and ratio were carried out. By carefully tuning the calcination time 

of the WO3-x nanorods, they could be transformed into 3D hierarchical structures, whereas if 

the calcination temperature was increased to more the 550 ℃, as an influence of the sintering 

effect, the nanorods transformed into 2D WO3-x microsheets. Additionally, to further evaluate 

the nanorod promoting effect of urea, –NH substituted (Carbohydrazide and Semicarbazide) 

and –CH substituted (N-methylurea and tetramethylurea) urea was also studied. It was 

observed that -NH substitution promoted the nano/microstructing whereas -CH substitution 

had a detrimental effect. Furthermore, when thiourea was used in place of urea, no 

nanostructuring was observed. This observation further supported our theory of requirement 

of protonation center in urea which plays a important role in directing the growth of 

nano/microstructures. 
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Meanwhile, a citric acid-assisted reflux method was developed to synthesize WO3-x/C 

microfibers, which collapsed when subjected to temperatures ≥ 550 °C and transformed into 

hierarchical structures. The synthesized nano and microstructured materials were 

characterized using IR, XRD, TG-DTA, SEM, EDX, HRTEM, SAED, CHNS, EPR, XPS, 

etc. Detailed spectroscopic analysis revealed that nanostructuring enabled effective induction 

and distribution of oxygen vacancies along with W5+/W6+ and also led to the preferential 

orientation of the (002) surface plane, which was beneficial for the charge storage 

performance of nanostructured WO3-x. Furthermore, all the nano and microstructured WO3-x 

were evaluated for their charge-storage performance. WO3-x/C microfibers demonstrated the 

highest performance of all nanostructured tungsten electrodes with an energy density of 15.3 

W h kg−1 at a power density of 489.3 W kg−1. It has also been concluded that nanostructuring 

enabled faster electrode-electrolyte interfacial kinetics, improving the material's electrical 

conductivity and electrochemical cycling stability. These nanostructured WO3-x electrodes 

with improved charge storage performance could have significant potential for commercial-

scale applications.  
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4.1 PROLOGUE 

Designing nanostructured transition metal oxides by tuning their dimensionality from 0D to 

3D nanostructures has demonstrated exceptional material performance in a vast range of 

energy and environmental applications.1–4  The remarkable performance and vast utility of 

graphene sheets in varied applications such as electronics, photovoltaics, and energy storage 

systems paved the way for a pursuit in the exploration of new two-dimensional (2D) 

materials.5–7 The exceptional mechanical and electronic properties associated with the 2D 

materials make them significant contributors to technological innovation and development.8,9 

The unique properties of 2D nano/micro-materials often arise from the charge carrier's 

quantum confinement along a single plane.10 Characteristic material properties such as their 

surface heterostructure, surface-to-volume ratio, density, stacking efficiency, and defect 

structure of 2D architectures govern their energy application utilization.11,12 A control, if 

established over these properties of 2D nano/micromaterials, enable them as suitable 

candidates for next-generation electronic devices, especially supercapacitors. Although there 

are several reports on the design and synthesis of 2D materials, tailoring their properties via 

facile and cost-effective synthesis routes remains a challenge to be addressed to achieve 

sustainable development.13,14      

Among 2D microstructured transition metal oxides, the non-stoichiometric molybdenum 

oxides (MoO3-x) have gained immense popularity due to their ability to maintain multiple 

oxidation states, which in turn impart it with exceptional electrochemical performance.15,16 α-

MoO3 possesses a layered crystal structure that consists of MoO6 octahedra with well-defined 

planes which are held together by weak van der Waals (vdW) forces.17–19 Thus, the existence 

of weak vdW interlayer interactions along with strong intralayer chemical bonds (Mo-O) 

enables MoO3 to be exfoliated much like graphene and deposited in the form of 2D films 

consisting of a large surface-to-volume ratios.16 If appropriately tuned, the suitable aspect 

ratio of MoO3 can lead to a higher number of catalytically active edge sites. As a result of a 

greater number of exposed surface facets associated with 2D architecture, these materials 

inherently exhibit enhancement in surface defect structure such as anion vacancies, 

dislocation defects such as edges, kinks, terraces, etc. which enhances the surface-active 

centers and endow greater charge storage properties.20 Due to these distinguishing 
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characteristics and ecofriendly nature, 2D MoO3-x has found a place in various applications 

especially in charge-storage devices.  

Therefore, in the present work, we emphasize the combined role of protonated urea and the 

pH-dependent chemistry of polymolybdate ions, as a simple tool to achieve tunable 2D 

MoO3-x architectures. The tunable synthesis has been achieved by establishing control over 

the hydrolysis and polycondensation processes by optimizing protonated urea concentration 

and solution pH to produce 2D MoO3-x truncated microplates and microdisks. The present 

approach enables a tailored synthesis for the generation of 2D MoO3-x microstructures, which 

showcases excellent supercapacitor performance in a three-electrode and a two-electrode 

asymmetric device configuration. These results have been discussed in more detail in the 

subsequent sections. Thus in the present chapter, various microstructures of MoO3-x have 

been presented that are synthesized using modified sol-gel methods. The synthesis were 

performed using various structure directing agents such as urea, carbohydrazide, 

semicarbazide, N-methylurea, tetramethylurea and citric acid. The details of chemicals used 

and synthesis procedures are presented in sections 2.1 and 2.2, respectively. The effect of 

various synthesis parameters such as solution pH, calcination temperature, reaction time, 

metal to SDA ratio on the morphology of MoO3-x was investigated in detail. The synthesized 

MoO3-x were characterized using the different characterization techniques as listed in section 

2.3. All the synthesized MoO3-x microstructures were used to fabricate electrodes which were 

evaluated for their charge-storage performance. The novel findings of this investigation have 

been presented in detail in the results and discussion section 4.2, along with the conclusions 

of this study in section 4.9. 

4.2 RESULTS AND DISCUSSIONS 

4.2.1 Morphological studies 

Figure 4.1 presents the microstructural characterization (SEM, TEM, and SAED) for the 

different MoO3-x morphologies obtained under different pH conditions. It was observed that 

different MoO3-x morphologies could be obtained by tuning the synthesis pH. The  pH 3, 5, 

and 8 produced MoO3-x microplates, MoO3-x microdisks, and an unstructured agglomerated 

morphology, (henceforth denoted as MP, MD, and MA) respectively. More detailed 
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information about the microstructure was deduced from the results of HRTEM and SAED 

analysis. The HRTEM analysis of MP and  MD revealed the lattice fringes with d-spacing 

values of ≈ 0.346 nm and 0.326 nm corresponding to the (040) and (021) planes of 

orthorhombic MoO3-x, respectively.21,22 The dominance of (040) planes also suggests the  

unidirectional growth of MoO3-x microplates. Mixed fringes corresponding to both the (040) 

and (021) planes were observed in the case of MA, which resulted from unstructured, heavily 

agglomerated morphology. The SAED patterns (Figure 4.1 C, F, and I) revealed the 

monocrystalline nature in MP, MD, and MA, respectively but the brightness and intensity of 

the spots decreased in the order MP > MD > MA,  indicating that the MoO3-x microplates 

were relatively more crystalline among the three materials.  

Figure 4.1: SEM micrographs (A, D & G); HRTEM micrographs (B, E & H); and SAED (D, 

F & I) analysis of pH 2.5, 5, and 8 respectively. 
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Figure 4.2: SEM images (A, B, and F, G) Mo: Urea ratio of 1:1 and 1:3 for MP and MD 

formation. (D-I and M-R) Intermediate calcination stages from 250-550 °C for MP and MD. 

C and L are the SEM images of MP and MD at optimized conditions. 

Additional factors which influenced the MP and MD morphologies, such as Mo : Urea ratio 

and calcination temperature, were also investigated. Figure 4.2 (A-C) and (J-L) show the 

different ratios of Mo : Urea for MP and MD, respectively. It was observed that Mo : Urea 

ratio ≥ 1 : 6 was effective in producing consistent morphologies of MP and MD. 
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Furthermore, it was also observed that in the absence of urea, no microstructure formation 

took place. (refer figure SF19 in Annexure-I) The requirement of excess protons to neutralize 

the isopolymolybdate anions, as mentioned by Lou et al.23 could be one of the reasons, along 

with the requirement of sufficient thermal energy produced during urea combustion to 

construct the 2D architecture. SEM analysis of samples obtained within the calcination range 

of 250 to 550 ℃ revealed the gradual formation of MP and MD.  

4.2.2 TG-DTA studies 

Figure 4.3: TG-DTA analysis of (A) MP, (B) MD, and (C) MA 
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Figure 4.4: IR studies of (A) MP, (B) MD, and (C) MA wherein (I) represents post 

calcination  and (II) represents pre-calcination. 
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The TG-DTA and IR analysis were used to qualitatively analyze the ammonium 

heptamolybdate (AHM) -urea mixtures and the subsequent transformation to MoO3-x (refer 

figure 4.3). Figure 4.3 shows the TG-DTA analysis of the ammonium heptamolybdate-urea 

mixture formed at different pH values of 2.5, 5, and 8. A multistep weight loss pattern 

corresponding to the hybrid precursor’s decomposition was observed in all three compounds. 

The initial three weight losses at temperature ≤ 150 ℃, from 150 to 210 ℃ and 210 to 300 

℃, supported by endothermic peaks, are due to the loss of ammonia molecules, which may 

create a partial reducing environment.24 Minor decomposition of uncoordinated urea can also 

be expected within this temperature regime. The significant weight loss observed above 300 

℃, which is supported by an exothermic peak in DTA, was due to the complete combustion 

of urea into NOx, CO2, and H2O, leading to the formation of an oxide of molybdenum.25,26  

4.2.3 IR studies 

The IR studies were also used as a qualitative measurement (refer figure 4.4) wherein it was 

observed that the initially present band at 3455, 1676, and 1447 cm-1 corresponding to O-H 

stretching, O-H bending, and C-H stretching frequencies in the AHM-Urea mixtures 

disappeared and only Mo-O vibrations were observed at 1000 cm-1, post calcination, 

suggesting complete removal of urea and formation of oxides of molybdenum.3,27,28   

4.2.4 XRD studies 

Figure 4.5 shows the XRD patterns of MP, MD, and MA. The three XRD patterns were 

indexed to the thermodynamically most stable, i.e., orthorhombic α-MoO3 crystal structure 

using the JCPDS card number 05-0508, which has the lattice parameters of a = 3.962 Å, b = 

3.858 Å, and c = 3.697 Å.21,29 No impurity peaks were observed in the XRD patterns which 

suggest high phase purity of the compounds. α-MoO3 can be imagined as consisting of a 

double layer with corner-sharing chains of MoO6 octahedra arranged in a zigzag pattern. The 

MoO6 octahedra in α-MoO3 are held together by covalent forces in the a and c axis, while 

weak van der Waals forces exist along the b axis. The peaks with the most substantial 

intensity observed for MoO3-x microplates correspond to the (020), (040), and (060) planes 

suggesting the (0k0) plane pattern, which is typically observed for 2D materials. However, 

the order of (0k0) planes changes when we observe the XRD pattern of MD and MA, 
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indicating a different growth direction of the planes associated with the change in 

morphology. Both (020) and (060) planes dominated in MD, while the (040) and (060) 

dominated in MA. It was interesting to note that there was a significant difference in the 

relative intensity ratios of (020), (040), and (060) planes of the three materials. The 

comparative ratio analysis were as follows: MP (0.22, 1, 0.25), MD (1.18, 1, 1.63), and MA 

(0.71, 1, 0.87). The plane’s dominance observed in the XRD patterns was consistent with the 

d-spacing values calculated from the HRTEM analysis discussed earlier.  

Figure 4.5: XRD analysis of (A) MP, (B) MD, and (C) MA. 

4.2.5 Raman studies 

Figure 4.6 shows the Raman spectra for MP, MD, and MA. The Raman spectra showed the 

typical signature vibrations of MoO3-x with strong peaks at 283, 668, 820, and 998 cm-1 

which were in agreement with the previously reported α-MoO3.
30,31 The Raman peak at 998 

cm-1 can be assigned to the asymmetric terminal oxygen’s (Mo+6=O) stretching mode and is 

indicative of the formation of a layered structure. The highest intensity peak observed in 

Raman is at 820 cm-1, which indicates bi-coordinated oxygen (Mo2-O) whereas the peak due 

to tri-coordinated oxygen (Mo3-O) is observed at 668 cm-1. The peak at 283 cm-1 can be 

assigned to the wagging vibration (O-Mo-O). Intensity ratios of the high-intensity peak at 
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820 cm-1 to the low-intensity peak at 283 cm-1 revealed the ratios as 4.51, 3.27 and 2.63 for 

MP, MD and MA. The relatively higher intensity ratios of the peaks for MP indicated the 

layers comprising the microplates were much thinner compared to MD and MA and are also 

indicative of greater oxygen vacancies in MP. Additionally, the sharpness of the peaks in 

Raman spectra is proportional to the crystallinity and structural order, which were observed 

to be the highest for MP, followed by MD and MA. 

Figure 4.6: Raman analysis of (A) MP, (B) MD, and (C) MA. 

4.2.6 XPS and EPR studies 

In order to elucidate the electronic properties of MoO3-x microstructures, EPR and XPS 

analysis were performed. As shown in figure 4.7, the EPR spectrum of the MoO3-x exhibited 

a hyperfine structure with both perpendiculars and parallel bands corresponding to the Mo+5 

centers and located at the g values of 1.935 and 1.896 respectively.32,33 The presence of a 

signal at g=2.003 corresponds to free electrons, which indicated that MoO3-x possessed a 

certain number of oxygen vacancies. The lower signal intensity of MD in comparison to MP 
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suggested greater oxygen vacancies in the latter case. The XPS spectra of both MP and MD 

have been presented in figure 4.7 B-F.  

Figure 4.7: (A) Overlay of EPR spectra, (B) Overlay of XPS full scan spectra, (C and D) 

Narrow scan spectra of Mo3d and O1s of MP, (E and F) Narrow scan spectra of Mo3d and 

O1s of MD. 
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A quantitative estimate of the surface redox states and oxygen vacancies of MP and MD was 

estimated from the narrow scan XPS spectra of Mo3d and presented in table 4.1. The high-

intensity peaks at the binding energies of 232.8 and 236.1 eV can be ascribed to Mo+6 3d5/2 

and Mo+6 3d3/2 and the peaks at the binding energies of 231.5 and 234.6 eV can be denoted as 

the peaks for Mo+5 3d5/2 and Mo+5 3d3/2. The peak area integration of the Mo+6 and Mo+5 

species revealed a greater percentage of Mo+5 in MP (4.9 %) in comparison to MD (2.3 %). 

Figure 4.7 D and F presents the narrow scan XPS spectra of O1s species of MP and MD, 

respectively. The peak in the O1s spectra observed at the binding energy of 530.8 eV can be 

assigned to lattice oxygen (O2-), whereas the peak observed at the binding energy of 531.9 

eV is due to intercalated H2O and is also another indicator for the presence of oxygen 

vacancies in the material which are observed to be higher for the MP.34–36 

Material Narrow scan Species XPS area 

integration (%) 

Area ratio 

Mo5+ / Mo6+ 

MP Mo 3d Mo6+ 95.04 0.05 

Mo5+ 4.96 

O 1s O2- 65.5  

Intercalated H2O 34.5 

MD Mo 3d Mo6+ 97.71 0.02 

Mo5+ 2.29 

O 1s O2- 76.31  

Intercalated H2O 23.69 

Table 4.1: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra. 

4.2.7 Plausible growth mechanism for 2D MoO3-x microplates and microdisks 

The plausible growth mechanism for forming of MP and MD is schematically illustrated in 

figure 4.8. Ammonium heptamolybdate is known to produce layered MoO3 upon 

decomposition in a reaction, which is similar to a combustion process. The MoO3 thus 

produced comprises of long chains of MoO6 octahedra, which exhibit morphologically 

incomplete and uncontrolled growth. In order to gain control over the growth process of 
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MoO3-x, control over the nucleation and growth steps during synthesis must be established. 

This has been achieved in the present work by making use of protonated urea both as an 

additive and a fuel. Despite being a simple molecule, urea has versatile characteristics. The 

acid-base properties related to its amine and carbonyl groups and the potential for hydrogen 

bonding make urea a crucial biological molecule. Moreover, urea is known to protonate in 

aqueous acids, and the degree of its protonation can be tuned based on the solution pH. The 

process is hypothesized to be initiated during the hydrolysis of ammonium heptamolybdate 

molecule in water, leading to NH4
+ and OH- ions .  

Figure 4.8: Schematic illustration for the plausible growth mechanism of MP and MD. 

The type of molybdenum species in the solution is tuned at this stage by controlling the pH. 

At pH values > 6.5, the predominant species is the tetrahedral [MoO4]
2- ions. Lowering the 

solution pH leads to polymerization condensation resulting in the formation of 

heptamolybdate ion [Mo7O24]
6- within the pH range of 5 to 6 and octamolybdate ions 

[Mo8O26]
4- at an even lower pH.37–39 Both these ions are built up from linked MoO6 

octahedra. The polymolybdate ions are known to be strongly influenced by protons. Hence 

the addition of protonated urea at this stage is able to interact with the Mo6+ atoms strongly. 

Thus, the strength of the interaction depends on the protonation degree of urea, which is a 

function of pH and acts as a capping agent to direct the orientational growth of MoO3-x 

particles and its subsequent transformation to 2D morphologies during the combustion stage. 

Thus we observe that at a pH of 3 or lower, the interaction of octamolybdate ions with the 

protonated urea leads to the formation of MP post-combustion with a large 2D aspect ratio 
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with excess oxygen vacancies while as the pH gradient is shifted in favor of heptamolybdate 

ions [Mo7O24]
6-, the MD formation dominates.  

The temperature-dependent transformation observed in MP indicates that the MoO3-x 

nanoparticles fuse under the effect of high combustion temperature to initially produce tiny 

plate-like structures. These plates subsequently attach laterally to the adjacent plates along 

the c direction and grow into microplates having a truncated 2D morphology, preferentially 

growing along the (040) plane. Whereas the formation of the MoO3-x microdisks can be 

viewed as vertical stacking of initially formed more or less hexagonal structures along the a 

direction. The unstructured agglomerated particle morphology observed in MA with no 

definite directional growth observed at pH > 6.5 can be attributed to the lack of protonation 

in urea hence its lack of ability to direct structural growth in basic medium. Furthermore, the 

effect of these structural and chemical differences on the synthesized material's charge 

storage performance was evaluated using electrochemical measurements and have been 

presented in the subsequent section 4.3. 

4.3 EVALUATING THE CHARGE STORAGE PROPERTIES OF 

MICROSTRUCTURED 2D MoO3-x SYNTHESIZED USING UREA 

4.3.1 Three electrode charge storage studies 

The synthesized MoO3-x microstructures were subjected to electrochemical testing to evaluate 

their supercapacitor performance. The supercapacitor performance was studied using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 

spectroscopic (EIS) measurements. 1 M H2SO4 was employed as an electrolyte for all the 

electrochemical studies. Figure 4.9  shows the result of the measurements in a three-electrode 

setup. The overlays of CV curves for MP, MD, and MA have been shown in figure 4.9 A at a 

fixed scan rate of 10 mV s-1. Interestingly, the material’s exhibited multiple pairs of redox 

peaks typical of MoO3-x since they can sustain multiple oxidation states (Mo6+, Mo5+, and 

Mo4+) owing to their pseudo-capacitive behavior.40–43 The redox peaks can be attributed to 

the insertion and extraction of H+ ions as described by the below reaction 1.44 The multiple 

oxidation states of MoO3-x are known to have a significant contribution to the overall 

capacitance of the materials.45  
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MoO3−x + 𝑛H+ + 𝑛𝑒− ↔ HnMoO3−x             (4.1) 

The largest area under the CV was observed for MP, which can be attributed to its large 

surface-to-volume ratio and higher crystallinity, which was confirmed through Raman, XRD, 

and SAED analysis. 

Figure 4.9: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 10 

mV s-1; (B) GCD analysis at the current density of 20 A g-1; (C) Nyquist plots in the 

frequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 40 A g-1. 

Scan rate-dependent CV analysis were also performed for different scan rates from 10 to 200 

mV s-1 and have been presented in figure SF20 in Annexure-I. It was observed that at faster 

scan rates, the redox peaks could still be identified, reflecting faster H+ 

intercalation/deintercalation ability of the materials.46 It was also noted that with an increase 
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in scan rates, the reduction and oxidation peaks moved to lower and higher potential values, 

respectively, indicating the lag in proton and electron pathways caused due to rapid cycling. 

From the scan rate-dependent CV measurements, the values of anodic peak current (Ip) were 

obtained. Using the slope of the square root of scan rate (v1/2) versus the anodic peak current 

graph, the diffusion coefficient of H+ ions was calculated using the Randles-Sevcik equation 

as described in 2.4.4.25,47  

 

 

 

 

 

 

Table 4.2: Summary of the electroactive and BET surface area for MoO3-x microstructures. 

The D0 values of 1.41 × 10-4, 1.05 × 10-4, and 0.38 × 10-4 cm2 s-1 were obtained for MP, MD, 

and MA, respectively. The highest D0 value observed for MP could be a result of thinner 

microlayers of MP facilitating the diffusion of H+ ions through the MoO3-x matrix compared 

to MD and MA. To further investigate the role of surface morphology on improved 

electrochemical activity of MoO3-x microstructures, chronoamperometric measurements were 

performed to estimate the electroactive surface area using the method described in section 

2.4.3. The obtained areas are summarized in Table 4.3 along with an comparison to their 

BET surface area results. The results revealed electroactive areas of 0.92, 0.85, and 0.65 cm2, 

and BET surface area analysis revealed the surface area values of 12.9, 9.5, and 7.7 m2 g-1 for 

MP, MD, and MA respectively (See figure SF21 in Annexure-I). The higher electroactive 

and surface area of MP in comparison to MD and MA could be another reason for its 

improved diffusion coefficient.   

Figure 4.9 B shows the overlay of GCD curves at the current density of 20 A g-1
. 

Corresponding to the four pairs of redox peaks observed in the CV analysis, four GCD 

plateaus were observed. The greatest discharge time was observed for MP, indicating its 

Material 

code 

Electroactive 

surface area 

(cm2) 

BET surface 

area (m2 g-1) 

MP 0.92 12.9 

MD 0.85 9.5 

MA 0.65 7.7 
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superior charge storage capability. The specific capacitance was calculated from the CV and 

GCD curves (using equations described in section 2.4.1). The highest capacitance of 625.2, 

528.8, and 480.8 F g-1 at a scan rate of 5 mV s-1 and 410.6, 226.4, and 140.2 F g-1 at a current 

density of 20 A g-1
 were obtained from CV and GCD analysis for MP, MD, and MA 

respectively (refer Tables 4.2 and 4.3).  

Scan 

rate 

(mV s-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

MP MD MA 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

5 625.2 220.4 528.8 167.5 480.8 114.6 

10 576.9 117.1 432.6 95.8 408.7 60.5 

20 480.8 66.9 360.5 46.5 324.5 26.1 

50 384.6 40.4 288.5 32.9 240.4 20.3 

100 336.5 32.4 216.3 25.3 192.3 15.9 

Table 4.3: Summary of specific capacitance values calculated from CV curves obtained for 

the different MoO3-x microstructures. 

To better understand the observed order of specific capacitance, electrochemical impedance 

measurements at open circuit potential values within the frequency region of 1 mHz to 1 

MHz were recorded and are presented in figure 4.9 C. The Nyquist plots comprised of two 

regions wherein a linear dependence was observed in the low-frequency region, which can be 

attributed to the solution resistance (Rs), whereas a semicircle was observed in the high-

frequency region which can be ascribed to charge transfer resistance.48 A representative 

circuit diagram which best describes the system is presented as an inset in figure 4.9 C. The 

circuit diagram comprises of a charge transfer resistor (RCT) that is connected with a 

capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) in series. The 

solution resistance values of 6.1, 10.5, and 13.8 Ω were observed for MP, MA, and MA 

respectively. This indicated greater conductivity of MoO3-x microplates along with easy 

access to the electrolytic phase, which can be correlated to the presence of oxygen vacancies, 
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thinner microlayers that provide accessible diffusion pathways along with suitable aspect 

ratio in the material.46 The three material’s cycling stability was also evaluated by performing 

continuous charge-discharge measurements (see figure 6D). MP demonstrated excellent 

stability with capacitance retention of 91.6 % (292.6 F g-1), whereas MD demonstrated 

capacitance retention of 85.9% (99.3 F g-1), and MA showed capacitance retention of 81% 

(77.3 F g-1) for up to 12000 cycles, compared to their initial specific capacitance as reported 

in table 4.4.. The excellent stability demonstrated by 3DW and WN indicate their potential 

for device scale applications and have been evaluated for the same in the next section 3.3.2.  

Current density 

(A g-1) 

(3 Elec./2 Elec.) 

Specific capacitance (F g-1) (Error bar ± 2%) 

MP MD WA 

3 Elec. 2 Elec. 3 Elec. 2 Elec. 3 Elec. 2 Elec. 

20/2 410.6 141.2 226.4 112.2 140.2 59.3 

30/4 342.3 130.3 156.3 101.1 107.8 48.2 

40/6 319.5 102.6 115.7 85.2 95.5 42.5 

50/8 281.1 88.3 103.3 74.3 74.6 38.3 

60/10 188.4 75.5 94.8 62.7 56.1 32.6 

Table 4.4: Summary of specific capacitance values calculated from GCD curves obtained for 

the different MoO3-x microstructures. 

4.3.2 Electrochemical performance of the MoO3-x//AC asymmetric supercapacitor 

device 

To evaluate the practical applicability of the synthesized MoO3-x microstructures, an 

asymmetric supercapacitor device was assembled using MoO3-x microstructures fabricated 

onto carbon paper as the cathode and activated carbon (AC) fabricated onto another carbon 

paper as an anode using the methodology described in section 2.3.2.1. Figure 4.10 A shows 

the CV curves of MP and AC electrodes at a fixed scan rate of 10 mV s-1, from which it was 

observed that the faradaic pseudocapacitance of MP was almost four times greater than the 
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double-layer capacitance of the AC fabricated electrode. The material loading onto the 

electrodes was modified accordingly. 

Figure 4.10: (A) CV curves of MP and AC recorded at a scan rate of 10 mV s-1; (B) CV 

curves of MP//AC at variable voltage windows; (C) Overlay of CV curves recorded at a scan 

rate of 10 mV s-1; (D) Overlay of GCD analysis recorded at the current density of 2 A g-1; (E) 

Overlays of Nyquist plots in the frequency range of 1 mHz to 1 MHz; and (F) Overlays of 

cycling stability performance measured in a two-electrode asymmetric setup evaluated at      

6 A g-1. 
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The voltage window of the asymmetric supercapacitor device was also extended effectively 

while avoiding excess polarization as shown in figure 4.10 B, and was evaluated from 1 V to 

1.8 V. The testing of the asymmetric supercapacitor device was performed at the optimum 

voltage window of 1.4 V. An overlay of the cyclic voltammograms at a fixed scan rate of 10 

mV s-1 and galvanostatic charge-discharge studies at a constant current density of 2 A g-1
 has 

been shown in figure 4.10 C and D respectively, which indicates both greater voltammogram 

area and longer discharge time for MP electrodes in comparison to MD and MA. 

Scan rate dependent CV and current density-dependent GCD studies were also performed 

(refer figure SF 23 and SF 24 in Annexure-I), and the specific capacitance thus observed has 

been tabulated in table 4.3 and 4.4 (Equations 2.4 and 2.5). The highest specific capacitance 

of 220.4 F g-1
 at a scan rate of 5 mV s-1 and 141.2 F g-1

 at a current density of 2 A g-1
 was 

demonstrated by MP. The observed results of specific capacitance measurements were in line 

with the results of three-electrode studies. From the EIS studies, the Rs values of 5.9, 9.4, and 

16.9 Ω were shown by MP, MD, and MA, respectively. A representative circuit diagram 

which best describes the system is presented as an inset in figure 4.10 E. The circuit diagram 

comprises of a charge transfer resistor (RCT) that is connected with a capacitor and a Warburg 

resistor (W) in parallel and solution resistor (RS) in series.  

Additionally, exceptional cycling stability was also observed for the MoO3-x microstructures 

when tested over 12000 continuous charge-discharge cycles. Capacitance retention of 89.6 

(91.9 F g-1), 87.1 (74.2 F g-1), and 82.3 (34.9 F g-1) % were observed for MP, MD, and MA 

electrodes compared to their initial specific capacitance as reported in table 4.4. Power 

density and energy density are the most significant parameters of any supercapacitor device. 

The Ragone plot displaying the performance of the assembled asymmetric supercapacitors 

has been presented in figure 4.11 (Equation 2.6 and 2.7). The highest power density of 1021 

W kg-1 and energy density of 41 W h kg-1 were demonstrated by the MP, followed by the 

performance of MD, which displayed a power density of 1015 W kg-1 and energy density of 

30 W h kg-1. In contrast, the MA, due to the irregular morphology demonstrated the least 

performance.  

The results of the supercapacitor device were on par with literature reports. Wang et al.44 

reported the energy and power density of 25.7 W h kg-1 and 1485.3 W kg-1 for 
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hydrothermally prepared MoO3 nanobelts. Wu et al.46 achieved the energy and power density 

of 111 W h kg-1 and 803 W kg-1 for MoO3-x nanobelts prepared using the hydrothermal 

method. Barzegar et al.49 reported the energy and power density of 16.7 W h kg-1 and 325 W 

kg-1 for hydrothermally prepared MoO3. The use of complex synthetic approaches involving 

hydrothermal/solvothermal conditions increases the overall cost of the process. Our results 

were also comparable with the asymmetric devices involving graphene and molybdenum, 

such as the supercapacitor device reported by Chang et al.50 with the combination of 

graphene/MnO2//graphene/MoO3, which demonstrated energy and power density of 42.6  W 

h kg-1 and 276 W kg-1. A similar comparison is evident with the work of  Liu et al.51 who has 

reported the device combination of NiMoO4-rGO//N-doped graphene with energy and power 

density of 30.3 W h kg-1 and 187 W kg-1 respectively. The exceptional capacitance 

performance and high electrochemical stability of the MoO3-x microplates was a cumulative 

outcome of the presence of a greater number of oxygen vacancies accompanied by surface 

redox states, large surface-to-volume ratio and thinner microlayers facilitating the diffusion 

of H+ ions through the MoO3 matrix. 

Figure 4.11: Ragone plot demonstrating the device performance of MoO3-x microstructures. 
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4.4 EFFECT SUBSTITUTED UREAS ON GROWTH 

CHARACTERISTICS OF MoO3-x MICROSTRUCTURES 

In comparison to urea, substituted ureas have been far less explored for the rational design of 

nanomaterials, despite the fact that they can also form relatively strong hydrogen-bonded 

motifs. In section 3.4, we demonstrated the influence of urea substitution on the growth 

characteristics of WO3-x nanorods. It was observed that -NH substitution (such as 

crbohydrazide and semicarbazide) promoted the growth of WO3-x nanorods, while -CH 

substitution (such as N-methylurea and tetramethylurea) has a detrimental influence on the 

WO3-x morphologies. In view of those results, a similar study is performed on  MoO3-x in the 

present section.  

4.4.1 SEM studies 

Figure 4.12: SEM images of MoO3-x synthesized by calcining ammonium molybdate with 

(A) carbohydrazide, (B) urea, (C) semicarbazide, (D) N-methylurea and, (E) tetramethylurea. 
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Figure 4.12 A-F present the SEM images of synthesized MoO3-x microstructures synthesized 

using carbohydrazide, urea, semicarbazide, N-methyl urea, and tetramethylurea, and shall be 

referred to as MC, MP, MSC, MM, and MT respectively and have been synthesized using the 

methodologies described in section 2.2.7. It is evident from the SEM results that the 

calcination of ammonium heptamolybdate with carbohydrazide and urea produces MoO3-x 

micoplates. Whereas moving in the direction of NH- substitution, the MSC yielded relatively 

poor microplate characteristics as evident from figure 4.12 C. From figure 4.12 D and E it 

was observed that CH- substituted ureas such as N-methylurea and teramethylurea did not 

produce any microstructures. 

4.4.2 HRTEM studies  

Figure 4.13: The TEM, HRTEM, and SAED analysis (A-C) for MC and (D-F) for MT, 

respectively. 

To investigate the detailed morphological and structural characteristics, the synthesized 

MoO3-x microstructures were subjected to HRTEM and SAED analysis. The typical 
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representative results, one containing microplates (MC) and the second without the 

microstructures (MT) are presented in figure 4.13. Figure 4.13 TEM and HRTEM images of 

MC shown in figure 4.13 A-B revealed the lattice fringes with a d-spacing of 0.345 nm, 

which matches with the (040) plane of orthorhombic MoO3-x in agreement with the literature 

reports.52,53 The selected-area electron diffraction (SAED) pattern (Figure 4.13 C) also 

reveals the (002) plane, which could be indexed to a orthorhombic phase of MoO3 (JCPDS 

No. 05-0508) for MC. However, MT which did not have any microstructural characteristics 

and had fringes with a d-spacing of 0.325 nm, which matched with the (021) plane of 

orthorhombic MoO3-x.
52,53 The regular intensities of bright spots in the SAED pattern and the 

monocrystalline surface character were both more profound in the case of MC compared to 

MT. 

4.4.3 XRD studies 

Further analysis of the surface crystal structure and growth patterns of different planes in the 

synthesized MoO3-x morphologies were performed using an X-ray powder diffractometer. 

Figure 4.14 A-D represents the XRD pattern of all the synthesized MoO3-x using substituted 

ureas. All the MoO3-x samples indicated the formation of a stable orthorhombic phase 

(JCPDS card number 05-0508), with peaks appearing at 2θ values of 12.5, 23.1, 25.8, 27.2, 

33.9, and 39.3 having miller indices (002), (110), (040), (021), (111), and (060) respectively, 

and were as reported in the literature.52,53  Since the observed peaks were intense, sharp, and 

of narrow width with no peaks of secondary phases present, it could be concluded that the 

synthesized MoO3-x were of high phase purity and crystallinity. It was interesting to note that 

the obtained MoO3-x morphologies had significant differences in the intensities of their 

strongest peaks. The peaks with the most substantial intensity observed corresponded to the 

(020), (040), and (060) planes suggesting the (0k0) plane pattern, which indicates that the 

material has a direction parallel to the plane of the surface. However, the order of (0k0) 

planes changed when we observed the XRD patterns wherein MC had a similar trend to MP 

(refer figure 4.5) of MD with a ratio of (0.23, 1, 0.26). The ratio for MSC was (0.26, 1, 0.27) 

while MM and MT had significantly different ratios of (0.34, 1, 0.41) and (0.35, 1, 0.42), 

respectively. The (040) plane was dominant in both MC and MSC, while its intensity 

decreased in MM and MT suggesting a deviation from the microplate-like morphology. The 
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plane’s dominance observed in the XRD patterns were consistent with the d-spacing values 

calculated from the HRTEM analysis discussed earlier.  

Figure 4.14: XRD patterns of (A) MC, (B) MSC, (C) MM, and (D) MT. 

4.4.4 XPS studies 

In order to elucidate the electronic properties of MoO3-x microstructures, XPS analysis was 

performed. XPS was employed to analyze representative samples of microstructures (MC) 

and particle agglomerates (MT). The XPS spectra of both MC and MT have been presented 

in figure 4.14 A-F.  
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Figure 4.15: XPS spectra of (A-C) MC and (D-F) MT. 
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A quantitative estimate of the surface redox states and oxygen vacancies of MC and MT was 

estimated from the narrow scan XPS spectra of Mo3d and presented in table 4.1. The high-

intensity peaks at the binding energies of 232.8 and 236.1 eV can be ascribed to Mo+6 3d5/2 

and Mo+6 3d3/2 and the peaks at the binding energies of 231.5 and 234.6 eV can be denoted as 

the peaks for Mo+5 3d5/2 and Mo+5 3d3/2. The peak area integration of the Mo+6 and Mo+5 

species revealed a greater percentage of Mo+5 in MC (5.1 %) which was close to MP as well 

(4.9 %) in comparison to MT (1.2 %). Figure 4.15 C and F presents the narrow scan XPS 

spectra of O1s species of MC and MT, respectively.  

Material Narrow scan Tungsten 

species 

XPS area 

integration (%) 

Area ratio 

W5+ / W6+ 

MC Mo 3d Mo6+ 94.9 0.05 

Mo5+ 5.1 

O 1s O2- 65.2  

Intercalated H2O 34.8 

MT Mo 3d Mo6+ 98.8 0.01 

Mo5+ 1.2 

O 1s O2- 87.7  

Intercalated H2O 12.3 

Table 4.5: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra of MC and MT. 

The peak in the O1s spectra observed at the binding energy of 530.8 eV can be assigned to 

lattice oxygen (O2-), whereas the peak observed at the binding energy of 531.9 eV were due 

to intercalated H2O and is also another indicator for the presence of oxygen vacancies in the 

material which are observed to be higher for the MC. Therefore, the above findings clearly 

suggested that the NH- substitution in urea enhanced the presence of surface oxygen defects 

on the surface of microplates, which could serve as active centre that promotes the 

electrochemical charge-storage processes. On the contrary, the inefficiency of CH- 

substituted ureas in forming microstructures thus resulted in the retention of the 

agglomerated particle morphologies with relatively lesser oxygen defects, an observation 

similar to the one observed for WO3-x. 
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4.4.5 TG-DTA and IR studies 

All the above findings and trends of SEM, HRTEM, XRD, and XPS studies confirm that the 

type of NH- and CH- substitution in urea significantly alters the growth characteristics of 

MO3-x microstructures. This alteration in the growth characteristics could arise from the 

differences in the thermal decomposition processes of CH- and NH- substituted ureas. 

Therefore, thermogravimetric analysis were performed on the as-synthesized metal precursor 

-CH/-NH substituted urea mixtures to obtain greater insight into the oxidation process.  

Figure 4.16: TG-DTA curve of the as-synthesized mixture of (A) ammonium 

heptamolybdate–carbohydrazide, (B) ammonium heptamolybdate-semicarbazide (C) 

ammonium heptamolybdate–N-methylurea and (D) ammonium heptamolybdate–

tetramethylurea mixtures. 
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Figure 4.16 A-D represents the TG-DTA curve of the as-synthesized ammonium 

heptamolybdate-substituted urea mixtures. The initial weight loss observed below 150 ℃, 

corresponding to an endothermic peak around 100-110 ℃ in DTA, is attributed to the loss of 

physically adsorbed water and is common in most of the samples. However, striking 

differences were observed in the subsequent decomposition rate of hybrid gels based on the 

type of substitution in the urea. For instance, in the case of NH- substituted carbohydrazide 

and semicarbazide modified precursor gels, decomposition started during its melting process 

i.e., ̴ 155 ℃ for carbohydrazide and  ̴ 175 ℃ for semicarbazide. Upon further heating, a 

major weight loss was observed, which could be attributed to the combustion of, at first, the 

excess uncoordinated carbohydrazide/semicarbazide, followed by the combustion of those 

molecules coordinated with ammonium heptamolybdate, which required relatively higher 

temperatures for complete removal. In both the cases of MC and MSC, distinct two-step 

weight loss patterns were observed, unlike MM and MT.  

Additionally, the in situ reducing atmosphere created in the case of -NH substituted ureas 

also could result in the formation of MoO3-x surface oxide, as confirmed by XPS studies. A 

similar effect can be observed in urea-modified precursor gels, with urea decomposition 

producing NH3 and CO. The FTIR analysis were also performed wherein characteristic peaks 

due to C-H, C-N, N-H, N-N, C=O, and O-H, stretching frequencies of the corresponding 

substituted ureas modified mixtures were observed (refer figure SF25 in Annexure-I). These 

peaks get eliminated upon calcination at 500 oC in air,  giving rise to O-Mo-O and Mo=O 

vibrations at 672 cm-1 and 837 cm-1 leading to the formation of MoO3-x in agreement with 

XRD and XPS studies. 

4.5 EVALUATION OF THE CHARGE STORAGE PROPERTIES OF 

MICROSTRUCTURED 2D MoO3-x SYNTHESIZED USING 

SUBSTITUTED UREAS 

4.5.1 Three electrode charge storage studies 

The investigation of charge storage properties in order to investigate the effect of NH- and 

CH- substitution in urea to generate MoO3-x, was carried out using cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) 
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tests. Figure 4.17 A shows an overlay cyclic voltammograms of MoO3-x synthesized using 

the different substituted ureas at a scan rate of 10 mV s-1 in a potential window between -0.2 

to 1.0 V (vs. Ag/AgCl) at 28°C ± 1°C. It is observed, that the high area under the 

voltammograms is shown by the MoO3-x microplates (MC) indicative of their large charge 

storage characteristics. As observed from our XRD analysis (Figure 4.14 A), MC and MP 

microplates have the dominance of (040) plane. The (040) plane of MoO3-x have been 

reported several times as being the reason for improved electro-catalytic activity.54 To 

understand the improved kinetics associated with (040) surface dominant MoO3-x, the 

diffusion coefficient (D0) for H+ ions was estimated by performing a scan rate-dependent 

study of the different MoO3-x modified electrodes. (refer figure SF26 in Annexure-I)  

Figure 4.17: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 

10 mV s-1; (B) GCD analysis at the current density of 20 A g-1 ; (C) Nyquist plots in the 

frequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 40 A g-1. 



 

167 
 

            Chapter IV                        SALKAR 2023 

Figure SF-22 shows the CVs of the synthesized MoO3-x microstructures at scan rates from 25 

to 250 mV s-1. The oxidation current increases with increasing scan rate. Inset shows the 

graph of oxidation peak current vs square root of scan rate, which exhibits a linear regression 

with R2 value of 0.99, which is an indication that there is no surface poisoning of the 

electrode surface. Furthermore, the diffusion coefficient (D0) for H+ ions were estimated 

using the Randles-Sevciks method described in section 2.4.4 The calculated  D0 value 

obtained for MC was 1.8 × 10-4 cm2 s-1 which was close to MP with a value of 1.4 × 10-4 cm2 

s-1, while that of MM was 1.1 × 10-4 cm2 s-1. MSC and MT demonstrated the lowest values of  

0.7 × 10-4 cm2 s-1 and 0.5 × 10-4 cm2 s-1, respectively, which could be ascribed to their 

particle-like morphologies. The greater D0 values for MC and MP indicate the ease with 

which the H+ ions can diffuse in as well as out of the MoO3-x matrix. To understand the 

reason behind the difference in D0 values between the morphologies, the electroactive areas 

of the materials were estimated using the method described in section 2.4.3. 

 

 

 

 

 

 

 

 

Table 4.6: Summary of the electroactive and BET surface area for the different MoO3-x 

synthesized using substituted ureas. 

MC resulted in the highest electroactive area of 0.98 cm2 followed by MP (0.92 cm2), while 

MM, MSC had relatively lower electroactive areas of 0.71 cm2, 0.65 cm2 respectively with 

WT (0.41 cm2) being the lowest electroactive surface. The BET surface area analysis results 

were in trend with the electroactive area results and were observed to be 14.2, 12.9, 10.4, 9.1, 

Material 

code 

Electroactive 

surface area 

(cm2) 

BET surface 

area (m2 g-1) 

MC 0.98 14.2 

MP 0.92 12.9 

MM 0.71 10.4 

MSC 0.65 9.1 

MT 0.41 7.0 
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and 7.0 m2 g-1 for MC, MP, MM, WSC, and MT, respectively. (refer figure SF27 in 

Annexure-I) The decrease in the electroactive areas from the microplates to particle 

agglomerates (refer table 4.6) can be understood as a consequence of the reduction in surface 

oxygen defects and decreased presence of intercalated H2O as observed from the XPS 

analysis (refer table 4.5).  

The values of specific capacitance for synthesized microstructures were calculated from 

cyclic voltammograms as well as galvanostatic charge-discharge analysis using the formulas 

described in section 2.4.1. A typical overlay of the cyclic voltammograms recorded at a scan 

rate of 10 mV s-1 is shown in figure 4.18 A.   The values of specific capacitance at various 

scanning rates have been tabulated in table 4.7. The highest specific capacitance of          

641.3 F g-1 was observed for MC, followed by MP (625.2 F g-1), while MM, MSC, and MT 

produced relatively lower values of 593.3, 573.6, and 520.1 F g-1.   

Scan rate 

(mV s-1) 

Specific capacitance (F g-1) (Error bar ± 2%) 

MC MM MSC MT 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

5 641.3 238.1 593.2 201.3 573.6 191.2 520.1 175.3 

10 586.4 129.3 562.3 114.2 541.2 106.5 501.3 92.7 

20 493.5 75.3 478.1 62.3 463.9 53.6 415.2 42.6 

50 397.3 52.8 362.2 43.2 341.1 39.2 301.9 35.2 

100 341.3 46.9 326.9 39.1 302.5 31.4 275.6 25.6 

Table 4.7: Summary of specific capacitance values calculated from CV curves obtained for 

MoO3-x synthesized using substituted ureas. 

Furthermore, these observations were confirmed by performing galvanostatic charge-

discharge analysis at various current densities from  20 to 60 A g-1 (refer figure SF28 in 

Annexure I). A typical overlay of the charge-discharge curve recorded at a current density of 
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20 A g-1 is shown in figure 4.18 C.  Specific capacitance calculated from charge-discharge 

curve at various current densities, and their values are tabulated in table 4.8. The values for 

specific capacitance at the current density of 20 A g-1 are observed to be 435.2 F g-1, 410.6 F 

g-1, 419.9 F g-1, 402.6 F g-1, and 382.3 F g-1 for MC, MP, MM, MSC, and MT respectively.  

Current 

density 

(A g-1) 

(Three/Two) 

Specific capacitance (F g-1) (Error bar ± 2%) 

MC MM MSC MT 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

3 

Elec. 

2 

Elec. 

20/2 435.2 153.6 419.9 141.3 402.6 131.4 382.3 118.6 

30/4 356.1 142.2 348.3 129.6 339.2 118.5 321.5 101.2 

40/6 325.9 113.3 302.2 101.7 285.4 92.3 263.6 80.3 

50/8 291.6 97.1 275.3 82.6 261.5 75.6 248.2 61.2 

60/10 194.7 86.4 179.4 71.5 160.3 62.3 147.7 40.6 

Table 4.8: Summary of specific capacitance values calculated from GCD analysis obtained 

for MoO3-x synthesized using substituted ureas. 

In order to better understand the observed order of specific capacitance, electrochemical 

impedance measurements at open circuit potential values within the frequency region of 

1mHz to 1MHz were recorded and are presented in figure 4.18 D. The Nyquist plots 

comprised of two regions wherein a linear dependence was observed in the low-frequency 

region, which can be attributed to the solution resistance (Rs), whereas a semicircle was 

observed in the high-frequency region, which could be ascribed to the charge transfer 

resistance.48 A representative circuit diagram which best describes the system is presented as 

an inset in figure 4.17 C. The circuit diagram comprises of a charge transfer resistor (RCT) 

that is connected with a capacitor and a Warburg resistor (W) in parallel and solution resistor 

(RS) in series. The solution resistance values of 6.1, 8.4, 15.3, 20.8, and 38.7 Ω were 

observed for MC, MP, MM, MSC, and MT, respectively, indicating greater conductivity of 
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MoO3-x microplates along with easy access to the electrolytic phase which can be correlated 

to the presence of oxygen vacancies in the materials.46 

Electrode stability is also an important parameter for evaluating the performance of capacitor 

electrode materials.55 It was observed that the morphology of the electrode material had an 

impact on its stability. The stability of the modified electrodes was studied by performing 

continuous galvanostatic charge-discharge measurements and has been presented in Figure 

4.17 D. It was observed that the electrode films prepared from MoO3-x microplates were 

significantly more stable than those prepared with nanoparticles with the order of capacitance 

retention being MC (95.1 %) (309.9 F g-1) > MP (91.7 %) (292.6 F g-1) > MM (86.3 %) 

(260.7 F g-1) > MSC (83.5 %) (238.3 F g-1) > MT (78.6 %) (207.1 F g-1) compared to their 

initial specific capacitance as reported in table 4.8.. The excellent stability demonstrated by 

MC and MP indicated their potential for device scale applications and have been evaluated 

for the same in the next section 4.5.2. 

4.5.2 Electrochemical performance of the MoO3-x//AC asymmetric supercapacitor 

device 

To evaluate the influence of substituted urea towards the charge storage characteristics of 

MoO3-x microstructures and to evaluate their practical applicability, asymmetric 

supercapacitor devices were assembled using MoO3-x microstructures fabricated onto carbon 

paper as the anode and activated carbon (AC) fabricated onto another carbon paper as an 

cathode using the methodology described in section 2.3.2.1. Figure 4.19 A displays an 

overlay of the cyclic voltammograms at a fixed scan rate of 5 mV s-1 and galvanostatic 

charge-discharge studies at a constant current density of 2 A g-1
 has been presented as figure 

4.19 B. The two figures indicate both greater voltammogram area and longer discharge time 

for MC and MP electrodes in comparison to MM, MSC and MT.  

Scan rate dependent CV and current density-dependent GCD studies were also performed 

(refer figures SF29 and SF 30 in Annexure-I), and the specific capacitance thus obtained has 

been tabulated in tables 4.7 and 4.8 (Equations 2.4 and 2.5). The highest specific capacitance 

of 238.1 F g-1
 at a scan rate of 5 mV s-1 and 153.6 F g-1

 at a current density of 2 A g-1
 was 

demonstrated by MC. The observed results of specific capacitance measurements were in 

line with the results of three-electrode studies. The EIS studies showed the Rs values of 5.1, 
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5.9, 8.6, 10.2, and 14.6 Ω by MC, MP, MM, MSC, and MT, respectively. A representative 

circuit diagram which best describes the system is presented as an inset in figure 4.18 C. The 

circuit diagram comprises of a charge transfer resistor (RCT) that is connected with a 

capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) in series.  

Additionally, exceptional cycling stability was also demonstrated by MC and MP when 

testing over 12000 continuous charge-discharge cycles as demonstrated in figure 4.18 D. 

Capacitance retention of 90.5 (102.5 F g-1), 89.7 (74.2 F g-1), 80.9 (82.2 F g-1), 79.7 (73.5 F g-

1), and 73.5 % (59.1 F g-1) were observed for MC, MP, MM, MSC, and MT electrodes 

compared to their initial specific capacitance as reported in table 4.8. 

Figure 4.18: (A) Overlay of CV curves recorded at a scan rate of 5 mV s-1 (B) Overlay of 

GCD analysis recorded at the current density of 2 A g-1 (C) Overlays of Nyquist plots in the 

frequency range of 1 mHz to 1 MHz and (D) Overlays of cycling stability performance 

measured in a two-electrode asymmetric setup evaluated at 6 A g-1. 
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Power density and energy density are the most significant parameters of any supercapacitor 

device. The Ragone plot displaying the performance of the assembled asymmetric 

supercapacitors have been presented as figure 4.19 (Equations 2.6 and 2.7). The highest 

power density of 1030 W kg-1 and energy density of 44 W h kg-1 were demonstrated by the 

MC, followed by the performance of MP, which displayed a power density of 1021 W kg-1 

and energy density of 41 W h kg-1. In contrast, the MM, MSC and MT due to poor 

morphological features, demonstrated the least performance. The exceptional capacitance 

performance and high electrochemical stability of the MoO3-x microstructures can be 

considered as a cumulative outcome of the presence of a greater number of oxygen vacancies 

accompanied by surface redox states and microstructured features which facilitate the 

diffusion of H+ ions through the MoO3-x matrix. The MoO3-x microstructures synthesized so 

far are capable of acting as excellent charge storage materials at high current densities while 

maintaining excellent electrochemical stability. However, they can still be improved further 

if assembled into even higher dimensional microstructures. This has been the motivation that 

has led to the synthesis of MoO3-x microflowers which have been presented in the next 

section 4.6.  

  Figure 4.19: Ragone plot demonstrating the device performance of MoO3-x microstructures. 
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4.6 DESIGNING 3D MoO3-x MICROFLOWERS WITH EXCEPTIONAL 

CHARGE STORAGE PERFORMANCE  

3D microstructures have immense potential applications in the field of energy harvesting,  

bioengineering, optical diagnostics, drug delivery etc.56–58 The curiosity and fascination 

towards self-assembled microstructures has lead material chemists around the world to 

synthesize structures using organic and inorganic molecules, and gain insight into self-

assembly mechanisms, study material properties and its utilization in potential applications. 

Tuning the nanomaterial design into higher dimensional structures is extremely challenging 

due to the complexity of self-assembling mechanisms. Recently, Nag and co-workers 

synthesized bimetallic Au-Cu alloy microflowers as surface-enhanced Raman spectroscopy 

substrates using thermolysis of metal-alkyl ammonium halide precursors.59 Wang and co-

workers synthesized ZnO nanorod-based microflowers decorated with Fe3O4 using a 

hydrothermal system followed by annealing technique and demonstrated their application for 

electromagnetic wave absorption.60 Yu and co-workers synthesized MoS2 microflowers 

decorated on VS2 microflakes using a chemical vapor deposition technique and demonstrated 

them for electrolytic hydrogene evolution reaction.61 Ding and co-workers designed a 

microflower comprised of Cu/CuxO/Nitrogenated carbon by pyrolysis of a Cu metal-organic 

framework. They demonstrated the material as both a electrocatalysts as well as a horseradish 

peroxidase mimic.62 Hatamie and co-workers designed Yttrium hexacyanoferrate 

microflowers on freestanding graphene substrate using a template-assisted chemical vapor 

deposition technique and demonstrated them as ascorbic acid detectors.63 

Although these methods produce microflower-like structures, use of expensive templates and 

post-separation complexities limit their large-scale production. Therefore, a great deal of 

further research is required to develop simple and scalable methods for preparing 

microflowers of semiconductor oxides, especially with reference to their utilization in energy 

and environmental applications. Therefore, this section presents a facile citric acid-assisted 

synthetic route for producing MoO3-x microflowers. The design strategy utilizes a citric acid-

ammonium heptamolybdate hybrid mixture, controlled pH, and calcination treatment in order 

to generate MoO3-x microflowers. Furthermore, these MoO3-x microflowers are demonstarted 

for their charge-storage performance.  
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4.6.1 SEM studies 

Figure 4.20: (A-E) SEM micrograph of temperature-dependent morphological 

transformation of ammonoium heptamolybdate-citric acid hybrid mixture (A) 150 °C, (B) 

250 °C , (C) 350 °C, (D) 450 °C, and (E) 550 °C. 

Calcination of ammonium heptamolybdate-citric acid hybrid mixture resulted in the 

formation of MMF. Figure 4.20 (A-E) presents the temperature-dependent morphological 

transformation and growth of MoO3-x microflowers (hereafter referred to as MMF). Initially, 

at temperature below 350 °C, no microstructures were observed due to the presence of excess 
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citric acid in the mixture. At temperatures above 350 °C, a microplate-like transient 

structures appeared, which arrange into MoO3-x microflowers at a temperature of 550 °C. 

Other parameters such as Mo to citric acid ratio and solution pH, which could also play a key 

role towards the synthesis of MMF were investigated, and the SEM results have been 

presented in figure 4.20.   

Figure 4.21: (A-C) SEM micrograph of MoO3-x microflowers at different Mo: Citric acid 

ratio  (A) 1:1, (B) 1:3, and (C) 1:6. and (C-E)  SEM micrograph of MoO3-x microflowers at at 

different pH values of (C) 2.5, (D) 5 and (E) 8. 
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As observed from figure 4.20 (A-C), it was confirmed that Mo : citric acid ratio ≥ 1 : 6 was 

effective in producing consistent morphologies of MMF. The requirement of excess protons 

to neutralize the isopolymolybdate anions, as mentioned by Lou et al.23 could be one of the 

reasons, along with the requirement of sufficient thermal energy produced during the 

combustion process to construct the microflowers. Additionally, low pH conditions of < 2.5 

was another requirement for the synthesis of microflowers. This observation was in line with 

the growth mechanism presented at 2.2.8 as the octamolybdate ions [Mo8O26]
4- responsible 

for the formation of microplates exist at this pH value, which are the constituents of 

microflowers.37–39 

4.6.2 HRTEM studies 

Figure 4.22: (A) HRTEM and (B) SAED analysis of MFF respectively. 

The HRTEM and SAED analysis (refer figure 4.22) MFF revealed the lattice fringe with d-

spacing of ~ 0.347 nm corresponding to the (040) plane of MoO3-x which is consistent with 

the XRD results presented in the section 4.6.4. The SAED pattern (refer figure 4.22 B), 

displayed bright spots due to the monocrystalline surface character of MFF.  

4.6.3 TG-DTA studies 

In the TG analysis of the ammonium heptamolybdate-citric acid mixture (refer figure 4.23), a 

multistep weight loss pattern corresponding to the thermal decomposition was observed. The 

initial weight loss at temperature ≤ 150 to 210 ℃ supported by endothermic peaks in DTA, is 
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due to loss of ammonia molecules, which also create a partial reducing environment.24 The 

minor decomposition of citric acid can also be expected within this temperature regime. The 

significant weight loss observed above 300 ℃, which is supported by an exothermic peak in 

DTA, was due to the complete combustion of citric acid into NOx, CO2, and H2O, leading to 

the formation of an oxide of molybdenum.25,26  

Figure 4.23: (A) TG-DTA of the ammonium heptamolybdate-citric acid mixture. 

4.6.4 IR and XRD studies 

IR analysis (refer figure 4.24 A) revealed the presence of a broad peak within 3600 to 2300 

cm-1 which could be a combination of O-H and C-H stretching vibrations. The O-H bending 

vibration was observed at 1660 cm-1
. The C=O and C-O stretching frequencies of citric acid 

present in the mixture were observed at the characteristic wavenumbers of 1722  
 and 1207 

cm-1
 at 250 °C, respectively. These signals were eliminated at higher temperatures > 450 °C 

confirming the decomposition of citric acid. A broad peak corresponding to the presence of 

O-Mo-O and Mo=O vibration within 1020 to 535 cm-1 was indicative of the oxide formation 

at the temperature of 550 °C.64  
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Figure 4.24 B presents the XRD patterns depicting a gradual transformation of ammonium-

heptamolybdate mixture into the orthorhombic phase (JCPDS card number 05-0508), of 

MoO3-x. It was observed that no indexable peaks could be obtained at temperatures > 350 °C 

due to the presence of excess carbon in the sample. However, the XRD peaks appeared at 

temperatures < 450 °C. In the MMF obtained at 550 °C, the material showed peaks at 2θ 

values of 12.5, 23.1, 25.8, 27.2, 33.9, and 39.3, having miller indices (002), (110), (040), 

(021), (111), and (060), respectively and were as reported in literature corresponding to the 

orthorhombic phase of MoO3-x.
52,53 Since the observed peaks were intense, sharp, and of 

narrow width with no peaks of secondary phases present, it could be concluded that the 

synthesized MMF was of high phase purity and crystallinity. 

Figure 4.24: (A) IR spectra and (B) XRD patterns depicting transformation of ammonium 

heptamolybdate-citric acid mixture at various temperatures from 250 to 550 °C. 
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4.6.5 Raman and XPS studies 

Figure 4.25: (A) Raman spectrum and (B-D) XPS spectra of MMF. 

Figure 4.25 A shows the Raman spectrum for MMF. The Raman spectrum showed the 

typical signature vibrations of MoO3-x with strong peaks at 283, 668, 820, and 998 cm-1 

which were in agreement with the previously reported α-MoO3.
30,31 The Raman peak at 998 

cm-1 can be assigned to the asymmetric terminal oxygen’s (Mo+6=O) stretching mode and is 

indicative of the formation of a layered structure. The highest intensity peak observed in 

Raman is at 820 cm-1, which indicates bi-coordinated oxygen (Mo2-O) whereas the peak due 

to tri-coordinated oxygen (Mo3-O) is observed at 668 cm-1. The peak at 283 cm-1 can be 

assigned to the wagging vibration (O-Mo-O). Additionally, since the sharpness of the peaks 

in Raman spectra is proportional to the crystallinity and structural order, it could be 
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concluded that the synthesized MoO3-x were crystalline in nature, as also confirmed through 

the XRD analysis. 

In order to elucidate the electronic properties of MoO3-x microflowers XPS analysis were 

performed. A quantitative estimate of the surface redox states and oxygen vacancies of MMF 

was estimated from the narrow scan XPS spectra of Mo3d and is presented in table 4.9. The 

high-intensity peaks at the binding energies of 232.8 and 236.1 eV can be ascribed to Mo+6 

3d5/2 and Mo+6 3d3/2 and the peaks at the binding energies of 231.5 and 234.6 eV can be 

denoted as the peaks for Mo+5 3d5/2 and Mo+5 3d3/2. The peak area integration of the Mo+6 and 

Mo+5 species revealed a Mo+5 percentage of 17.4 % which is highest among all the 

previously synthesized MoO3-x microstructures. The peak in the O1s spectra observed at the 

binding energy of 530.8 eV can be assigned to lattice oxygen (O2-), whereas the peak 

observed at the binding energy of 531.9 eV is due to intercalated H2O and is also another 

indicator for presence of oxygen vacancies in the material 34–36  

Material Narrow scan Tungsten 

species 

XPS area 

integration (%) 

Area ratio 

W5+ / W6+ 

 

 

MMF 

Mo 3d Mo6+ 82.6 0.21 

Mo5+ 17.4 

O 1s O2- 53.3  

Intercalated H2O 46.7 

Table 4.9: The percentage of species obtained from the XPS peak area integration of narrow 

scan spectra of MMF. 

4.6.7 Growth mechanism of 3D MoO3-x microflowers 

A schematic representation of the plausible growth mechanism of MMF is illustrated in 

figure 4.26. Ammonium heptamolybdate is known to produce layered MoO3 upon 

decomposition in a reaction, which is similar to a combustion process. The MoO3 thus 

produced comprises of long chains of MoO6 octahedra, which exhibit morphologically 

incomplete and uncontrolled growth. In order to gain control over the growth process of 
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MoO3-x, control over the nucleation and growth steps during synthesis must be established. 

This has been achieved in the present work by making use of citric acid, both as an additive 

and a fuel. Citric acid is a well-known naturally available organic surface modifier, used in 

nanomaterial synthesis. Being a weak triprotic acid with three carboxylic groups that are able 

to cap metal ions under controlled pH conditions, allows synthetic tunability for designing 

microstructures. 

Figure 4.26: Schematic illustration for the plausible growth mechanism of MMF. 

The process is hypothesized to be initiated during the hydrolysis of ammonium 

heptamolybdate molecule in water, leading to NH4
+ ions and OH- group release. The type of 

molybdenum species in the solution is tuned at this stage by controlling the pH. At pH values 

of 2.5, ammonium octamolybdate ions [Mo8O26]
4- are known to exist in the solution. Our 

previous studies have proven that the octamolybdate species are useful for synthesizing 

MoO3-x microplates. Thus, considering the fact that the microflowers are an assembly of 

similar microplates rearranged in a hierarchical manner, it is desirable to maintain the 

[Mo8O26]
4- species in solution. Citric acid when added under these conditions is able to 

interact with the Mo+6 atoms strongly. The strength of interaction is a function of pH and 

helps citric acid to act as a capping agent to direct the orientational growth of MoO3-x 

particles and their subsequent transformation to microflowers during the combustion stage. 

Thus, we observe that at a low pH of 2.5, the interaction of octamolybdate ions with the citric 

acid leads to the formation of MMF post-combustion with a large 2D aspect ratio while as 

the pH gradient is shifted in favor of heptamolybdate ions [Mo7O24]
6- at higher pH values, no 

microstructures were obtained. The temperature-dependent transformation observed in MMF 

indicates that the MoO3-x nanoparticles fuse under the effect of high combustion temperature 

to initially produce microplates. These microplates subsequently join together in an 
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hierarchical manner forming MoO3-x microflowers. Furthermore, the microflowers were 

investigated for their charge storage performance using electrochemical measurements and 

have been presented in the subsequent section 4.7. 

4.7 Evaluation of the charge storage properties of 3D MoO3-x microflowers 

4.7.1 Three electrode charge storage studies 

Figure 4.27: Supercapacitor performance investigated via (A) CV analysis at a scan rate of 

10 mV s-1; (B) GCD analysis at the current density of 2 A g-1 ; (C) Nyquist plots in the 

frequency range of 1 mHz to 1 MHz; and (D) cycling stability performance evaluated at a 

constant current density of 40 A g-1. 

The synthesized MoO3-x microflowers were subjected to electrochemical testing to evaluate 

their supercapacitor performance. The supercapacitor performance was studied using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 
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spectroscopic (EIS) measurements. 1 M H2SO4 was employed as an electrolyte for all the 

electrochemical studies. Figure 4.27 shows the result of measurements in a three-electrode 

setup. MMF exhibited multiple pairs of redox peaks typical of MoO3-x since they can sustain 

multiple oxidation states (Mo6+, Mo5+, and Mo4+) owing to their pseudo-capacitive 

behavior.40–43 The redox peaks can be attributed to the insertion and extraction of H+ ions as 

described by the reaction 4.1 mentioned in section 4.3.44 The multiple oxidation states of 

MoO3-x are known to have a significant contribution to the overall capacitance of the 

materials.45  

Material code MMF 

Scan rate (mV s-1) 5 10 20 50 100 

Specific capacitamce (F g-1) 

(3 Elec.) (Error bar ± 2%) 

663.7 591.6 526.7 470.2 412.5 

Specific capacitamce (F g-1) 

(2 Elec.) (Error bar ± 2%) 

246.2 156.9 91.6 75.8 60.5 

Table 4.10: Summary of specific capacitance values calculated from CV curves obtained for 

MMF. 

Scan rate-dependent CV analysis were also performed for different scan rates from 10 to 200 

mV s-1 and have been presented in figure SF33 in Annexure I. It was observed that at faster 

scan rates, the redox peaks could still be identified, reflecting the faster H+ 

intercalation/deintercalation ability of the materials.46 It was also noted that with an increase 

in scan rates, the reduction and oxidation peaks moved to lower and higher potential values, 

respectively, indicating the lag in proton and electron pathways caused due to rapid cycling. 

From the scan rate-dependent CV measurements, the values of anodic peak current (Ip) were 

obtained. Using the slope of the square root of scan rate (v1/2) versus the anodic peak current 

graph, the diffusion coefficient of H+ ions was calculated using the Randles-Sevcik equation 

as described in 2.4.4.25,47 The D0 values of 2.32 × 10-4 cm2 s-1 was obtained which is the 

highest compared to any of our previously synthesized MoO3-x microstructures. The highest 

D0 value observed for MP could be a result of microflower-like morphology of MMF that 

facilitates the diffusion of H+ ions through the MoO3-x matrix. To investigate further, the role 

of surface morphology on improved electrochemical activity of MoO3-x microstructures, 
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chronoamperometric measurements were performed in order to estimate the electroactive 

surface area using the method described in section 2.4.3. The results revealed electroactive 

areas of 0.99  cm2, and BET surface area analysis revealed the surface area values of 15.6 m2 

g-1 (refer figure SF32 in Annexure-I).  

Material code MMF 

Current density (A g-1) 

(3 Elec./2 Elec.) 

20/2 30/4 40/6 50/8 60/10 

Specific capacitance (F g-1) 

(3 Elec.) (Error bar ± 2%) 

491.2 402.8 345.5 276.8 201.3 

Specific capacitance (F g-1) 

(2 Elec.) (Error bar ± 2%) 

197.3 175.2 156.7 112.5 86.8 

Table 4.11: Summary of specific capacitance values calculated from GCD analysis of MMF. 

The values of specific capacitance for synthesized microstructures were calculated from 

cyclic voltammograms as well as galvanostatic charge-discharge analysis using the formulas 

described in section 2.4.1. A typical overlay of the cyclic voltammograms recorded at a scan 

rate of 10 mV s-1 is shown in figure 4.27 A. The values of specific capacitance at various 

scanning rates have been tabulated in table 4.7. The highest specific capacitance of         

663.7 F g-1 at a scan rate of 5 mV s-1 and 452.3 at a current density of 20 A g-1 were obtained 

from CV and GCD analysis, respectively. (refer figure SF31 in Annexure-I).   

To better understand the observed order of specific capacitance, electrochemical impedance 

measurements at open circuit potential values within the frequency region of 1 mHz to          

1 MHz were recorded and are presented in figure 4.27 C. The Nyquist plots comprised of two 

regions wherein a linear dependence was observed in the low-frequency region, which can be 

attributed to the solution resistance (Rs), whereas a semicircle was observed in the high-

frequency region which can be ascribed to charge transfer resistance.48 A representative 

circuit diagram which best describes the system is presented as an inset in figure 4.27 C. The 

circuit diagram comprises of a charge transfer resistor (RCT) that is connected with a 

capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) in series. The 

solution resistance values of 5.2 Ω was observed for MMF indicating great conductivity of 
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MoO3-x microflowers along with easy access to the electrolytic phase, which can be 

correlated to the presence of oxygen vacancies, thinner microlayers that provide accessible 

diffusion pathways along with suitable aspect ratio in the material.46 The material’s cycling 

stability was also evaluated by performing continuous charge-discharge measurements (refer 

figure 4.27 D). MMF demonstrated excellent stability with capacitance retention of 95.4 % 

(329.6 F g-1), compared to its initial specific capacitance of 345.5 F g-1. The excellent 

stability demonstrated by MMF indicate their potential for device scale applications and have 

been evaluated for the same in the next section 4.7.2. 

4.7.2 Electrochemical performance of the MMF//AC asymmetric supercapacitor device 

 

Figure 4.28: (A) Overlay of CV curves recorded at a scan rate of 5 mV s-1 (B) Overlay of 

GCD analysis recorded at the current density of 2 A g-1 (C) Overlays of Nyquist plots in the 

frequency range of 1 mHz to 1 MHz and (D) Overlays of cycling stability performance 

measured in a two-electrode asymmetric setup evaluated at 6 A g-1. 
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To evaluate the practical applicability of the synthesized MoO3-x microflowers, an 

asymmetric supercapacitor device was assembled using microflowers fabricated onto carbon 

paper as the anode and activated carbon (AC) fabricated onto another carbon paper as a 

cathode using the methodology described in section 2.3.2.1. Figure 4.28 A displays an 

overlay of the cyclic voltammograms at a fixed scan rate of 5 mV s-1 and galvanostatic 

charge-discharge studies at a constant current density of 2 A g-1
 has been presented as figure 

4.28 B. Scan rate dependent CV and current density-dependent GCD studies were also 

performed (see figures SF33 Annexure-I), and the specific capacitance thus obtained has 

been tabulated in tables 4.10 and 4.11 respectively (Equations 2.4 and 2.5). 

Figure 4.29: Ragone plot demonstrating the device performance of MMF. 

The highest specific capacitance of 246.2 F g-1
 at a scan rate of 5 mV s-1 and 197.3 F g-1

 at a 

current density of 2 A g-1
 was demonstrated by MMF. The observed results of specific 

capacitance measurements were in line with the results of three-electrode studies. The EIS 

studies showed the Rs values of 5.1 Ω, indicating excellent charge-storage characteristics. A 

representative circuit diagram which best describes the system is presented as an inset in 

figure 4.28 C. The circuit diagram comprises of a charge transfer resistor (RCT) that is 

connected with a capacitor and a Warburg resistor (W) in parallel and solution resistor (RS) 

in series.Additionally, exceptional cycling stability was also demonstrated by MMF when 
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tested over 12000 continuous charge-discharge cycles. The material demonstrated excellent 

capacitance retention of 91.3 % (121.7 F g-1), as presented in figure 4.28 D, compared to its 

initial specific capacitance of 156.7 F g-1. 

Power density and energy density are the most significant parameters of any supercapacitor 

device. The Ragone plot displaying the performance of the assembled asymmetric 

supercapacitors has been presented as figure 4.29 (Equation 2.6 and 2.7). Highest power 

density of 1498 W kg-1 and energy density of 45 W h kg-1 were demonstrated by the MMF. 

The exceptional capacitance performance and high electrochemical stability of MMF  can be 

considered as a cumulative outcome of the presence of a greater number of oxygen vacancies 

accompanied by surface redox states and microflower-like structure which facilitate the 

enhanced charge storage performance of the material.  

4.8 The impact of microstructuring in MoO3-x on the charge storage 

performance 

Figure 4.30: Comparative analysis of our synthesized MoO3-x with some literature 

reports.46,49,65–69 
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It is known through literature that nano/microstructuring provides several catalytic 

advantages to materials, such as generation of kink sites, exposure of catalytically active 

facets, enhanced material stability, larger surface area, improvements in the long-range 

anisotropy, etc.70 Introspecting the charge storage performance of all the synthesized MoO3-x, 

it appears that MA being the simplest microstructure, displayed the least charge storage 

performance with specific capacitance of 59.2 F g-1 along with energy and power density 

values of 18.9 W h kg-1 and 1008.3 W kg-1 as shown in Figure 4.30. When dimensionality 

was increased from the agglomerated nanoparticles to microplates and microdisks of MoO3-x, 

improvement in the charge storage performance was observed, with specific capacitance 

being doubled to 141.2 F g-1 with the energy and power density values of 41.2 W h kg-1 and 

1021.3 W kg-1 for MP, while MD demonstrated specific capacitance of 112.2 F g-1 with the 

energy and power density values of 30.3 W h kg-1 and 1015.8 W kg-1. The microflowers of 

MoO3-x demonstrated even better results both in terms of specific capacitance and power 

performance. These results were at par or in some cases even better than the complex 

microstructures of MoO3-x reported in literature as presented in figure 4.31. The MMF 

demonstrated remarkable specific capacitance of 151.6 F g-1 with the energy and power 

density values of 45.7 W h kg-1 and 1497.3 W kg-1. The observed trend thus present a definite 

trend in terms of material dimensionality and their charge storage performances.  

4.9 CONCLUSIONS 

This study demonstrates the synthesis of MoO3-x microstructures such as microplates, 

microdisks, microflowers etc. Fuels such as urea, N-methylurea, tetramethylurea, 

carbohydrazide, semicarbazide, and citric acid were utilized in a dual role of a structure-

directing agent and also as fuel to synthesize complex microstructures of MoO3-x. We studied 

the urea chemistry with heptamolybdate [Mo7O24]
6- and octamolybdate [Mo8O26]

4- ions and 

used them to synthesize 2D microplates and microdisks of MoO3-x. It was observed that the 

heptamolybdate species played a key role in the formation of microdisks while the 

octamolybdate species promoted the growth of  MoO3-x microplates. It was also confirmed 

that urea, when utilized under protonated conditions and in a molybdenum to urea ratio of 1:6 

or above, could produce MoO3-x microstructures very effectively. Detailed investigation into 

the growth mechanism by perturbing different synthesis conditions of pH, temperature, time, 
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and ratio were carried out. Furthermore, the microstructure promoting effect of urea, –NH 

substituted ureas (such as Carbohydrazide and Semicarbazide) and –CH substituted ureas (N-

methylurea and tetramethylurea) were also investigated. Similar to WO3-x nanostructures, it 

was observed that the –NH substitution promoted the growth of the MoO3-x microstructures, 

while –CH substitution had a detrimental influence on the morphology. Meanwhile, using a 

citric acid-assisted reflux method was utilized to synthesize MoO3-x microflowers. The 

synthesized microstructures were characterized using IR, XRD, TG-DTA, SEM, HRTEM, 

SAED, Raman, EPR, XPS, etc. Detailed spectroscopic analysis revealed that 

microstructuring enabled effective induction and distribution of oxygen vacancies along with 

Mo5+/Mo6+ and also led to the preferential orientation of the active surface planes such as 

(040), which were beneficial for the charge storage performance of microstructured MoO3-x. 

Furthermore, all the microstructured MoO3-x were evaluated for their charge-storage 

performance. MoO3-x microflowers demonstrated the highest performance of all 

microstructured molybdenum electrodes with an energy density of 45.7 W h kg−1 at a power 

density of 1498.3 W kg−1. It is concluded that microstructuring enabled faster electrode-

electrolyte interfacial kinetics, improving the material's electrical conductivity and 

electrochemical cycling stability. These microstructured MoO3-x electrodes with improved 

charge storage performance have significant potential for commercial device-scale 

applications.  
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5.1 CONCLUSIONS 

The world energy scenario is rapidly shifting from fossil fuels to cleaner, greener, and 

sustainable carbon-free energy technologies such as supercapacitors which rely on the 

fundamental properties of the electrode materials used to fabricate these energy devices. 

Tungsten and Molybdenum oxides have emerged as prominent metal oxides for 

supercapacitor applications due to i) tunable non-stoichiometry, surface-redox states and 

their ability to intercalate with ease small cations such as H+ into their lattice. Although, both 

these metal oxides have promising activity for energy storage applications, their low 

conductivity and poor electrochemical stability pose a limitation for device scale application. 

Therefore, this thesis attempted to address these issues via innovative syntheses strategies to 

design a plethora of nano and microstructured WO3-x and MoO3-x with improved charge 

storage characteristics.  

Although, WO3-x and MoO3-x are believed to be analogs to each other in several aspects, it 

has been demonstrated in the present thesis that the type of nano and microstructures that 

they can produce differ significantly in terms of both morphologies as well as their physico-

chemical properties. By effectively utilizing the rich poly-tungstate and molybdate chemistry 

in combination with fuels that could also serve as SDA’s (such as Urea, Carbohydrazide, 

Semicarbazide, N-methylurea, Tetramethylurea, and Citric acid) numerous nano and 

microstructures of the two oxides have been synthesized. These nanostructures  include;  

WO3-x nanoparticles, nanorods, 2D sheets, 3D hierarchical structures, WO3-x/C microfibers, 

while the MoO3-x microstructures include nanoparticles, 2D microplates, 2D microdisks, and 

3D microflowers. The charge storage performances of these morphologies have been 

depicted schematically in figure 5.1. 

Nanorods of WO3 were synthesized by utilizing protonated ureas i.e., 1) urea when mono-

protonated at the carbonyl oxygen can results in the formation of an iminium cation               

(-C=NH2
+) which helps it to act as a SDA and facilitates the kinetics of nanostructural 

growth, and 2) the exothermic decomposition of urea can satisfy the thermodynamic 

requirements for transforming particles of WO3 into stable WO3-x nanorods. Our first 

hypothesis of urea protonation was proved by the fact that, nanorods of WO3-x were produced 

only when the pH of the tungstic acid-urea hybrid gel was acidic (pH 2.5). Furthermore, the 
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significance of protonation at the C=O group was confirmed by replacing urea with thiourea, 

wherein the lack of protonation center hinders the growth of nanostructures. The second 

hypothesis which considered the exothermic decomposition of urea and its ability to “stitch” 

nanoparticles of WO3 into WO3-x nanorods was evaluated by carefully analyzing its 

decomposition pattern along with morphological transformation at each stage of calcination. 

Furthermore, by varying the metal : urea ratios, solution pH, calcination temperature and 

time, the mechanism of growth of various nanostructures of WO3 was demonstrated.  

Furthermore, WO3-x nanorods were transformed into 2D WO3-x microsheets when subjected 

to calcination temperatures above 600 °C as a result of sintering of WO3-x nanorods. 

Furthermore, the WO3-x nanorods when calined at lower calcination temperature of 450 °C 

and at longer times of > 4 h could transform into 3D WO3-x hierarchical structures. 

 Meanwhile, under similar conditions of urea protonation, two different morphologies of 

MoO3-x could be synthesized, namely the MoO3-x microplates and microdisks. The difference 

in the two structures of MoO3-x was identified as an influence of the type of polymolybdate 

species being present in the solution.  The heptamolybdate [Mo7O24]
6- species promoted the 

growth of MoO3-x microdisks, while the octamolybdate [Mo8O26]
4- species supported the 

growth of MoO3-x microplates.  

Additionally, a further assessment of the nano and microstructure promoting effect of urea, 

was confirmed by utilizing  –NH substituted (Carbohydrazide and Semicarbazide) and –CH 

substituted (N-methylurea and tetramethylurea) ureas. It was confirmed that the –NH 

substitution promoted the growth of the nano and microstructures, while –CH substitution 

had a detrimental influence on the morphology in both WO3-x and MoO3-x.The improved 

results obtained for -NH substituted ureas was a result of their higher exothermicity which 

was caused due to in-situ production of hydrazine during combustion. This also helped to 

create a reducing atmosphere that endowed the material with greater oxygen vacancies. 

Further, 3D microstructures of WO3-x and MoO3-x were achieved by utilizing a citric acid-

assisted synthesis route. It was demonstrated that citric acid, being a weak triprotic acid with 

three carboxylic groups could be used to cap metal ions under controlled pH conditions, 

which allowed synthetic tunability for designing 3D nano and microstructures. WO3-x/C 

microfibers could be synthesized using this route to produce highly disordered and reactive 
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carbon-fiber encapsulated WO3-x heterostructure. These carbon fibers could be removed 

easily at higher calcination temperature to produce hierarchical assembly of 1D WO3-x 

nanorods. Meanwhile, MoO3-x could be transformed into 3D microflower-like structures with 

high oxygen vacancies and increased non-stoichiometry using a similar citric acid assisted 

route. 

Figure 5.1: Schematic illustration depicting the dimensionality-based charge storage 

performance of the various nano and microstructures of (A) WO3-x and (B) MoO3-x. 
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All these unique morphologies of WO3-x and MoO3-x were evaluated for their electrochemical 

charge storage performance. Characteristic trends relating to the charge storage performance 

to the material dimensionality were observed and have been presented as the schematic 5.1. 

The WO3-x nanorods demonstrated a device-scale specific capacitance of 125.5 F g-1 at a 

current density of 2 A g-1 with power and energy densities of 418.2 W kg-1 and 11.8 W h kg-

1, respectively. WO3-x nanorods also demonstrated capacitance retention of 88% when 

evaluated over 12,000 continuous GCD cycles. Through XRD characterization, it was 

revealed that the WO3-x nanorods had a monoclinic phase, with (002) being its highest 

intensity plane. If the nanorods were transformed into the 2D microsheets the value of 

specific capacitance, decreased to 56.2 F g-1 while the energy and power densities values 

dropped to 398.3 W kg-1 and 8.3 W h kg-1, respectively. The capacitance retention also 

dropped to 58 % over 12,000 continuous GCD cycles. The decrease was due to the loss of 

non-stoichiometry and oxygen vacancies in the sintered 2D WO3, which was confirmed 

through the XPS analysis. 

Meanwhile, when the WO3-x nanorods were transformed into the 3D hierarchical structures, 

the specific capacitance increased to 138.2 F g-1, and power and energy densities increased to 

435.2 W kg-1 and 9.1 W h kg-1 respectively. The capacitance retention also increased to 90 % 

when evaluated over 12,000 continuous GCD cycles. By calculating the diffusion coefficient, 

it was noted that the 3D WO3-x hierarchical structures possessed the highest D0 value of  5.9 × 

10-9 cm2 s-1  along with a higher electroactive area of 0.87 cm2 which confirmed that the 3D 

morphology enabled faster diffusion of H+ ions through the WO3-x matrix. 

 On the other hand, 2D MoO3-x microplates and microdisks possessed inherently higher 

charge-storage characteristics due to their large surface-to-volume aspect ratios and layered 

structure. The MoO3-x microdisks demonstrated a specific capacitance of 112.2 F g-1 with 

power and energy densities of 1015.8 W kg-1 and 30.3 W h kg-1. In contrast, the microplates 

owing to their greater oxygen vacancies, non-stoichiometry, and preferentially oriented (040) 

plane, demonstrated a higher specific capacitance of 171.6 F g-1 and power and energy 

densities of 1021.3 W kg-1 and 41.2 W h kg-1. Furthermore, the MoO3-x microplates and 

microdisks demonstrated 86 and 92 % capacitance retention when evaluated over 12,000 

continuous GCD cycles, respectively.  
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Among the complex higher dimensional microstructures, the WO3-x/C microfibers revealed a 

specific capacitance of 161.2 F g-1 with power and energy densities of 489.3 W kg-1 and 15.3 

W h kg-1, respectively. The WO3-x/C microfibers also demonstrated a capacitance retention of 

88 % when evaluated over 12,000 continuous GCD cycles. At the same time, the MoO3-x 

microflowers revealed a specific capacitance of 171.6 F g-1 with power and energy densities 

of 1498.3 W kg-1 and 45.7 W h kg-1, respectively, along with capacitance retention of 91 %. 

In both the WO3-x and MoO3-x nano/microstructures, the interfacial solution resistance was 

reduced due to nanostructuring as conformed through EIS studies. This proved that the nano 

and microstructuring enabled faster electrode-electrolyte interfacial kinetics, improving the 

material's electrical conductivity and electrochemical cycling stability. Therefore, it can be 

concluded that this thesis has made an honest preliminary attempt to synthesize several nano 

and microstructures of WO3-x and MoO3-x that can store high electrochemical energy, with 

potential for developing high-performance supercapacitors.   
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Appendix I 

Figure SF1: SEM images showing sintering effect and loss of porous nanostructured 

morphology of 3DW at longer calcination time of A) 6h and B) 8h respectively. 

Figure SF2: (A) SEM images and (B) XRD pattern of WO3 synthesized using thiourea. 
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Figure SF3: Overlay of CVs recorded in a three-electrode system at different scan rates for 

(A) 3DW (B) WN (C) WP, and (D) 2DW with insets depicting the graph for current Ip vs. 

square root of scan speed v1/2. 

Figure SF4: BET surface area analysis for (A) 3DW (B) WN (C) WP, and (D) 2DW. 
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Figure SF5: Overlay of GCDs recorded in a three-electrode system at different current 

densities for (A) 3DW (B) WN (C) WP, and (D) 2DW. 

Figure SF6: Overlay of CVs recorded in a two-electrode system at different scan rates for 

(A) 3DW (B) WN (C) WP, and (D) 2DW. 



 

207 
 

         Appendix I                   SALKAR 2023 

Figure SF7: Overlay of GCDs recorded in a two-electrode system at different current 

densities for (A) 3DW (B) WN (C) WP, and (D) 2DW. 
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Figure SF8: IR studies of (A) WC (B) WM (C) WSC, and (D) WT, wherein (I) represents 

post calcination  and (II) represents pre-calcination. 
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Figure SF9: Overlay of CVs recorded in a three-electrode system at different scan rates for 

(A) WC (B) WM (C) WSC, and (D) WT with insets depicting the graph for current Ip vs. 

square root of scan speed v1/2. 

Figure SF10: BET surface area analysis for (A) WC (B) WM (C) WSC, and (D) WT. 
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Figure SF11: Overlay of GCDs recorded in a three-electrode system at different current 

densities for (A) WC (B) WM (C) WSC, and (D) WT. 

Figure SF12: Overlay of CVs recorded in a two-electrode system at different scan rates for 

(A) WC (B) WM (C) WSC, and (D) WT. 
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Figure SF13: Overlay of GCDs recorded in a two-electrode system at different current 

densities for (A) WC (B) WM (C) WSC, and (D) WT. 

Figure SF14: Overlay of CVs recorded in a three-electrode system at different scan rates for 

(A) WF and (B) WH with insets depicting the graph for current Ip vs. square root of scan 

speed v1/2. 
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Figure SF15: BET surface area analysis for (A) WF and (B) WH. 

Figure SF16: Overlay of GCDs recorded in a three-electrode system at different current 

densities for (A) WF and (B) WH. 
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Figure SF17: Overlay of CVs recorded in a two-electrode system at different scan rates for 

(A) WF and (B) WH. 

Figure SF18: Overlay of GCDs recorded in a two-electrode system at different current 

densities for (A) WF and (B) WH. 
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Figure SF19: (A) SEM images and (B) XRD pattern of MoO3 synthesized without urea. 

Figure SF20: Overlay of CVs recorded in a three-electrode system at different scan rates for 

(A) MP (B) MD, and (C) MA with insets depicting the graph for current Ip vs. square root of 

scan speed v1/2. 
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Figure SF21: BET surface area analysis for (A) MP (B) MD, and (C) MA. 

Figure SF22: Overlay of GCDs recorded in a three-electrode system at different current 

densities for (A) MP (B) MD, and (C) MA. 
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Figure SF23: Overlay of CVs recorded in a two-electrode system at different scan rates for 

(A) MP (B) MD, and (C) MA. 

Figure SF24: Overlay of GCDs recorded in a two-electrode system at different current 

densities for (A) MP (B) MD, and (C) MA. 
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Figure SF25: IR studies of (A) MC (B) MM (C) MSC, and (D) MT, wherein (I) represents 

post calcination  and (II) represents pre-calcination. 
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Figure SF26: Overlay of CVs recorded in a three-electrode system at different scan rates for 

(A) MC (B) MM (C) MSC, and (D) MT. 
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Figure SF27: BET surface area analysis for (A) MC (B) MM (C) MSC, and (D) MT. 

Figure SF28: Overlay of GCDs recorded in a three-electrode system at different current 

densities for (A) MC (B) MM (C) MSC, and (D) MT. 
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Figure SF29: Overlay of CVs recorded in a two-electrode system at different scan rates for 

(A) MC (B) MM (C) MSC, and (D) MT. 

Figure SF30: Overlay of GCDs recorded in a two-electrode system at different current 

densities for (A) MC (B) MM (C) MSC, and (D) MT. 
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Figure SF31: Overlay of CVs and GCDs recorded in a three-electrode system at different 

scan rates and current densities for MMF. 

Figure SF32: BET surface area analysis for MMF. 
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Figure SF33: Overlay of CVs GCDs recorded in a two-electrode system at different scan 

rates current densities for MMF. 
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self-assembly of WO3 nanorods for improved electrocapacitive performance" 

(Poster), National conference on Advancement in Science and technology (NCAST 

2019) organized by Government College of Arts, Science & Commerce, Khandola, 
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