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ABSTRACT 

Nickel titanate (NTO) and nickel cobaltite (NCO) nanofibers were synthesized by sol-gel 

electrospinning process using poly(styrene-co-acrylonitrile) [SAN] as a polymeric binder. 

The as-synthesized precursor nanofibers were pyrolyzed at different pyrolysis conditions 

based on the results of thermal analysis, such that there was no impurity or phase separation 

in the obtained inorganic nanofibers. Both pyrolysis soaking temperature (T) and time (t), 

being the influential factors in crystallite and particle growth kinetics by diffusion, play a 

vital role in morphological and structural evolution of nanostructures. At an isochronal t = 

2 h, NTO nanofibers were synthesized at three different T (viz., 773, 973, and 1173 K) to 

correlate the difference in their physico-chemical properties as a function of T and to 

optimize the same for proposed applications. Besides, NCO nanofibers were synthesized 

at three different t (i.e., 2, 4, and 6 h) for isothermal T = 773 K. The morphological, 

structural, electrochemical, electrical, and magnetic properties of the obtained inorganic 

nanofibers were characterized using various techniques. It was observed that as the 

pyrolysis conditions (T and t) were varied the properties of resultant inorganic nanofibers 

also changed. This in turn influenced their performance and ability in the applications 

studied. The applicability of NTO nanofibers was explored as bifunctional electrocatalysts 

for water splitting. The NCO nanofibers developed were used in non-enzymatic sensing of 

glucose and H2O2. In addition, their water splitting ability was also studied. The properties 

of these nanostructures are relevant to their synthesis routes and particle/fiber shape, as the 

surface atoms play key role in electrocatalytic reactions, magnetic anisotropies, and 

electrical conduction mechanism. Furthermore, the results showed that the residues from 

SAN (binder) degradation and the degradation kinetics itself can impact the properties of 

as-prepared inorganic nanofibers, which helps in tailoring the structure, composition, and 

morphology of NTO and NCO nanofibers. Also, a comparative study on NCO nanofibers 

obtained using precursor nanofibers collected on rotating disc and rotating drum collectors 

suggest that the former is best suited for metal oxides synthesis to obtain optimal 

electrospun nanofibers. 

Keywords: Poly(styrene-co-acrylonitrile), rotating disc collector, spinel, 

electrocatalyst, magnetic property
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PVB Poly(vinyl butyral) 

PVDF Poly(vinylidene fluoride) 

PVP Poly(vinyl pyrrolidone) 

q  Columbic charge 

CPEQ  Constant phase element 

R  Universal gas constant 



NOMENCLATURE 

xxix 
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RE Reference electrode 

R2 Correlation coefficient 

3R  
Hermann-Mauguin notation of point groups of 

symmetry 
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RDI Rotating disc 

RDIc Pyrolyzed nanofibers obtained from pyrolysis of RDIp 

RDIp Precursor fibers collected over RDI collector 

RDR Rotating drum 

RDRc Pyrolyzed nanofibers obtained from pyrolysis of RDRp 

RDRp Precursor fibers collected over RDR collector 

electR  Electrolyte resistance 

rGO Reduced graphene oxide 

RHE Reversible hydrogen electrode 

RS Sheet resistance 

Ru Ruthenium 

S Sulphur 

S Surface of the sample 

S  Remanence squareness 

s s-orbital with angular momentum quantum number = 0 

s Second 

SAED Selected area electron diffraction 

SAN Poly(styrene-co-acrylonitrile) 

sat Shake-up satellite peak 

bS  Standard deviation of blank signal 
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SFD  Switch field distribution 
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Sn Stannum (Tin) 
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Ta Tantalum 
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Te Tellurium 

ft  Time of flight 
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Ti(OiPr)4 Titanium (IV) isopropoxide 

TiON Titanium oxynitride 

TN Neel temperature 

TS Technical specification 

Tv Tetrahedral void 

u  Relative velocity of the fiber jet per unit mass 

UV Ultraviolet  

V Vanadium or Volt 

VB Valence band 

Vis Visible 

viz. Namely 

vs. Versus 

VSM Vibrating sample magnetometer 

W Wolfram (Tungsten) 

w  Weight 

w/v Weight by volume 

WE Working electrode 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Scheme 1.1 Sabatier’s catalytic reactivity principle; rate reaches a maximum at 

optimum interaction strength of reagent and catalyst (Medford et al. 2015). 

This chapter enlightens scanty overview to nanostructured inorganic nanofibers, their 

synthesis techniques, and their potential applications as electrocatalyst and magnetic 

materials. An overview of sol-gel assisted electrospinning process in fabricating the 

inorganic nanofibers are discussed here. The advancement of utilizing poly(styrene-co-

acrylonitrile) as a polymeric binder in precursor sol is debated here. Eventually, the 

motivation for the present research study along with its scope and objective are penned 

down. 

1.1 INTRODUCTION 

A material with any external dimension in nanoscale (length ~1 to 100 nm) or having 

internal structure or surface structure in the nanoscale is termed a “nanomaterial” as per 

(ISO/TS 80004-1 2015) . The generic term nanomaterial is inclusive of nano-objects 

and nanostructured materials. A discrete piece of material with one, two or three 

external dimensions in the nanoscale is termed as “nano-object”, whereas a material 

having internal or surface composition of inter-related constituent parts in which one or 

more of those parts in a nanoscale is known as “nanostructured materials” as shown in 

Figure 1.1 (ISO/TS 80004-4 2011; ISO/TS 80004-2 2015). The physical and chemical 
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properties of nanomaterials are distinct from those of a single atom (or molecule or 

compound) and bulk matter with the same chemical composition. These differences 

between nanomaterials and the molecular and condensed-phase materials pertain to the 

spatial structures and shapes, phase changes, energetics, electronic structure, chemical 

reactivity, and catalytic properties of large, finite systems, and their assemblies. Some 

of the important issues in nanoscience relate to size effects, shape phenomena, quantum 

confinement, and response to external electric, magnetic, and optical excitations of 

individual and coupled finite systems. 

 

Fig. 1.1 Categories of nanomaterials defined as per ISO technical specification. 

An example of this dimensionality of certain properties is the FM coercive 

force. It has been found that the dependence of cH  on pD  changes dramatically from 

a 1/ pD  for larger grains ( pD  > 100 µm) to a 
6

pD  for grain sizes less than about 100 nm 

as shown in Figure 1.2. This occurs when the pD  becomes smaller than the FM domain 

wall thickness such that the domain wall now samples several, or many, grains and 

fluctuations in magnetic anisotropy on the grain size length scale that are then irrelevant 

to domain wall pinning and therefore to cH . Thus, the reduction of particle/grain size 

to the regime of the domain wall width increases cH  towards a maximum controlled 

by the anisotropies present (Herzer 1997). 

 Among many nanomaterial architectures, the 1D or quasi-1D nanofibrous 

morphology has attracted interest due to its high aspect ratio, which enhances the 

mechanical, physico-chemical properties, and long-range ordering in the material. 
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These features affects the magnetic property and transport phenomena (electronic and 

ionic) of the material that is responsible for electrical, thermal, and interfacial properties 

(Xia et al. 2003). Such unique aspects make these materials suitable for application in 

various fields such as transistors, sensors, photo- and electrochemical catalytic 

reactions (Fig. 1.3).  

The synergism of sol-gel technique (bottom-up approach) and electrospinning 

(top-down approach) delivers the tailor-made properties of the desired nanofibers 

without any defects, by easily controlling the process parameters, unlike the 

conventional synthesis techniques. The combination allows the design of morphology 

of the final inorganic nanofibers in such a way that the final product belongs to both 

nano-object and nanostructured material categories, known as “hierarchical structures”. 

The process involves three major steps: (i) the preparation of a stable sol using sol-gel 

chemistry with the help of suitable polymeric binder and salts, (ii) the fabrication of 

precursor fibers by electrospinning, to obtain defect-free uniform nanofibers, and 

finally (iii) the pyrolysis of the precursor fibers to remove organic matter selectively, 

for obtaining inorganic nanofibers. Figure 1.4 shows the different morphological 

features of hierarchical TiO2 derived nanofibers obtained using sol-gel assisted 

electrospinning followed by pyrolysis. 

 

Fig. 1.2 Coercivity as a function of grain size of transition metal alloys (Herzer 1997). 
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Fig. 1.3 Donut plot depicting the applications of nanofiber materials (Lyngaas 2015).
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Fig. 1.4 Micrographs of electrospun 1D hierarchical structures: (a) TiO2 with SrTiO3 

nanocubes heterostructures, (b) wheat grain-textured TiO2/CuO, (c) TiO2 with MoS2 

nanosheets, (d-f) SnO2/TiO2 heterostructures with SnO2 nanoparticles, nanocrystals, 

and nanorods architectures, and (g-i) β-FeOOH/TiO2 heterostructures with 

nanoparticles, needles and flakes (Gao et al. 2015). 

1.1.1 Electrospinning technique 

The electro-hydrodynamical phenomena called “electrospinning” launched polymer 

nanofibers into the broader realms of nanotechnology and materials science during the 

decades starting in 1990 and 2000. It was only since 2002, the electrospinning was 

explored as a high efficiency method for synthesis of 1D inorganic materials. 

Electrospinning has rapidly changed fiber making from a capital intensive, large scale 

process to a low cost, broadly applicable method that manufactures fibers on a 

laboratory bench, to serve diverse needs ranging from materials science and technology 

to life sciences and clinical medicine. In present scenario, the electrospinning technique 
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has been proven to be the only industrial scalable nanofiber production technology. A 

comparison of other nanofiber synthesis methods with electrospinning technique is 

shown in Table 1.1. 

Table 1.1: Comparison of different fiber forming techniques (Senthil et al. 2016). 

Fabrication 

technique 
Advantages Disadvantages 

Drawing 
Single nanofiber at a time. 

Simple instrumentation. 

Time consuming. 

Non-scalable. 

Fiber dimensions cannot 

be controlled. 

Operator dependent. 

Template 

synthesis 

Uniform fibers can be obtained. 

Fiber dimensions can be varied. 

Different shapes can be achieved. 

Not suitable for mass 

production. 

Replacement of templates 

are necessary. 

Temperature-

induced phase 

separation 

Simple procedure. 

Minimal equipment complexity. 

 

 

Time consuming. 

Not suitable for all 

polymeric materials. 

Non-scalable. 

Difficult to control fibers 

dimension. 

Molecular self-

assembly 

Smaller nanofibers can be 

fabricated. 

 

 

Time consuming for 

continuous nanofibers. 

Well-suitable for short 

fibers. 

Lithography Suitable for low aspect ratio fibers. 

Complex processing. 

Skilled operator 

requirements. 
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Electrospinning 

Simple equipment and easy 

alignment process. 

Low cost compared to the bottom-

up method with industrial 

scalability. 

Uniform and high aspect ratio with 

3D porous structure fibers. 

Do not require expensive 

purification. 

Dependent on 

experimental parameters. 

Skilled operator is needed. 

High power consumption. 

 

1.1.1.1 Set-up and mechanism of electrospinning 

A typical electrospinning apparatus consists of three major components (Fig. 1.5): a 

high voltage power supply, a spinneret (a metallic capillary tip), and a collector (a 

grounded conductor). Generally, a syringe with syringe pump (flow rate controller) is 

used as a single spinneret for laboratory scaled equipment with a DC voltage supply 

ranging from 1 to 100 kV. The collector and steer come with different geometry to meet 

the non-woven fiber alignment, besides the commonly used static collector plate. In the 

electrospinning process, the polymer solution or melt with or without inorganic 

precursor having optimal Berry number (Ko 2006; Ko and Wan 2014) is feed into the 

spinneret. At high DC voltage applied, this viscous sol is electrified at positive 

electrode. When the voltage is optimal, the electrostatic repulsion force overcomes the 

surface tension of the sol and a fiber is erupted at the singularity of the conical structure 

called “Taylor cone” (Fig 1.5). This ejected fiber moves towards the grounded collector 

with high whipping instabilities under the action of solvent evaporation and charge 

repulsion in the fiber. During this travel, the fiber dries out from solvent and narrows 

further to obtain ultrafine fiber or nanofiber and collects on the collector. The alignment 

and additional diameter reduction of the fiber can be controlled by suitable type and 

geometry of the steer electrode and collector. The inorganic nanofibers are obtained by 

post treatments of collected precursor nanofiber such as pyrolysis. 
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Fig. 1.5 Representation of sol-gel assisted electrospinning process followed by 

pyrolysis. 

1.1.1.2 Controlling factors 

The electrospinning process is controlled by many parameters, which mainly comprises 

of three parts: solution parameters, process parameters, and ambient parameters (Table 

1.2). The optimization of these parameters is essential in controlling the fiber 

morphology such as diameter and porosity of the fiber. Each individual parameter and 

their interaction plays a vital role in formation of defect-free nanofibers (Senthil et al. 

2016). Hence, obtaining an optimal condition regarding these parameters is a must. 

Table 1.2: Parameters affecting electrospinning process. 

Material parameters 

Type of polymer (ionic/non-ionic, polar/non-polar, 

block/random copolymer, etc.) 

Molecular weight of the polymer 

Type of solvent/mixed solvents (Boiling point) 

Berry number 

Surface tension of polymer solution 

Electric conductivity of polymer solution 

Dielectric constant of polymer solution 

Additives 

Solubility and/or sol-gel chemistry of precursors in solvent 
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Process parameters 

Electrostatic potential and Electric field strength 

Flow and Feed rate 

Type and diameter of spinneret or orifice 

Type, material and geometry of spinning equipment, 

steering and collector electrodes 

Distance between electrodes 

Velocity of rotating collector 

Environmental 

parameters 

Humidity 

Temperature 

Local atmosphere flow 

Atmospheric composition 

Pressure 

 

1.1.2 Sol-gel technique 

Sol-gel process is a ‘bottom-up’ approach in which the nanomaterials are chemically 

assembled from elementary chemical components, just like a wall is constructed from 

bricks and mortar. By definition, “sol” is a suspension of colloidal particles or 

molecules in a liquid and “gel” is a 3D network formed when the sol is mixed with a 

liquid which can help to form the network (Brinker and Scherer 2013). Generally, there 

are two methods of preparing inorganic nanofibers using sol-gel assisted 

electrospinning. First, inorganic precursors are mixed with polymers for 

electrospinning, followed by pyrolysis at high temperatures. Second, the reaction 

velocity and viscosity of the inorganic precursor solution can be adjusted for direct 

electrospinning, which is also known as Pechini’s method. It is, however, difficult to 

control the rheological properties of the inorganic precursor, which leads to the shape 

and the diameters of the inorganic nanofibers being difficult to control too. To solve 

these problems, it is convenient to use first method, one has to introduce a polymer into 

the solution as a matrix to adjust the rheological properties, as well as an additive, such 

as a catalyst, to control the hydrolysis rate of the precursor. Hence, a typical spinnable 

precursor solution should contain an alkoxide or metal salt precursor, a polymer acting 

as a binder, an additive, and a relatively volatile solvent such as ethanol, water, 

isopropanol, chloroform, and DMF.  
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The strategy followed to fabricate inorganic nanofibers has four important steps: 

(i) mixing of molecules, where the precursor chemicals for the intended inorganic 

material, a gel forming medium (or a polymer), a solvent and an additive are mixed 

together, (ii) chemical treatment which will accelerate the polymerization of mixture to 

form a gel, (iii) shaping of the polymeric gel from the previous step to the final 

morphology, and finally (iv) high temperature treatment to remove the volatiles and 

organic phases from the shaped gel to achieve the inorganic material of required shape 

(Fig. 1.6). In sol-gel assisted electrospinning of synthesis of inorganic nanofibers, the 

role of electrospinning is to shape the polymeric gel to nanosized fibers. The significant 

advantage of sol-gel processing of inorganic powders is that homogeneous 

compositions can be prepared at temperatures lower than of required for conventional 

powder processes. Added to this, a high purity product with extreme complexity in 

stoichiometry (such as doping, ternary and quaternary systems) can be easily 

synthesized. Generally, metal salts of organic acids, in particular acetates but also 

formates, citrates, tartrates, etc., are used for the metal oxide fiber synthesis. 

 

Fig. 1.6 Morphological tailoring of final product using different routes of sol-gel 

process (Brinker and Scherer 2013). 
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1.2 REVIEW OF LITERATURE 

Inorganic nanomaterials are of special interest due of stability, structural and functional 

properties, semiconducting nature, abundant resource (some are natural available), low 

cost and ease of synthesis. Inorganic nanomaterials have proven their ideology 

especially in their nanofiber form from the lab scale material design to real time 

biological applications such as bio-imaging, sensing, drug delivery carries, smart 

materials, etc., (Ramaseshan et al. 2007; Hu 2012; Dibenedetto and Aresta 2013). The 

combination of two or more synthesis techniques such as sol-gel assisted 

electrospinning followed by pyrolysis allows to design inorganic materials for desired 

properties throws high degree of versatility and applicability of the material for an 

efficient performance with low cost. The final properties and performance of the 

nanofibers, which is a function of nanofiber morphology is controlled by three major 

factors: (i) the composition and type of the precursors used, (ii) pressure and 

atmosphere of pyrolysis chamber, oxidizing or reducing or inert, and (iii) the nucleation 

and growth kinetics of inorganic nanofiber during pyrolysis, the pyrolysis temperature-

time driven diffusion process. The morphology of precursor fibers changes 

dramatically at different temperature of pyrolysis depending on the polymeric binder 

and inorganic precursor used (Fig. 1.7).  

Table 1.3 shows the various types of inorganic nanofibers synthesized through 

sol-gel assisted electrospinning process. Inorganic materials with 1D nano-

architectures received increasing interest since it provided a good material system to 

investigate the dependence of electrical, optical, thermal and mechanical properties on 

dimensionality and size reduction (Wu et al. 2012a). Especially with high aspect ratio 

and porosity they were desired as building blocks in many applications such as 

catalysis, electronics, optoelectronics, sensors, energy storage devices and so on. The 

practical applications in multidisciplinary field, scalable for industrial production and 

convenient device integration made inorganic nanofibers extremely important for 

technological advances and progressive studies of these materials. Different classes of 

inorganic nanofibers such as oxides, carbides, nitrides, and sulfides were synthesized 

in decades using suitable precursors and studied for various potential applications in 

the field of textile, catalysis, sensors, batteries, fuel cells (Dai et al. 2011; Wu et al. 
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2012a; George 2015; Xue et al. 2017). Besides superior stability, mechanical properties 

and electron density in non-oxide materials; oxides easily interact with cations due to 

high electronegativity of oxygen, which provides magnificent physico-chemical 

functional properties and ease of synthesis. 

 

Fig. 1.7 Micrographs of inorganic nanofibers: (a) hydroxyapatite (PVP/ethanol, T = 973 

K), (b) Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3−δ (PVP/DMF, T = 1073 K), (c) MnO2 (PAN/DMF, T 

= 1273 K), (d) CaCu3Ti4O12 ( PVP/ethanol/acetic acid, T = 1173 K), (e) Al2O3 

(PVP/H2O, T = 1073 K), (f) BaFe12O19 (PVP/DMF, T = 1073 K), (g) CdTiO3 

(PVAc/DMF, T = 873 K), (h) La2Zr2O7 (PEO/methanol, T = 1673 K), (i) NiO 

(PVP/ethanol, T = 673 K), (j) SiO2 (PVP/ethanol, T = 673 K), (k) TiO2 

(PVP/ethanol/acetic acid, T = 773 K), (l) mullite (PVB/ H2O/ethanol, T = 1473 K), (m) 

ZrC (PAN/DMF, T = 1673 K, Argon flow), and (n) yttria-stabilized zirconia 

(PVP/ethanol, T = 1673 K) (Esfahani et al. 2017). 
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1.2.1 Simple metal oxides 

Several metal oxide nanofibers such as CeO2, Co3O4, Cr2O3, CuO, Fe2O3, In2O3, MgO, 

NiO, TiO2, ZrO2, ZnO have been synthesized using sol-gel assisted electrospinning 

process from alkaline earth metals, to metalloids including many transition and rare 

earth elements in the field of sensing (Abideen et al. 2017), energy (Thavasi et al. 2008), 

environmental (Mondal 2017), and biological (Mondal and Sharma 2016) applications. 

Besides, the nanofibers of transition metal oxides are being recognized as an intelligent 

class of 1D nanostructured materials for their outstanding properties, including good 

mechanical strength, thermal stability, excellent flexibility, superior electrical 

conductivity, selectivity, and large d- or f-orbital unpaired electrons and wide range of 

oxidation states, which are responsible for physico-chemical properties of the material 

(Xia et al. 2016a). Co3O4 nanofibers were first synthesized by electrospinning followed 

by pyrolysis from the precursor solution of CATH salt and PVA in distilled water (Guan 

et al. 2003a). In similar way, NiO nanofibers were first electrospun using NATH salt 

(Guan et al. 2003b). However, the first TiO2 nanofibers (hollow) were prepared by 

dropping the dilute Ti(OiPr)4/isopropanol solution on to electrospun poly(L-

lactide)/dichloromethane fiber mat and then pyrolyzing (Caruso et al. 2001), as Ti 

precursor solidifies to TiO2 the moment it comes in contact with moisture by hydrolysis. 

1.2.2 Heterogenous metal oxides 

Simple metal oxides lack selectivity and exhibit limited functional properties. Similar 

to composite materials, composite nanofibers have soon been synthesized and studied 

for their extended desired properties as multifunctional materials. The hetero 

companions may be metal, organic or inorganic materials such as Ag, Au, Ni, carbon 

structures (nanotube, graphene), polymers (PVDF, PVP) (Xia et al. 2003; Sawicka and 

Gouma 2006; Xue et al. 2017). For example, both p- and n- type semiconducting 

composite oxide nanofibers were fabricated to have heterojunctions which would easily 

have selectivity during sensing, NiO/ZnO nanofibers (Li et al. 2015), or have electron 

transport in photochemical reactions, BiFeO3/TiO2 (Yang et al. 2014b). The essence of 

this kind of nanofibers is that a simple oxide can play many roles with different co-

partners such as CuO/SnO2 (Ebrahimi et al. 2012), CuO/TiO2 (Yousef et al. 2012)and 

CuO/NiO (Kim et al. 2013) are suitable as H2S detector, pathogenic inactivation agent, 
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and magnetic material, respectively.  Some of the heterogenous nanofibers are shown 

in Table 1.3. It has been observed that even in case of heterogenous oxides nanofibers, 

transition metal oxides have outperformed other simple oxides in the wide area of 

sensors (Abideen et al. 2017), energy and filters applications, and smart materials 

(Sahay et al. 2012; Wang et al. 2017b). 

1.2.3 Complex metal oxides 

The sol-gel process provides the liberty to stoichiometrically tailor the desired mixed 

metal oxide nanofiber by controlling the stochiometric ratios of the metal precursors. 

The composite materials provide the control only over the extrinsic properties of the 

material. However, by appropriate doping or mixing of two or more metal precursors, 

one can easily design the intrinsic properties of the complex metal oxide nanofiber such 

as magnetic moment per unit cell, semiconducting nature (p- or n-type), interstitial sites, 

hybridized band structures. This strategy provides an enhanced physico-chemical 

functional property of the nanofiber compared to that of its simple or composite form. 

Some of such examples are alkaline earth/transition metal oxide nanofibers: Ca3Co4O9, 

MgCo3O5, CaTiO3, BaTiO3, etc., (Li et al. 2009; Wu et al. 2016) for water-splitting 

application. 

1.2.4 Mixed transition metal oxides 

MTMOs, typically ternary metal oxides with two different transition metal cations, with 

stoichiometric or even non‐stoichiometric compositions, have received huge interest in 

recent years due to their promising roles in many sensing, energy, and environmental 

related applications (Tajik et al. 2017). The coupling of two metal species could render 

the MTMOs with multiple hybridized band structures, variety of spin orbitals, rich 

redox reactions, and improved electronic conductivity, which are beneficial to magnetic 

and photo-electrochemical applications, while being efficient, reliable, and low cost 

(Gawande et al. 2012; Yuan et al. 2014; Osgood et al. 2016). MTMO nanofibers with 

large SSA and porosity favors the efficient redox reactions due to following features: 

(i) better accommodation of the strain during insertion/removal of cations, thus 

enhancing the cycle performance, (ii) improved reactivity triggering new reactions that 

are impossible for bulk materials, (iii) large electrode/electrolyte contact surface, 

resulting in sufficient active sites, (iv) short path length for electronic transport at active 
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sites with external ions, permitting operation with low electrical conductivity or at high 

power, (v) convenient diffusion paths for external ions transport to the active sites, 

which is due to the porosity; and (vi) ease of electron/ionic transport within the 

nanofiber, because of the connectivity. In decades, many MTMO nanofibers have been 

synthesized and studied for their potential application in several areas such as magnetic 

storage devices, piezo/ferroelectrics, catalysts, solar cells, fuel cells, batteries, 

supercapacitors, etc., (Li et al. 2006a; Ramaseshan et al. 2007; Thavasi et al. 2008; Dai 

et al. 2011). 

Nickel based MTMOs provide high performance, long cyclic life, 

multifunctionality, low cost compared to other MTMOs or their simple oxides due to 

their variability of electronic states. Thus, they acquire a variety of beneficial structural 

forms such as spinel (NiA2O4) which aids redox electrochemical reactions (Ruan et al. 

2016): 

2 4 2 2Alkaline mediumNiA O OH H O NiOOH AOOH e− −+ + ⎯⎯⎯⎯→ + +                                     (1.1) 

The most common is the spinel form along with Al, Cr, Fe, Mn, i.e., NiAl2O4 

(Ragupathi et al. 2014), NiCr2O4 (Xu et al. 2016), NiFe2O4, and NiMn2O4 (Osgood et 

al. 2016). However, Co and Ni being the closest iron triad have an interesting 

exclusivity to form normal, partial, and inverse spinel structure as NCO (NiCo2O4). 

This unique structural feature with varied cationic distribution, which alters the 

physico-chemical properties of NCO, makes them material of choice in various 

applications (Loche et al. 2017). NCO has widely been used as supercapacitor. Another 

exclusive structure of Ni-based MTMOs is with Ti, i.e., ilmenite type NTO (NiTiO3, 

INTO) which is recognized for its photo-electrochemical reactions owing to high 

density of surface states (Moghiminia et al. 2014). Even though, spinel form of NTO 

(Ni2TiO4, SNTO) was discovered in early 1960’s, there had been no much study on this 

material till date due to its high temperature formation (above 1673 K) and metastability 

(Datta and Roy 1965; Qiu et al. 2011). Hence, NCO and NTO were selected as material 

of interest in the present study. 
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Table 1.3: Inorganic nanofibers synthesized using sol-gel assisted electrospinning technique followed by pyrolysis.  

Inorganic 

nanofiber 

Precursor, polymer, solvent, 

additive 
Remarks 

Potential 

applications 
References 

AlN 

Aluminum nitrate nonahydrate 

+ urea 

PVP, H2O, ethanol 

Sol-gel, carbothermal reduction 

and nitridation during pyrolysis 
Optoelectronics (Sun et al. 2009) 

Al2O3 
Aluminum di-sec-butoxide 

Ethanol, H2O + HCl 
Aged sol; α-alumina formed Filter membranes (Larsen et al. 2003) 

Al2O3 

(Transparent) 

Aluminum 2,4-pentanedionate 

PVP, ethanol, acetone 
α-alumina formed 

Pyrotechnics, 

rocket propellant 
(Azad 2006) 

B4C 
Boric acid 

PVA, H2O 
Sol-gel, pyrolysis at 1573 K 

High temperature 

thermoelectric 
(Uslu and Tunç 2012) 

CeO2 
Cerium nitrate 

PVA, H2O 
Co-precipitation 

Biomedical, 

catalyst 
(Yang et al. 2005) 

Co3O4 
CATH 

PVA, H2O 
Sol-gel Biomarkers (Guan et al. 2003a) 

Cr2O3 
Chromium chloride 

PVA, H2O 

In situ gelation, ammonia 

treatment 
Pigments (Hao et al. 2006) 
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CuO 
Copper acetate 

PVAc, H2O 
Sol-gel 

Catalysis, 

semiconductors 
(Wu et al. 2006) 

Fe3O4 

Iron (II) chloride + iron (III) 

chloride 

Graft copolymer, PEO or PVA 

Initial co-precipitation reaction 

polymer not removed 

Reinforcement for 

glass, fibers in 

electronic devices 

(Wang et al. 2004) 

GeO2 

Germanium isopropoxide + 

Isopropanol, H2O, propionic 

acid 

PVAc, acetone 

Precursor sol preparation first, 

then polymer solution addition, 

α–quartz like structure 

Semiconductors 
(Viswanathamurthi et 

al. 2004) 

In2O3 
Indium nitrate 

PVP, ethanol 
Sol-gel Gas sensors (Zhang et al. 2007) 

MoS2 

Ammonium tetrathiomolybdate 

PVA, Dimethyl sulfoxide 

Sol-gel, H2 and argon gas 

atmosphere during pyrolysis 
Hydrogen storage (Liu et al. 2012) 

SiO2 
Tetraethyl orthosilicate, 

Ethanol + HCl 
Sol-gel Drug carriers (Zhang et al. 2005) 

SnO2 
Dimethyl dineodecanoate tin 

PEO, Chloroform 
Sol-gel, rutile form Sensors (Wang et al. 2006a) 
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Ta2O5 
Tantalum isopropoxide, ethanol 

PVAc, DMF, acetic acid 
Sol-gel 

Rectifiers, 

biomedical 

implants, 

dielectric 

(Dharmaraj et al. 2006) 

TiO2 
Titanium butoxide 

Pluronic P-123 copolymer 

Sol-gel; mesoporous fibers 

below 973 K anatase; above 973 

K, anatase and/or rutile 

Photocatalysis, 

solar cell 
(Madhugiri et al. 2004) 

ZnO 
Zinc acetate 

PVAc, H2O 
Sol-gel 

Light emitting 

diodes, 

photodetectors, 

varistors 

(Wu and Pan) 

ZrO2 
Zirconium oxychloride 

PVA, H2O 
Sol-gel Electroceramics (Shao et al. 2004a) 

WO3 

Tungsten powder, 30% H2O2 

PVP, ethanol 

Tungstenic acid preparation 

first, then polymer, solvent 

addition 

Field emission 

instruments 
(Lu et al. 2006) 

Tungsten isopropoxide 

PVAc, DMF 

Sol-gel chemistry, ammonia 

sensing 
Sensor (Wang et al. 2006a) 
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Al2O3/B2O3 
Aluminum acetate, boric acid 

PVA, H2O 
Aging for 5 h before spinning 

Reinforcement for 

glass, fibers in 

electronic devices 

(Dai et al. 2002) 

Co3O4/CuO/MnO2 

Manganese (II) acetate tetra 

hydrate, copper (II) acetate 

mono hydrate, and CATH 

PVA, H2O 

Polymer solution preparation 

first, then precursors addition 

Solid state 

sensors 
(Kanjwal et al. 2008) 

Erbia modified 

TiO2 

Ti(OiPr)4 

PVP, ethanol 

 

After TiO2 sol-gel preparation 

erbium (III) oxide particles 

added 

Fuel cells (Tomer et al. 2005) 

Gd2O3 doped CeO2 

Ammonium cerium nitrate, 

Gadolinium nitrate 

PVP, ethanol 

Sol-gel Fuel cells (Azad et al. 2005) 

Hydroxyapatite on 

TiO2 

Ti(OiPr)4, simulated body fluid 

PVAc 

TiO2 nanofiber treated with 

simulated body fluid 
Surgical implants (K.C. et al. 2008) 

Mn2O3/Mn3O4 
Manganese acetate 

PVA, H2O 

Sol-gel; pyrolysis-controlled 

phase formation 
Catalysts (Shao et al. 2004b) 



 

     

  

2
0
 

C
H

A
P

T
E

R
 1

 

Mn2O3/TiO2 

Ti(OiPr)4, manganese acetate 

tetrahydrate 

PVP, ethanol 

Sol-gel 

Bacterial growth, 

dye degradation, 

water desalination 

(Panthi et al. 2013) 

NiO/ZnO 
NATH, zinc acetate 

PVA, H2O 

Sol-gel; two phase inorganic 

fibers 

Smart materials 

and 

semiconductors 

(Shao et al. 2004c) 

V2O5/TiO2 

Ti(OiPr)4, vanadium 

oxytriisopropoxide + 

hexadecyltrimethylammonium 

bromide 

PVP, isopropanol 

V2O2 nanorods on TiO2 

nanofiber 

Fuel cells 

 
(Ostermann et al. 2006) 

Y2O3 stabilized 

ZrO2 

Zirconyl chloride, yttrium nitrate 

PVP, ethanol 
Sol-gel 

Automobile 

thermal barrier 

coatings, catalysis 

(Azad et al. 2005) 

BaTiO3 

Barium acetate, Ti(OiPr)4 + 

acetic acid 

PVP, ethanol 

Sol-gel 

Piezoelectric, 

microwave 

material 

(Yuh et al. 2005) 
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Co doped SrTiO3 

Tetrabutyl titanate, strontium 

nitrate, and cobalt nitrate 

hexahydrate 

PVP, ethanol 

Polymer solution preparation 

first, then precursors addition 
Ferromagnetism (Zhang et al. 2012b) 

Hydroxyapatite 

Ca10(PO4)6(OH,F)2 

Ca(NO3)2, P(C2H5O)3 

Ethanol, H2O 

 

24 h aging for 10 days, then 

addition of NH4F 

Biomedical 

implant artificial 

bone 

(Kim et al. 2006b) 

La2Zr2O7 

Zirconium oxychloride, 

lanthanum nitrate 

PVP, ethanol 

Sol-gel 
Fuel cells, 

catalysts 
(Li et al. 2006b) 

LiCoO2 

Lithium acetylacetonate, CATH 

+ acetic acid 

PVP, ethanol 

Precursor sol preparation first, 

then polymer solution addition 

Batteries, 

alternative energy 

sources 

(Fu et al. 2005) 

LiMn2O4 

Lithium chloride, manganese 

acetate 

PVA, H2O 

Sol-gel 

Magnetic and 

energy storage 

devices 

(Yu et al. 2005) 

MgTiO3 

Magnesium ethoxide, Ti(OiPr)4 + 

2-ethoxyethanol 

PVAc, DMF 

Precursor sol preparation first, 

then polymer solution addition 

Catalyst, 

dielectric 

(Dharmaraj et al. 

2004b) 
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NaCo2O4 

Sodium acetate trihydrate, cobalt 

(III) acetate tetrahydrate 

PAN, DMF 

Polymer solution preparation 

first, then precursors addition 

Thermoelectric 

sensors 

(Maensiri and Nuansing 

2006) 

NiFe2O4 

Iron (III) ethylhexano 

isopropoxide, nickel ethylhexano 

isopropoxide + acetic acid 

PVP, isopropanol 

Sol-gel; spinning in glove box; 

hydrolysis after spinning 

Magnetic and 

energy storage 

devices 

(Li et al. 2003) 

NiTiO3 

NATH, Ti(OiPr)4 + ethanol, 

HNO3 

PVAc, DMF 

Precursor sol preparation first, 

then polymer solution addition 

Tribological 

coatings, 

pigments 

(Dharmaraj et al. 

2004a) 

Pb(Zr0.52Ti0.48)O3 

Zirconium propoxide, Ti(OiPr)4, 

and lead (II) ethyl hexanoate 

Xylene 

Precursors as such spun, 

hydrolysis from the atmosphere 
Piezo-transducers 

(Wang and Santiago-

Avilés 2003) 
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1.2.4.1 Nickel titanate 

NTO is an important ternary transition metal oxide, which exhibits polymorphic crystal 

structures, including a spinel variant (Fig. 1.8). The non-existence of pure SNTO has 

been investigated from centuries. A non-stoichiometric SNTO was discovered 

experimentally for compositions between 63 and 97 mol% of NiO (Fig. 1.9a) at 

temperatures above 1653 K (Laqua et al. 1977). Later, the non-stoichiometric SNTO 

was found to be a result of excess solubility of NiO due to its high preference to 

octahedral void (Ov). The NiO-TiO2 phase diagram (Fig. 1.9b) was further developed 

both theoretically and experimentally, which showed SNTO having NiO content 

between 92 wt% at SNTO-NiO boundary at 1690 K to 67 wt% at the SNTO-INTO 

boundary at 1903 K (Muan 1992; Qiu et al. 2011). The spinel solid solution can be 

represented as Ni2+2yTi1-yO4, with the y ranging between 0.03 and 0.75, hence 

stoichiometric SNTO composition (x = 0) lies slightly outside the domain of spinel 

solid solution. The present study is attributed to the synthesis and characterization of 

INTO nanofibers accompanied with SNTO phase with y = 0.31, whose empirical 

formula is given by Ni2.62Ti0.69O4.  

 

Fig. 1.8 Unit cell of NTO: (a) ilmenite type and (b) non-stoichiometric spinel type. 

NTO is known for its exceptional photon induced properties and well-

established applications in yellow pigments, solar energy reflectors (Wang et al. 

2013a), photovoltaics (Sobhani-Nasab et al. 2015), optics (Vijayalakshmi and 
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Rajendran 2012), photocatalysts (Hyun Kim et al. 2006; Qu et al. 2012; Bellam et al. 

2015) as well as temperature dependent electrical and magnetic devices (Yuvaraj et al. 

2013). Different synthesis techniques have been used in recent years to develop cost- 

and performance-efficient NTO nanomaterials. Some of these synthesis techniques 

include solvothermal (Nguyen-Phan et al. 2014), molten salt (Yuvaraj et al. 2013), co-

precipitation and impregnation (Gabal et al. 2013), stearic acid gel method (Sadjadi et 

al. 2008), polymeric precursor route (Lopes et al. 2009), modified Pechini method (Lin 

et al. 2006), surfactant assisted method (Zhou and Kang 2006) and sol-gel method 

(Gambhire et al. 2008; Mohammadi and Fray 2010). However, the conventional 

methods typically require high operating temperatures (> 1073 K), and lead to 

formation of impurity phases (Zhou et al. 1997). Therefore, the synthesis of NTO 

nanofibers in the present work was accomplished via sol-gel assisted electrospinning 

technique followed by pyrolysis at relatively low-temperature (between 673 K and 1273 

K), suitable for producing continuous and uniform fibers of high purity. 

 

Fig. 1.9 High temperature phase diagram of NiO-TiO2: (a) (Laqua et al. 1977) and (b) 

(Muan 1992) 

The use of electrospinning for synthesizing NTO nanofibers is rather scarce in 

the literature. Among two noteworthy contributions are the ones by (Dharmaraj et al. 

2004a), and (Yang et al. 2014a).  In the former, INTO nanofibers with 150-200 nm 

diameter were obtained after the pyrolysis of polymer precursor fibers at T ranging 
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from 873-1273 K. Although the nanofibers retained their nature after pyrolysis, the 

rutile TiO2 phase was still present. This was improved upon in the latter, where 

nanofibers of INTO with highly crystalline structure were fabricated without any 

impurity phases. Continuous INTO nanofibers were obtained after pyrolysis at 873 K, 

having AFD of 175 nm.  Optical spectroscopy showed that these nanofibers exhibit an 

excellent UV-Vis light response. In contrast, nanoparticles of INTO synthesized under 

identical conditions by a sol–gel route had impurities including TiO2 and NiO.  Further, 

it was reported that the electrospun INTO nanofibers possessed higher SSA than the 

INTO nanoparticles, which could be beneficial for various surface-dependent 

applications such as photocatalysis and sensors (Yang et al. 2014a). The present work 

uses a similar strategy as in references (Dharmaraj et al. 2004a) and (Yang et al. 2014a), 

but with a different chemistry for the precursor sol and the polymeric binder, which in 

turn drastically alters the structural and functional properties of the resulting nanofibers.  

1.2.4.2 Nickel cobaltite 

NCO is a ternary transition metal oxide, which possesses both normal (Fig. 1.10) and 

inverse spinel structures, due to exceptional variations in the valence and distribution 

of cations (Marco et al. 2000, 2001; Iliev et al. 2013; Loche et al. 2017). In a normal 

spinel (AB2O4), the A cations occupy one eighth of the tetrahedral void (Tv) and the B 

cations occupy half of the Ov; while in an inverse spinel, all the A cations occupy Ov 

with the B cations equally distributed between the Ov and Tv. The first NiO-CoO phase 

diagram (Fig 1.11a) was described experimentally by (Kinoshita et al. 1973), which 

showed the phase separation of NiO-CoO solid solution at different temperatures and 

compositions. This was further corrected for the magnetic effect on miscibility of the 

solid solution as shown in Fig. 1.11a (Bergman and Agren 1986). Both Ni and Co, being 

close iron triads having common rock salt structures, are fully interchangeable as per 

Pauling’s rules. However, the phase diagram discovered shows miscibility gap 

suggesting the two-phase region at low temperatures. From the phase diagram (Fig. 

1.11b), cobalt oxide has a high solubility in nickel oxide at reaction temperatures from 

653 to 823 K (Han et al. 2016b). This explains the good selection of low T (773 K) for 

synthesis of NCO nanofibers in the present study. And the atomic ratio of Co:Ni equal 

to 2 (66.7 at%) in present study suggests the formation of metastable spinel NCO during 
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synthesis. At a given pressure, as T is increased, different structural, magnetic, and 

electronic phases such as amorphous phase (T < 523 K), spinel ferrimagnet with 

decreasing c  that displays metallic (523-673 K) and insulating (673-923 K) behaviors, 

and highly insulating rock salt phase (T > 923 K), are encountered (Bitla et al. 2015). 

Furthermore, T decides not only the rate of cation-disorder/inversion but also their 

redistribution with mixed valences. 

 

Fig. 1.10 Unit cell of normal spinel NCO. 

NCO possesses enhanced electrochemical, electrocatalytic, electrical, and 

ferromagnetic properties, especially when hybridized with the carbon-based materials 

such as carbon nanotubes or graphene (Hu et al. 2012; Chen and Qiao 2013; Liu et al. 

2014a; Iqbal et al. 2016; Tong et al. 2016). Some of the well-known applications are in 

supercapacitors (Chen et al. 2013b; Liu et al. 2013b; Dubal et al. 2015; Naveen and 

Selladurai 2015), batteries (Alcántara et al. 2002; Li et al. 2013a), catalysts (Cui et al. 

2008), sensors (Li et al. 2011; Prathap et al. 2015), p-type semiconductors (Windisch 

et al. 2001a), photodetectors (Liu et al. 2013b), weak ferromagnets (Babu et al. 2015), 

oxygen reduction reaction (Zhang et al. 2014), solar cells (Zhang et al. 2017a), and 

water-splitting (Chen and Qiao 2013; Gao et al. 2016). Several innovative and cost-

effective techniques have been reported for the synthesis of high-performance NCO 

nanomaterials. The notable ones are hydrothermal (Umeshbabu et al. 2014), ball 

milling (Ding et al. 2012), co-precipitation (Cui et al. 2008), sputtering (McCloy et al. 

2015), photolithography (Hu et al. 2012), nanocasting (Cabo et al. 2009), surfactant-

assisted (Babu et al. 2015), thermal decomposition (Kuboon and Hu 2011), substrate-
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assisted (Iliev et al. 2013), electrospinning assisted pyrolysis (Guan et al. 2004), and 

hybrids of these techniques (Un Lee et al. 2013; Liu et al. 2014a; Mondal et al. 2017). 

Most of these conventional techniques which operate at low T (< 623 K) have the 

drawback of retaining organic moieties in the final material. The by-products of the 

precursor remain as impurities in NCO nanostructures due to low T (less than or equal 

to 623 K), which act as impurities that deteriorate the performance of the material 

(Verma et al. 2008; Garg et al. 2013).  

 

Fig. 1.11 (a) Calculated and experimental (dotted) miscibility gap in NiO-CoO system 

(Bergman and Agren 1986), (b) temperature-composition phase diagram of NiO-CoO-

O2 in air at one atmosphere pressure (Han et al. 2016b), and (c) pressure-temperature 

phase diagram of NCO with idealized sharp phase boundaries, frequency of actual 

experimental points is reduced for the sake of clarity (Bitla et al. 2015).  

On the other hand, at T exceeding 623 K, the process yields phase separation 

(Verma et al. 2014), large crystallites (Babu et al. 2015) or particles (Umeshbabu et al. 
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2015; Nakate and Kale 2016; Yang et al. 2017), which again deteriorates the 

physicochemical properties such as magnetic  performance of the material. Hence, it is 

vital to choose optimal precursor and pyrolysis parameters to obtain NCO nanofiber 

with tailor-made morphological and structural properties. Sol-gel assisted 

electrospinning followed by pyrolysis scores over other techniques by offering the 

necessary flexibility for selection of process parameters, and thereby, to obtain 

preferred structures, compositions, and morphologies of nanofibers and nanoparticles. 

The present study reports a novel synthesis technique for NCO, based on sol-gel 

assisted electrospinning and pyrolysis, which causes certain structural variations that 

are fundamentally responsible for its tailor-made physical properties. NCO in 

nanostructured forms is especially valuable, as it allows fine-tuning of its properties for 

a desired application (Dubal et al. 2015). 

 

Fig. 1.12 T-t dependence in formation of core-ring NCO nanoplatelets (Cui et al. 2008). 

In the electrospinning process, the thinning and morphology of the fibers is 

dictated by a competition between electrostatic, viscous, and gravitational forces. 

Recently, it has been suggested that the magnetic interactions between the Ni and Co 

ions in the hybrid precursor salts is responsible for the formation of precursor nanobelts, 

which eventually yielded NCO of nanobelt morphology during pyrolysis (Harilal et al. 

2017). Aside from these factors, which govern morphological changes in the precursor 

fibers at the pre-pyrolysis stage, certain morphological features may also emerge during 

pyrolysis. It was observed that the morphological changes were predominantly 

influenced by t than T. The core-ring NCO existence depended on both T and t as shown 

in Fig. 1.12 (Cui et al. 2008). The present study reports some observations along these 
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lines and discusses some plausible mechanisms for such morphological and physico-

chemical features.  

1.2.5 Electrocatalyst 

The development of electrocatalyst materials for various applications could reduce the 

cost, which is required to facilitate the economy of catalysis economy. It is crucial to 

enable this vision of improving the electrocatalysts with an appropriate efficiency and 

selectivity for the photo- or electrochemical reactions involved. Electrocatalytic 

reactions occur at the surface of the material, thus, significant consideration needs to be 

given in designing not only the composition, but, also the morphology and crystallinity 

of the electrocatalysts. Figure 1.13 illustrates the different type of strategies used to 

enhance the performance of an electrocatalyst. 

 

Fig. 1.13 Catalyst development strategies (Seh et al. 2017). 

There are generally two strategies to improve the activity (or reaction rate) of 

an electrocatalyst system: (i) increasing the number of active sites on a given electrode 

(for example, through increased loading or improved catalyst structuring to expose 

more active sites per gram), or (ii) increasing the intrinsic activity of each active site 

(Seh et al. 2017). These strategies are not mutually exclusive and can ideally be 
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addressed simultaneously, leading to the greatest improvements in electrocatalytic 

activity. At the same time, there are physical limits to the later as how much catalyst 

material can be loaded onto an electrode without affecting other important processes 

such as charge and mass transport. Hence, increase in intrinsic activity by alloying or 

hybridizing material is significant with optimal nanostructure. The present study 

concentrates on improving the electrocatalytic performance by all categories in one 

platform of synthesis, i.e., sol-gel assisted electrospinning followed by pyrolysis. 

 

Fig. 1.14 OER volcano plot for various metal oxides (a) (Jiao et al. 2015) and (b) (Seh 

et al. 2017). 

 The illustration for increased electrocatalytic performance by alloying or 

MTMOs can be derived from Sabatier-type volcano plots for OER, where the pristine 

(001) surfaces of MOy having too weak or strong M-O adsorption are the worst 

electrocatalysts with activities down from the peak (Fig. 1.14a). NiO and CoOx are to 

the left and TiO2 to the right to the bottom of peak. Hence, the electrocatalytic 

performance of the simple oxides can be improved just by combining the effects of 

these oxides as MTMOs, where they move up to the peak by reducing the overpotential 

for OER as seen in Fig. 1.14b. Furthermore, another method that depicts good catalytic 

activity, stability, and electrochemically active surface area of electrocatalyst for OER 

in acid/alkaline solutions is by the comprehensive plot (Fig. 1.15). The ideal catalyst 

will have a low overpotential, stability over a longer duration, and high specific activity 

(or low surface area). The best electrocatalysts for OER will be positioned toward the 
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bottom left corner of the comprehensive plots (Fig. 1.15) and should appear light green 

in color (McCrory et al. 2013) . The ongoing discussions suggests that NTO nanofibers 

can be promising electrocatalysts, and NCO electrocatalyst can be improved by 

compositional and morphological changes with/without hybridization. 

 

Fig. 1.15 Comprehensive plots for OER electrocatalysts in acidic (top) and alkaline 

(bottom) solutions. The diagonal dashed line is the expected response for a stable 

catalyst (McCrory et al. 2013) . 

MTMO nanofibers are promising candidate materials for electrocatalysis given 

the earth crustal abundance of these transition metals as well as the size benefits 

associated with nanofibers. The high aspect ratio and high specific surface area of 

nanofibers enables efficient charge transport, which makes them attractive for 

electrocatalytic applications such as biosensors (Mondal and Sharma 2016) and energy 

harvesting devices (Shi et al. 2015; Liao et al. 2016). For example, simple transition 

metal oxide nanofibers such as Co3O4, CuO, NiO, TiO2 have shown immense potential 

for non-enzymatic glucose sensing (Si et al. 2013; George and Anandhan 2016), which 

boosts the health industry through improved management of diabetes (Heller and 

Feldman 2008; Chen et al. 2013a; Tian et al. 2014). Another emerging area of their 



CHAPTER 1 

32 

 

application is in electrocatalytic water splitting for hydrogen production (Frites et al. 

2014; Wu et al. 2016; Long et al. 2018; Song et al. 2018), due to the increasing need 

for renewable energy technologies. A variety of techniques have also evolved over the 

last decade, which facilitate the easy synthesis and fabrication of MTMO (Yuan et al. 

2014; Guo et al. 2015). Figure 1.16a and b shows the significance of using NTO and 

NCO in various photo- and/or electrochemical reaction applications. In addition to 

these, a lot of effort and study has been carried out to understand the effects and 

performance of the morphology of these materials in the form of 1D nanostructures 

(Fig. 1.16c and d). All these factors motivate studies for developing MTMO nanofibers 

with enhanced catalytic and sensing properties as well as to improve the understanding 

of the underlying mechanisms. 

 

Fig. 1.16 Number of articles in NTO and NCO for (a and b) specified field of 

applications and (c and d) various 1D nanostructure morphologies. 

Among transition metal oxides, NCO has seized the field of supercapacitors 

(Dubal et al. 2015), biosensors (Huang et al. 2017a) and electrocatalysis (Gao et al. 

2016); due to its remarkable oxidation states and better electrical conductivity than 

simpler oxides such as NiO or CoOx (Wang et al. 2017a). Extensive studies on glucose 
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detection and water oxidation have been reported in literature using NCO in the form 

of various nanostructures (Chen et al. 2015; Cui et al. 2017; Huang et al. 2017a), hybrid 

composites (Cai et al. 2016; Naik et al. 2017; Wang et al. 2018) and carbon-based 

composite materials (Chen and Qiao 2013; Wang et al. 2013b).  Previously, electrospun 

NiO and Co3O4 nanofibers have been explored for use in biosensors for glucose 

monitoring (Zhang et al. 2012c; George and Anandhan 2016) and as cells for 

electrocatalysis (George et al. 2015). It was soon realized that NCO exhibits superior 

performance due to its high electronic conductivity and presence of plenty active sites. 

NCO has spinel structure, where Ov cations are easily accessed by electrolyte at the 

interface (Su et al. 2014; Huang et al. 2017a). Apart from these, graphene based 

materials have been explored in depth for various electroanalytical methods (Shao et 

al. 2010). Hence, NCO has been extensively investigated in the presence of graphene 

derived materials, and their combination showed excellent electrocatalytic performance 

towards glucose sensing and oxygen reduction reaction than base NCO due to the 

synergistic effect of heterostructures (Chen and Qiao 2013; Wang et al. 2013b; Ko et 

al. 2017; Mondal et al. 2017). Another important aspect of glucose sensing is that the 

oxidation of glucose is always associated with the production of H2O2, especially in 

enzymatic sensors (Ko et al. 2017). Hence the first-generation glucose sensors were 

based on H2O2 detection. Given this, it is important that studies involving 

electrocatalytic and glucose sensing properties of NCO be also conducted in presence 

of added H2O2. Furthermore, the enzymatic glucose detection is always associated with 

H2O2 liberation and sensing (Huang et al. 2017b). In addition, electrocatalytic H2O2 

detection has been a major focus in biological, pharmaceutical, food, and textile 

manufacturing applications (Chen et al. 2012). Therefore, H2O2 detection is an essential 

aspect of biosensing applications along with glucose sensing; in this process, it is also 

important to avoid interference from other organic and inorganic moieties present with 

glucose. Some of these species are ascorbic acid, lactic acid, uric acid, dopamine, 

tryptophan, glycocoll, L-valine, L-proline, L-lysine, sucrose, fructose, maltose, 

carrageenan, NaCl, and cations (K+, Na+, Ca2+, Mg2+, Zn2+) (Naik et al. 2015, 2017; 

Cui et al. 2017; Huang et al. 2017a, 2017b; Qin et al. 2017; Rao et al. 2017; Saraf et al. 

2017; Wang et al. 2017a; Yin et al. 2017). Therefore, NCO nanofibers synthesized in 

the present study were explored for their glucose sensing potential. 
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The global demand for clean and renewable energy technologies has increased 

extensively during the last few decades. In this context, hydrogen is being looked upon 

as the energy alternative for the next century. Water electrolysis is one of the greener 

and cleaner ways for the large scale production of H2 gas, scoring over other industrial 

methods such as hydrolysis via metal hydrides or steam reforming of hydrocarbons 

(Anantharaj et al. 2018). However, water electrolysis is more efficient in acidic 

conditions for HER and alkaline condition for OER (Zeng and Zhang 2010; Lee et al. 

2012). The downside is that these involve the use of precious noble metals as 

electrocatalysts, such as Pt-based material for HER and Ru- or Ir-based material for 

OER (Lee et al. 2012; Morales-Guio et al. 2014). The efficient, economical, and eco-

friendly electrocatalyst is a vital prerequisite for water-splitting technology. Several 

efforts have been directed in recent times towards replacing these materials with 

transition metal-based materials (Han et al. 2016a). Among these, Ni-based materials 

have especially emerged as promising candidates for both electrocatalyst and 

photocatalyst applications (Xu and Xu 2015; Gong et al. 2016).  

In the fields of electrocatalysis and photocatalysis, Ni-based materials have also 

gained increasing attention for their bifunctional electrocatalytic activity. In other 

words, they can simultaneously catalyze HER and OER in the same media, which helps 

in obtaining improved water-splitting efficiency and cost-effective large scale H2 

production (Ledendecker et al. 2015; Sivanantham et al. 2016). Besides, multiple 

adsorption/desorption processes that occur during electrolysis can be synchronized 

using heterostructures of Ni-based materials, thereby forming more active catalytic 

sites. Many Ni-based heterostructures have been explored in literature for their 

applicability as electrocatalysts (Gong et al. 2016) as well as photocatalysts (Xu and 

Xu 2015), such as Ni-W alloy (Elias et al. 2015), Co-Ni-graphene composite 

(Subramanya et al. 2015), Ni(OH)2/Ni (Danilovic et al. 2012), NiTiO3/Ni (Dong et al. 

2017), NiO/TiO2 (Zhao et al. 2016). However, these materials as electrocatalysts have 

some drawbacks such as high overpotential or are based on metallic Ni. Metallic Ni 

being expensive and easily vulnerable to environment hazards, an alternative idea is to 

use highly defective oxides, which inherit semi-metallic properties. Hence, NTO 
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nanofibers synthesized in the present study are characterized for their ability in water-

splitting. 

1.2.6 Magnetic properties 

The magnetic properties of titanates has become a prominent research topic (Mufti et 

al. 2011; Harada et al. 2016) due to their direct technological relevance. In this context, 

the magnetoelectric properties of INTO have been studied recently after preparation by 

precipitation (Harada et al. 2016), evaporation induced self-assembly (Modak et al. 

2018), and molten salt synthesis (Yuvaraj et al. 2013) methods. However, the materials 

thus synthesized possessed impurities such as simple oxides (viz., NiO and TiO2) or had 

larger particle size adversely affecting their magnetic behavior. The LiNbO3-type or 

perovskite polymorph of NTO (epitaxial) is understood to have excellent multiferroic 

nature based on theoretical (Fennie 2008; Pontes Ribeiro et al. 2016) and experimental 

studies, i.e., the epitaxial NTO prepared by pulsed laser deposition on different 

substrates (Varga et al. 2013, 2015b, 2015a). These works reveal some morphological 

correlations with magnetic properties such as the influence of the substrate-exerted 

strain on crystal of epitaxial NTO (Varga et al. 2015b, 2015a), film thickness, off-

stoichiometry and the growth temperature of epitaxial NTO (Varga et al. 2015b). 

Besides, the grain/crystallite size reduction of INTO (~ 70 nm) achieved in submicron 

NTO particles (150-300 nm) prepared by annealing at 1123 K for 10 h is found to be 

important (Yuvaraj et al. 2013). In spite of several efforts to study the magnetic 

behavior of Ni-doped TiO2 (Sangaletti et al. 2006; Typek et al. 2016), NTO (Heller et 

al. 1963; Watanabe et al. 1980; Yuvaraj et al. 2013) and NTO-based nanocomposites 

(Harada et al. 2016; Modak et al. 2018), a comprehensive description of the NTO 

morphological changes and magnetic properties of NTO polymorph composites is 

missing in literature. In this study, an attempt has been made to explore the correlation 

between the magnetic behavior of NTO nanofibers in presence of SNTO and the 

morphological changes (that occur at different T). 

Various techniques have been used for synthesis of NCO nanostructures in 

earlier works, for tailoring the morphology and magnetic properties of NCO. The 

notable ones are synthesis by rapid combustion (Verma et al. 2008, 2014), hydrothermal 

reaction (Liu et al. 2013c; Umeshbabu et al. 2015; Yang et al. 2017), pulsed laser 
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deposition (Iliev et al. 2013), microwave irradiation (Babu et al. 2015; Nakate and Kale 

2016). Most of these techniques, which operate at low T (< 623 K) have the drawback 

of retaining organic moieties in the final material. The by-products of the precursor 

remain as impurities in NCO nanostructures due to low synthesis T (less than or equal 

to 623 K); the by-products may act as impurities that could probably deteriorate the 

performance of the inorganic material (Verma et al. 2008; Garg et al. 2013). On the 

other hand, at T > 623 K, the process yields phase separation (Verma et al. 2014), larger 

crystallites (Babu et al. 2015) or particles (Umeshbabu et al. 2015; Nakate and Kale 

2016; Yang et al. 2017), which again deteriorates the magnetic performance of the 

material. Hence, it is vital to choose optimal precursor and pyrolysis parameters to 

obtain NCO nanofiber with tailor-made morphological and structural properties. Sol-

gel assisted electrospinning followed by pyrolysis scores over the other techniques by 

offering the necessary flexibility for the selection of process parameters, and thereby, 

to obtain preferred structures, compositions, and morphologies of nanofibers and 

nanoparticles.  

1.2.7 Effect of polymeric binders 

Various polymers have been explored as polymeric binders in electrospinning among 

which a majority has polar functional groups, and soluble in both water and organic 

solvents (Table 1.3). Water-soluble polymeric binders lead to defective fibers in 

presence of hygroscopic precursor salts. Further, the thermal stability of poly(styrene-co-

acrylonitrile) [SAN] is better than many conventional polymers such as PVA, PVAc, PEO, 

PVP, and PAN. Therefore, SAN can better support the nucleation and growth of 

inorganic nanofibers during pyrolysis. In addition, the interaction between the polymer 

and precursor salts is significant factor which affects the structural, compositional, and 

morphological changes in the electrospun nanofibers (George and Anandhan 2015b, 

2015a).  

 The use of electrospinning for fabricating NTO nanofibers is rather scarce in 

the literature. Among two noteworthy contributions are the ones by (Dharmaraj et al. 

2004a), and (Yang et al. 2014a).  In the former, rhombohedral NTO nanofibers with 

150-200 nm diameter were obtained after the pyrolysis of precursor nanofibers at T 

ranging from 873-1273 K. Although the nanofibers retained their nature after pyrolysis, 
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the rutile TiO2 phase was still present. This was improved upon in the latter, where 

nanofibers of NTO with highly crystalline structure were fabricated without any 

impurity phases. Continuous NTO nanofibers were obtained after T = 873 K, having 

average diameter of 175 nm.  Optical spectroscopy showed that these nanofibers exhibit 

an excellent UV light response. In contrast, nanoparticles of NTO synthesized under 

identical conditions by a sol-gel route had impurities including TiO2 and NiO.  Further, 

it was reported that the electrospun NTO nanofibers possessed higher SSA than the 

NTO nanoparticles, which could be beneficial for various surface-dependent 

applications such as photocatalysis and sensors (Yang et al. 2014a). In similar lines, the 

commonly used polymeric binders for NCO nanofibers are PVA, PVP, and PAN, which 

possess lower thermal stability than SAN and yielded large AFD nanofibers with impurity 

phases (Guan et al. 2004; Li et al. 2013b; Zhang et al. 2017a). However, the NCO 

nanofibers thus obtained showed enhanced performance when used in solar cells and 

supercapacitors due to its nanostructure and mesoporous architecture.  

1.2.7.1 Effect of acrylonitrile and styrene functional groups 

 

Fig. 1.17 Reaction sequence of transformation of PAN to GL structure: (left) thermal 

stabilization and (right) pyrolysis, which eventually lead to partially graphitic structure 

(Yan et al. 2015a). 

It’s a well-established fact that transition metal-based compounds such as those of iron 

triads (Fe, Co, and Ni) are excellent catalyst for the formation of carbon nanostructures 

from aromatic or unsaturated bond organic compounds. Hence, the formation of 
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carbon-based nanostructures cannot be ruled out when structural moieties such as 

aromatic ring ( from styrene) and nitrile (from acrylonitrile) are present in the polymer, 

especially at low T (Volkov et al. 2007; Wen et al. 2015; Yan et al. 2015a). Figure 1.17 

shows the reaction sequence of transformation of block polymer having nitrile 

functional group (i.e. PAN) to graphene-like (GL) structure by dehydrogenation and 

denitrogenation. However, the SAN used here is a random copolymer and hence, the 

formation of well-defined GL structures is difficult. 

1.2.8 Effect of type of collector  

The commonly used RDR collector, aligns and reduces the diameter of fibers along the 

direction of drum rotation (Katta et al. 2004; Kumar et al. 2016), by mechanical drawing 

process. Some applications demand a well-defined alignment of fibers, which is 

fulfilled by electrostatic, magnetic or mechanical means (Teo and Ramakrishna 2006; 

Yang et al. 2007). Whereas, this may turn disastrous in case of synthesis of MTMO 

nanofibers such as NCO as they agglomerate during the pyrolysis due to high ionic 

conductivity in presence of carbon-based impurities. Besides, the increase in applied 

voltage or spinneret to collector distance and the presence of additives has been reported 

to increase or reduce the AFD (Arumugam et al. 2009; Kumar et al. 2016, 2017). 

However, such cases lead to fiber bundling and alignment (Zhang et al. 2012a), and 

thus the desired fiber morphology remains unattained. In the present study, a specific 

RDI collector was built indigenously and used, which additionally allows the 

centrifugal and Coriolis forces to influence the AFD/morphology and eliminate or 

reduce defects. 

It is a well-known fact that fictitious forces such as centrifugal and Coriolis 

forces are always associated with any relative motion in which there is a rotating non-

internal frame of reference. Various attempts have made in modelling and 

understanding the mechanism of these fictitious forces during centrifugal spinning or 

force-spinning of nanofibers to obtain aligned fiber mats (Padron et al. 2013; Xu et al. 

2014; Zhang and Lu 2014; Valipouri et al. 2015). These fictitious forces, which act at 

the jet initiation (rotating spinneret and static collector) play a vital role in forming 

deflected spiral paths, stretching the fibers and control thus morphology of the 

nanofibers. However, the AFD obtained from centrifugal spinning are typically larger 
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than those from electrospinning due to insufficient stretching in the absence of electric 

field (Liu et al. 2015). A similar approach was adapted to revisit the electrospinning 

forces on nanofibers. 

1.3 PROBLEM IDENTIFICATION 

Till now there is no report in literature on understanding the possible changes in 

structural and other properties of NTO and NCO nanofibers obtained using SAN as 

polymeric binders or changing pyrolysis parameters. Degradation behavior of a 

polymeric binder can affect the properties of sol-gel assisted electrospun inorganic 

nanofibers, especially at the nanoscale. The atomic/ionic and molecular level of 

interactions can lead to a slight change in nanoscale composition of materials, which in 

turn bring drastic change in several physico-chemical properties of the inorganic 

nanofibers. SAN as a polymeric binder has been studied, only in the recent past for 

limited simple oxides, such as ZnO  (Senthil and Anandhan 2014), NiO (George and 

Anandhan 2015b), Co3O4 (George and Anandhan 2015a), and ZnMn2O4 (Shamitha et 

al. 2017). It has been observed previously that the use of SAN as the polymeric binder 

gives rise to interesting structural and morphological changes in the above described 

inorganic nanofibers. Further, the pyrolysis parameters had a significant influence on 

SAN degradation, which impacted the physico-chemical properties of the inorganic 

nanofibers. Therefore, in the present study NTO and NCO nanofiber mats were 

synthesized using SAN as the sacrificial polymeric binder and their possible 

applications were explored. Based on the thermal analysis, the pyrolysis parameters 

where chosen and optimized for the synthesis of inorganic nanofibers. 

The ease of dissolvability in polar aprotic solvents, such as DMF, makes it a 

good choice for sol-gel assisted electrospinning process. Further, DMF is also 

hydrophilic which can readily dissolve a wide range of metal precursor salts 

(hygroscopic ones). SAN was first electrospun with different organic solvents and 

optimized with DMF at a solution concentration of 20 wt% to obtain defect-free 

nanofibers (Senthil and Anandhan 2015). Further, the interaction between polar 

functional groups and precursor salt ions, ensure a good dispersion of the later in sol. 

SAN in recent studies, was found to have good thermal and dimensional stabilities, thus 

can sustain for a long duration during pyrolysis, which helps in nucleation and growth 
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of inorganic particles, and can sustain homogeneity in AFD of inorganic nanofibers 

respectively (George 2015). Simultaneously, the bulky styrene functional groups of 

SAN can reinforce the precursor fibers, which will help transform the morphology of 

the precursor fibers to the inorganic nanofibers during pyrolysis. Therefore, SAN is 

proven to be an appropriate polymeric binder compared with the other water-soluble 

polymers or conventional polymers (Senthil and Anandhan 2014; George and 

Anandhan 2015a; Shamitha et al. 2017) .  

1.4 SCOPE AND OBJECTIVES OF THE PRESENT STUDY 

The main objective of this work was to synthesize NCO and NTO nanofibers using 

SAN as a polymeric binder and characterize the nanofibers alongside exploring their 

application potential in various fields. The influence of some of the significant process 

parameters, which required optimization and revisiting, were also studied to yield 

defect-free inorganic nanofibers. 

1.4.1 Scope 

The physico-chemical properties of inorganic nanofibers depend on the synthesis 

techniques and its parameters. SAN was used as polymeric binder in DMF to synthesize 

NTO and NCO nanofibers by sol-gel assisted electrospinning process followed by 

pyrolysis. SAN has excellent binding strength due to the presence of polar functional 

groups, which ensure the miscibility of the precursor salts in the sol. Also, it can result 

in the homogenous and flawless morphology of MTMO nanofibers. The process 

parameters were varied for the synthesis of MTMO nanofibers depending on the 

thermal analysis as they influence the structural, and morphological changes in the 

material. An apt collector was used for different MTMOs to obtain defect-free 

nanofibers. Further, the application potential of these MTMO nanofibers were explored 

in electrocatalysis.  

1.4.2 Objectives  

• Synthesis of NTO and NCO nanofibers using SAN as polymeric binder in sol-

gel assisted electrospinning followed by pyrolysis with optimal collector 

conditions for obtaining precursor nanofibers.  
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• To understand the possible changes that would occur in the process of 

synthesizing NTO and NCO nanofibers using SAN as polymeric binder 

obtained at different pyrolysis conditions.  

• To study the changes in morphological, structural, and physico-chemical 

properties of precursor, NTO, and NCO nanofibers obtained at different 

pyrolysis conditions.  

• To study the electrocatalytic and magnetic behavior of NTO and NCO 

nanofibers obtained at different pyrolysis conditions.
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CHAPTER 2 

MATERIALS AND METHODS 

 

Scheme 2.1 Schematic depicting the synthesis and morphological characterization of 

NTO nanofibers. 

This chapter deliberates the materials used for the synthesis of NTO and NCO 

nanofibers and the assessment of those nanofibers in various applications. The 

preparation of electrospinnable sol, electrospun precursor fiber mats and their sea 

change to inorganic nanofibers are discoursed, followed by a brief portrayal on the 

several characterization techniques adopted in this study. The methods and the setups 

casted to study the applications of the developed inorganic nanofibers are also 

scrutinized. 

In general, there are two methods of preparing inorganic nanofibers using sol-

gel assisted electrospinning. First, inorganic precursors are mixed with polymers to 

from a sol for electrospinning, followed by pyrolysis. Second, the reaction velocity and 

viscosity of the inorganic precursor solution without any polymeric binder can be 

adjusted for direct electrospinning, which is Pechini’s method. It is, however, difficult 
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to control the rheological properties of the inorganic precursor alone, which leads to the 

shape and the diameters of the inorganic nanofibers being difficult to control too. To 

solve such problems, it is convenient to use the first method, one has to introduce a 

polymer into the solution as a matrix to adjust the rheological properties. Besides, an 

additive can also be used as a catalyst, to control the hydrolysis rate of the precursor. 

Hence, a typical spinnable precursor sol should contain an alkoxide or metal salt 

precursor, a polymer acting as a binder, an additive, and a relatively volatile solvent 

such as water, ethanol, isopropanol, chloroform, DMF, etc. Some of the most popular 

spinnable precursor systems and their applications are shown in Table 1.3. Some 

additives, such as catalysts and salts, are usually added into the sol to stabilize the 

precursor and facilitate the electrospinning process. Although only a small amount is 

required, these additives play an important role in stabilizing the solution as well as the 

jet. A catalyst, such as acetic acid (Li and Xia 2003), hydrochloric acid (Choi et al. 

2003), and propionic acid (Viswanathamurthi et al. 2004); can be used to adjust both 

the hydrolysis and gelation rates, preventing the solution from blocking the spinneret, 

thus ensuring a continuous spinning. A salt, such as sodium chloride or 

tetramethylammonium chloride, can increase the charge density on the liquid jet and 

thus eliminate the formation of beads, which is a common problem in electrospinning 

(Li and Xia 2004). 

2.1 MATERIALS  

SAN (Santron IMS 1000, 30% acrylonitrile content) of vM  = 2.46   106 was procured 

from Bhansali Engineering Polymers, Sirohi, Rajasthan, India. The inorganic 

precursors, NATH (assay > 98%) and CATH (both of assay > 98%) were obtained from 

Sisco Research Laboratories Private Limited, Taloja, Maharashtra, India. The liquid 

precursor Ti(OiPr)4 (assay > 97%) was acquired from Sigma-Aldrich, Bangalore, 

Karnataka, India. DMF (assay > 99%) was purchased from Sisco Research Laboratories 

Private Limited, Taloja, Maharashtra, India, while the glacial acetic acid (assay > 

99.5%) was procured from Nice Chemicals Private Limited, Edappally, Kerala, India. 

Millipore water (resistivity 18.2 MΩ·cm  at 298 K) was used for all experiments. 

Glucose (C6H12O6, assay > 99%) and sodium hydroxide (NaOH, pellets, assay 

> 99%) were procured from NICE Chemicals Private Limited, Mumbai, Maharashtra, 

https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Oxygen
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India. Hydrogen peroxide (H2O2, 30% w/v, assay > 99%) was bought from Spectrum 

Reagents and Chemicals Private Limited, Mumbai, Maharashtra, India. PVDF (Solef® 

1015, Solvay, Italy) of wM  = 575   106 was purchased from Prakash Chemicals Private 

Limited, Vadodara, Gujarat, India. Potassium hydroxide (KOH, pellets, assay > 99%) 

was also purchased from Nice Chemicals Private Limited, Mumbai, Maharashtra, India. 

Graphite rods for preparing WE were procured from Speciality Graphites, Puttur, 

Karnataka, India. No further purification of these chemicals was done, and they were 

used in as-procured condition for preparing the sol for the electrospinning process.  

2.2 METHODOLOGY 

The spinnable sol of SAN/inorganic precursor/DMF was prepared, and electrospun for 

desired time to obtain precursor nanofibers mats. As obtained xerogel mats of precursor 

nanofibers were pyrolyzed at suitable T and t to acquire inorganic nanofibers. The 

fabricated inorganic nanofibers were characterized and used as electrocatalyst for 

applications mentioned. The detail procedure is described in the following section; with a 

schematic of the process chain shown in Figure 2.1. 

 

Fig. 2.1 Process chain showing inorganic nanofiber synthesis. 
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2.2.1 Preparation of electrospinning sol 

In preparation of NTO precursor sol, first, 1.102 g of NATH was dissolved in 10 mL 

of DMF in a stoppered glass vial for one hour by continuous stirring. Later, 0.898 g of 

Ti(OiPr)4 solution was added with equal amount of acetic acid for formation of Ti4+ 

complex with acetate groups attached to Ti4+ ion by olation and oxolation as shown in 

Figure 2.2 (Parra et al. 2008). To this inorganic precursor solution, 2 g of SAN was 

added such that the inorganic precursor to SAN weight ratio is 1:1. The solution was 

stirred vigorously for 4 h to ensure complete dissolution of SAN and homogeneity of 

the precursor sol. Figure 2.3a depicts the schematic of the Ni2+ ions and Ti4+ complex, 

interacting with the polar group of SAN, i.e., styrene ring and nitrile functional groups. 

 

Fig. 2.2 Structure of Ti4+ complex formed via olation and oxolation reactions. 

 

Fig. 2.3 Structural depiction of interaction between (a) SAN/NTO precursors and (b) 

SAN/NCO precursors. 

For NCO precursor sol preparation, 20 w/v% of SAN was first dissolved in 

DMF by continuously stirring for 4 h, in a stoppered glass vial. Later, a predefined 

amount of NATH and CATH (i.e., 0.665 g of NATH and 1.335 g of CATH for 2 g of 

SAN) was added to this solution, such that the inorganic precursor to SAN weight ratio 
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is 1:1. The solution was stirred vigorously for 12 h to ensure the complete dissolution 

of inorganic precursors and ensure homogeneity of SAN/NATH/CATH precursor sol. 

The cationic interactions with the nitrile and benzene functional groups of the SAN are 

shown in Figure 2.3b. SAN and all acetate inorganic precursors were vacuum oven 

dried at 343 K for one hour before adding to the DMF to remove moisture. 

2.2.2 Fabrication of precursor nanofibers mat 

A single spinneret vertical electrospinning unit (V1, E-spin Nano, Physics Equipments 

Co., Chennai, India) was used to fabricate the precursor nanofibers using two types of 

collectors (Fig. 2.4a and b). The RDI collector was built in-house, with a fiber collector 

of dimension (10 cm   1 cm) of the same weight as the RDR, whereas the RDR 

collector (5 cm   13 cm) was procured from Physics Equipment Co., Chennai, India. 

The stationary RDI collector was used as the static collector to obtain precursor fibers, 

for comparing that of with rotating collectors. The as prepared precursor sol was loaded 

to a 10 mL syringe connected with 22 G hypodermic needle, whose beveled tip was 

chamfered. The syringe containing the sol was loaded to the electrospinning unit as 

shown in Figure 2.4, and the needle was connected to a positive direct-current (DC) 

potential.  

 

Fig. 2.4 Representation of electrospinning set-up with (a) RDR and (b) RDI collectors. 
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The optimal electrospinning parameters were fixed based on many trials and 

previous literature (Senthil et al. 2013) as: spinneret tip to collector distance = 17 cm 

and flow rate = 1 mL·h-1. The NTO precursor nanofibers were collected on RDR 

collector at a speed of 2000 rpm and applied voltage of 22 kV. Besides, the rotating 

speed of both the RDR and RDI was kept at 500 rpm for NCO precursor nanofibers 

collection at an applied voltage of 25 kV. The variation in the applied voltage to form 

a stable jet is attributed to the change is charge density at the Taylor cone. It has to be 

noted that the interaction of cations in precursor sol is different for different inorganic 

precursors and their composite. Table 2.1 gives the relative electrical conductivity of 

the solvent (20 mL) in absence and presence of predetermined quantity of inorganic 

precursors. It is clear that higher conductivity sol needs lower voltage to attain stable 

jet for defect-free nanofiber formation. Under the optimized parameters, the droplets of 

the sol produced uniform, continuous and bead-free nanofibers on the electrically 

grounded collectors. The electrospun fibers were collected for a fixed duration on all 

the collectors. The precursor fibers were collected on aluminum foil tagged to all types 

of collector. Later, these precursor fibers were carefully peeled off the foil and 

pyrolyzed as mentioned in the following section. 

Table 2.1: Relative electrical conductivity of inorganic precursor/DMF solutions (20 

mL solvent). 

Solution 
Relative electrical conductivity 

(µS) 

Distilled water 59.2 

DMF 36.5 

NATH+CATH+DMF 87.7 

NATH + Ti(OiPr)4 + 

Acetic acid + DMF 
104.4 

 

2.2.3 Synthesis of inorganic nanofibers 

The precursor fiber mat was peeled out from the aluminum foil tagged to collector 

surface and placed on a quartz plate. Later, the quartz plate with the precursor fiber mat 

was fed in to a programmable Muffle furnace (LCR 268, Muffle, Controller-PFU 400, 
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Indfurr, Chennai, India) for pyrolysis, at a controlled heating rate of 4 K·min-1. NTO 

precursor nanofibers were pyrolyzed at three different T (i.e., 773, 973, and 1173 K) 

for t = 2 h. And, the NCO precursor nanofibers were pyrolyzed at T = 773 K for three 

different t (viz., 2, 4, and 6 h). The resulting inorganic nanofibers were left in the furnace 

to anneal till room temperature was reached and then collected for characterization. The 

selection of T and t were based on the thermal analysis, which will be discussed in 

appropriate chapters. 

2.3 MEASUREMENT AND CHARACTERIZATION 

2.3.1 Characterization techniques  

The micrographs of the precursor and the calcined nanofibers were obtained using SEM 

(JSM-6380LA, JEOL, Japan). The nanofibers were gold sputtered prior to the imaging 

(JFC 1600 autofine coater, JEOL, Japan). The fiber diameters were measured for 50 

fibers along three different spots of each fiber using software ImageJ (1.51n, National 

Institutes of Health, USA), and an average of those 150 values is reported for each 

sample as AFD. Apart from SD in the fiber diameter, the fiber uniformity was estimated 

as a factor of FUC  (Section I.1). The fiber alignment (directionality tool) were measured 

using directionality tool in software Fiji ImageJ (1.51n, National Institutes of Health, 

USA) and defined in terms of DoA and DoR as (Cadafalch Gazquez et al. 2017):  

DoA 1 DoR 1
90

dispersion 
= − = − 

 
                                                                              (2.1) 

FTIR spectrometer (4200, Jasco, Japan) was used to analyze the infrared active 

vibrational spectra of SAN, precursor, and inorganic nanofibers in transmission mode 

(400-4000 cm-1, resolution = 1 cm-1, number of scans = 32). The samples were diluted 

in 0.1% to 10% in the moisture-free spectra grade potassium bromide (KBr) powder 

and hydraulically pressed to form transparent wafers for analysis.   

Simultaneous TGA/DSC (TGA/DSC-1 STARe System, Mettler Toledo, 

Switzerland) was used to study the decomposition of SAN and precursor nanofibers at 

a heating rate of 10 K·min-1 in N2 atmosphere at a purge rate of 20 mL·min-1. DTG was 

plotted using the first derivative of the TGA plot. 
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FESEM (ULTRA 55, Gemini, Carl Zeiss, Germany) equipped with EDS (X-

Max, Oxford instruments, UK) was used to image the grains of the inorganic nanofiber 

(high-resolution micrographs) and to determine the elemental compositions at a 

selected area, respectively. The APDa  were measured for 150 particles in each sample 

using ImageJ software. 

X-ray diffractometer (DXGE-2P, JEOL, Japan) operating at 30 kV and 20 mA 

was used to record the XRD patterns of inorganic nanofibers, using Cu Kα radiation of 

wavelength,   = 0.154 nm. The patterns were recorded within a 2θ range of 10-90°, at 

a scanning rate of 0.5 degrees per minute. The raw XRD patterns were profile fitted 

using the standard functions in software OriginPro 2016 (Sr1, OriginLab Corporation, 

USA). The instrumental broadening was accounted for using the bulk silicon sample 

and subtracted from the measured FWHM to obtain the actual FWHM. The crystallite 

shape was assumed to be spherical from FESEM and hence, the dimensionless shape 

factor ( ) was set to 0.9 in crystallite size calculation of samples (Section I.5 and II.3).  

SSA and pore volume values of inorganic nanofibers were measured by the BET 

method. The micropore and mesopore volumes were calculated by DFT and BJH 

methods using the adsorption-desorption isotherms of N2, respectively. The adsorption-

desorption isotherms were obtained by automated gas sorption system (Autosorb 1C, 

Quantachrome Instruments, Florida) under high vacuum. The samples were degassed 

for 5 h at 423 K prior to adsorption-desorption analysis. 

HRTEM (JEM 2100, JEOL, USA) was used to image and study the 

morphological features and crystallite characteristics of inorganic nanofibers at an 

accelerating voltage of 200 kV. SAED patterns were also recorded with the electron 

micrographs for the polycrystalline inorganic nanofibers.  

XPS was recorded using spectrometer (K-Alpha, Thermo Scientific, USA) 

employing monochromatic Al Kα radiation (1486.6 eV) was used to obtain survey 

spectra in the range 0-1350 eV with pass energy of 200 eV for inorganic nanofibers to 

determine the elemental composition in the sample. High-resolution spectra for Ni 2p, 

Co 2p, Ti 2p, O 1s, N 1s, and C 1s were recorded with pass energy of 50 eV to resolve 

the oxidation states of elements present in inorganic nanofibers. For each case, 10 scans 
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were performed, and the binding energies were measured with a precision of ± 0.1 eV. 

All binding energies were referenced to the C 1s line at 285.0 eV. The photoelectrons 

were collected at 90° with respect to the sample surface for an analyzed spot of 400 

μm. The base pressure in the XPS analysis chamber was approximately 210−8 mbar 

and the deconvolution of the XPS spectra was done by OriginPro 2016 software. The 

depth profiling was carried out to understand the distribution of different ions within 

the inorganic nanofibers obtained at different pyrolysis conditions. During depth 

profiling, the Ar+ ion bean was sputtered for 25 s to sputter away the sample and attain 

a new surface at each depth. 

The absorption spectra of NCO nanofibers in UV-Vis-NIR region were 

recorded in diffuse reflectance mode in the range from 200 to 2500 nm using UV-Vis-

NIR spectrometer (3600+, Hitachi, Japan). 

The PL emission spectra of inorganic fibers were acquired using PL emission 

spectrometer (Fluoromax-4, Spectrofluorometer, Horiba, France) in the range of 340-

620 nm for an excitation of 325 nm. CIE chromaticity diagrams (1931 plot) were plotted 

by estimating chromaticity co-ordinates using PL spectra in software MATLAB 

(R2015a, MathWorks, USA). 

Raman spectra were obtained for inorganic nanofibers using micro Raman 

spectrometer (LabRAM HR, Horiba, Japan) in the wavenumber range of 50-1600 cm-1 

using diode-pumped solid-state laser source with a power of 28 mW and a wavelength 

of 532 nm. micro-Raman spectrometer (LabRAM HR, Horiba, Japan). Raman spectra 

were obtained using a diode-pumped solid-state laser source, at a power of 28 mW and 

a wavelength of 532 nm. Lorentzian function was used to deconvolute Raman spectra 

using OriginPro 2016 software. 

Hall effect measurements and electrical parameters of the inorganic nanofiber 

mesh ( thin layer deposited on 1 cm 1 cm quartz plate, having 70% porosity as 

measured from FESEM micrographs and ImageJ software) were obtained using an 

electromagnet (HEM 150, Polytronic Research, Thane, India) for a magnetic field of 

2500 G and the DC probe station (Performance Monitor 5 with Thermal Chuck, Agilent 

Device Analyzer B1500A, Keysight Technologies, USA) as per NIST (Secula 2010).  

https://www.researchgate.net/post/how_to_draw_CIE_chromaticity_diagram
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VSM (7410, LakeShore Cryotronics, USA) was used to study the isothermal 

and non-isothermal (ZFC and FC modes) magnetization measurements of NTO 

nanofibers. The temperatures for non-isothermal magnetization measurements were 

chosen to be in the range of 20-300 K, i.e., from just below TN ~ 23 K of INTO (Heller 

et al. 1963; Watanabe et al. 1980) to room temperature. The magnetic hysteresis loops 

of NCO nanofibers were recorded at T  = 300 K, using a VSM (DC SQUID, Quantum 

design, USA). 

2.3.2 Theoretical study 

In order to understand the intermediate band-gap and optical characteristics of INTO 

and SNTO, first-principles DFT calculations were carried out using projector 

augmented wave method implemented in Vienna ab-initio simulation package (VASP). 

Generalized gradient approximation (GGA) under Perdew-Burke-Ernzerhof 

parametrization (PBE) was used for treating the exchange-correlation potential. 

However, this alone does not remove the ambiguity of electron self-interaction term in 

DFT. Hence, to prevent unwanted delocalized d- and f-electrons, onsite Coulomb 

interaction correction was introduced using GGA+U method (Pontes Ribeiro et al. 

2016; Challagulla et al. 2017). A grid of 777 Monkhorst Pack k-points was used for 

reciprocal space sampling. The wave functions were expanded in the plane wave basis 

with a sufficiently large kinetic energy cut-off of 500 eV. Hellmann-Feynman theorem 

was used to calculate the forces on each atom. Subsequently, these were used to perform 

a conjugate gradient structural relaxation until the forces on the atoms reduced to less 

than 1 meV·Å−1. The electronic band structure and DOS of INTO and SNTO were 

investigated when their respective unit cells were having optimized structure with 

minimum total energy. Finally, the optical conductivity was calculated within a range 

of 0-50 eV using random phase approximation.  

2.3.3 Set-ups and methodology used for the electrocatalytic studies of inorganic 

nanofibers 

To study the electrocatalytic behavior of as-prepared inorganic nanofibers, the graphite 

rods were modified to fabricate WE (i.e., GE) as follows: one end of the rod was glassy 

polished, whereas, the other end was soldered with insulated wire circuit connections. 
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The electrode was sealed on the side walls as well as circuit connection ends using 

Teflon tape to have no current or electrolyte leak.   

2.3.3.1 Bifunctional electrocatalyst for water-splitting by NTO nanofibers   

The electrode prepared using NTO nanofibers was sealed on the side walls as well as 

circuit connection ends using Teflon tape to have no current or electrolyte leak.  The 

polished end was sonicated in ethanol for an hour and then dried. The electrocatalyst 

ink having a concentration of 10 mg·mL-1 NTO nanofibers and 0.1 mg·mL-1 of carbon 

black (to improve adhesiveness) was prepared by dispersing them in ethanol by 

ultrasonication for an hour. Similarly, the bare GE was prepared without NTO 

nanofibers. Later, 1 mL of this electrocatalyst ink was pipetted on the polished surface 

of the GE and dried in air. After the coated surface is completely dried, 10 µL of 0.5% 

PVDF solution on DMF was loaded to keep the NTO nanofiber/carbon black deposit 

in position. The GEs were prepared from NTO nanofibers obtained at pyrolysis soaking 

temperatures, 773 K, 973 K, and 1173 K. 

 

Fig. 2.5 Test set-up used for electrochemical studies of NTO nanofibers. 

The electrochemical measurements were performed on an electrochemical 

workstation (VersaSTAT 3, Ametek Scientific Instruments, USA) with a three-

electrode cell set up as shown in Figure 2.5. The cell comprises GE coated with 

electrocatalyst as WE (effective surface area = 100 mm2), a platinum foil of same 
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surface area as CE, and SCE as RE. The SCE was connected through the Luggin’s 

capillary with Agar-KCl salt bridge, to eliminate the error due to Ohmic drop. The GE 

were submerged for an hour in the electrolyte (N2 saturated 1 M KOH) before 

electrochemical studies, to attain equilibrium.  The alkaline water electrolysis 

efficiency of NTO nanofibers obtained at different pyrolysis temperature were analyzed 

using CV and CP techniques and monitoring the HER and OER kinetics. It must be 

noted that NTO has natural photocatalytic properties due to its wide range of band-gaps 

in visible light region. Hence, all the electrochemical measurements were made in the 

same timeline of 3:00 to 5:00 PM as per Indian standard time, in a closed room 

environment under a fluorescent lamp. 

2.3.3.2 Multifunctional electrocatalyst for glucose and H2O2 sensing, and water-

splitting by NCO nanofibers 

In this study, all electrocatalytic studies were carried out using an electrochemical 

workstation (SP-150, Bio-Logic Science Instruments) with three electrode 

configuration and test set-up as shown in Figure 2.6 at an ambient environment. The 

electrolyte and analyte solutions were prepared with Millipore water, which was purged 

with N2 for 20 minutes to remove the dissolved oxygen in the solution prior to 

experiment.  

 

Fig. 2.6 Test set-up used for electrochemical studies of NCO nanofibers. 
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The GE prepared with NCO nanofibers served as the WE, whereas SCE was 

used as a reference and platinized platinum as a CE. The catalyst ink was prepared by 

sonicating 10 mg GL/NCO nanofibers in 1 mL of ethanol. For sensing studies, 40 µL 

of this suspension was loaded on the polished surface of GE and air dried for 10 

minutes, while 1 mL of the catalyst ink was dropped on the polished surface of GE for 

HER or OER studies. After the deposit dried, 10 µL of 0.5% solution of PVDF in DMF 

was dropped on the deposit to keep the GL/NCO nanofibers deposit intact on the 

electrode. The same amount of PVDF/DMF solution alone was loaded on the polished 

surface of GE to account as bare electrode. The electrode was dried in air for 6 h to 

ensure that any residual solvents were removed.  

The electrodes were submerged in 0.1 M NaOH electrolyte for electrocatalytic 

sensing application and open-circuit potential was applied for one hour to attain 

equilibrium before each sensing study. NaOH (1 M) was used as an electrolyte and 

similar steady state open-circuit potential test was acquired for water-splitting 

experiments. The electrolyte was continuously stirred at 100 rpm during all 

electrocatalytic measurements to ensure homogeneity of analyte in electrolyte during 

sensing, and to avoid the bubbles/gas accumulation on the electrode surface in HER or 

OER studies. CV, LSV, CA, EIS, and CP responses were acquired to study the 

electrocatalytic behavior of GL/NCO nanofibers.
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CHAPTER 3 

SOME NEW OBSERVATIONS ON THE STRUCTURAL AND 

PHASE EVOLUTION OF NTO NANOFIBERS 

 

Scheme 3.1 Probable mechanism of SNTO formation. 

This chapter reports for the first time the synthesis of NTO nanofibers containing a 

mixture of INTO and SNTO phases, at an atypical low temperature. Precursor 

nanofibers produced by sol-gel electrospinning were pyrolyzed at three different 

temperatures to produce the NTO nanofibers. Thermal analysis along with XPS 

confirmed the formation of non-crystalline stable phases of TiN and Ti-O-N that 

restrained the formation of INTO, and the Ni-rich environment pushed the Ti atoms to 

Tv to form a defective spinel structure. The crystallite size of SNTO was observed to 

increase as a function of the T above 973 K, as the aE  for coalescence and growth of 

SNTO was favorable. NTO nanofibers obtained above the T of 973 K exhibited new 

band gap energy around 2.5 eV in Tauc plot. Oxygen vacancies in these inorganic 

nanofibers decreased as the T was increased. A hypsochromic shift of 20 nm in the 

photoluminescence spectra suggested that the material had a Ni2+ rich NTO (SNTO). 
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3.1 RESULTS AND DISCUSSION 

3.1.1 Characterization of precursor nanofibers 

3.1.1.1 SEM micrographs 

 

Fig. 3.1 SEM micrographs of precursor nanofiber mat and the corresponding histogram 

inferring the distribution of fibers developed at two different applied voltages: 22 and 

25 kV. AFD and SD are in nm, whereas FUC  is a dimensionless number. 

Figure 3.1 shows the SEM micrographs of the precursor fibers obtained at two different 

voltages: 22 and 25 kV. The AFD and SD of the precursor fibers developed at an 

applied voltage of 22 kV were found to be 250 ± 84 nm and beads-free. A narrow 

distribution of fibers was observed from the histograms and the FUC  for the precursor 

fibers developed at an applied voltage of 22 kV was determined to be 1.09 (Section I.1). 

The FUC  value close to unity suggests a fairly uniform distribution of the fiber diameter. 

It is well-established fact in electrospinning process that the increase in voltage, 
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increases the charge dissipation at the Taylor cone and thus making the jet unstable, 

which leads to beads formation in the fiber. 

3.1.1.2 FTIR spectroscopy 

The interaction between SAN and precursor salts plays a major role in the evolution of 

the pyrolyzed phase morphologically and structurally. FTIR spectra of SAN and 

precursor fibers (Fig. 3.2) were used to ascertain the possible interactions between the 

precursor salts and the polymer. A broad peak at 3417 cm-1 (O-H stretching) confirms 

the presence of crystallised water molecules in precursor fibrs from the hydrated nickel 

acetate. The peaks at 1584 and 1430 cm-1 are due to deformation of C=O and C-H in 

the acetate group, respectively (George and Anandhan 2015b). It is worth noting that, 

the acetate groups are present in ionised form in nickel acetate, as well as ligand form 

coordinated to Ti4+ in the complex  (Fig. 2.2).  

 

Fig. 3.2 FTIR spectra of SAN and precursor nanofibers. 

In earlier study from literature, a doublet peak at 1542 cm-1 and 1440 cm-1 was 

reported for the asymmetric and symmetric stretching vibrations of carboxylate group 

of acetates coordinated to Ti4+ as a bidentate ligand (Parra et al. 2008). The remarkable 
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peak broadening and reduction in the peak intensities indicates the interaction between 

the functional groups (styrene ring and nitrile) of SAN and the precursor salts, therefore 

a homogeneous mixing. Also, the functional groups of SAN contribute to the thermal 

stability of the polymer, which in turn act as structure and morphology supporting 

organic binder for the crystallite nucleation and growth of the inorganic phases during 

pyrolysis (George and Anandhan 2015a; George et al. 2015). 

3.1.1.3 Thermal analysis 

TGA and DTG plots of the precursor fibers in N2 atmosphere are shown in Figure 3.3. 

SAN undergoes a complete degradation at 773 K in a single-step (George and 

Anandhan 2015b; George et al. 2015). The precursor fibers exhibit three step 

degradations as follows: in the first step, the water molecules from the hydrated salts 

are removed. In the second step, the degradation of SAN was enhanced and accelerated 

at a temperature less than 773 K (Section I.2), probably due to the catalytic activity of 

acetic acid released from the precursor salts at an early stage (Scheirs 2000). In the final 

step, the residues of the polymer continue to degrade, and the precursor salts react to 

form NTO at a temperature of 773 K. The expected plausible overall reaction between 

the precursor salts is shown below (Ni et al. 2009; Vijayalakshmi and Rajendran 2012): 

( ) ( )3 3 2( ) 3( ) 2 ( ) 2( )( ) 4( )2 2
+T +9   NiTiO +15H O +16CNi CH COO i OCH H OC O g s g gs s

  →        

(3.1) 

 

Fig. 3.3 Thermal analysis curves for precursor nanofibers. 
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DSC trace of precursor fibers is shown in Figure 3.2. It is evident that similar to 

TGA-DTG plots, the water molecules and organic phases of the precursor fibers were 

removed with intense exothermic peaks at below 373 K and 673 K, respectively. A 

small exothermic peak (magnified in the inset Fig. 3.2) at 773 K is the minimum 

crystallization temperature associated with the nanocrystalline NTO phase formation, 

which is in good agreement with the value reported around 782 K in literature (Sadjadi 

et al. 2008). However, it was also reported in other literature that this exothermic peak 

appeared at a higher temperature, about 880 K for crystalline NTO (Lopes et al. 2009). 

In the present study, the second exothermic peak observed around 882 K may be due 

to the phase change occurring in NTO.  The new NTO phase formation was also 

confirmed by XRD and HRTEM analysis at this temperature (see sections 3.1.2.3 and 

3.1.2.5).  The formation of NTO may be due to the quantum confinement effect, which 

gives rise to the new phase at a lower temperature when the size of the material is in 

the nano-scale (Frey and Payne 1996). The DSC plot revealed that there was a serration 

in peaks, which could be attributed to the reorientation of the lattice and breakdown of 

the complex structures studied using FTIR and XRD analysis (see sections 3.1.2.2 and 

3.1.2.3). The pyrolysis temperatures of precursor fibers were thus chosen based on the 

major peak changes (shown in Fig. 3.2) from DSC as 773, 973, and 1173 K. 

3.1.2 Characterization of NTO nanofibers 

3.1.2.1 SEM micrographs 

Figure 3.4a-c shows the SEM micrographs of randomly oriented NTO nanofibers 

obtained at pyrolysis temperatures; 773, 973, and 1173 K, respectively. As degradation 

removes the organic phases, the fibers shrink during the pyrolysis, and the AFD of NTO 

nanofibers reduces in comparison with that of the precursor fibers (Fig. 3.4d-f). The 

nanofiber surface roughness and the size of grains in individual NTO nanofibers 

increase gradually as a function of T due to the coalescence and growth of the NTO 

nanoparticles in individual nanofibers (Park and Kim 2009). Besides, the AFD of the 

nanofibers increased as a function of T. It was observed in earlier work that the 

concentration of Ti(OiPr)4 in precursor sol had a minor effect on the AFD of TiO2/acetic 

acid/PVP precursor fibers but played a major role in determining the AFD of the 

pyrolyzed anatase nanofibers. The use of Ti(OiPr)4, at higher concentrations, is known 
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to form thicker inorganic nanofibers (Li and Xia 2003). In this study, the concentration 

of Ti(OiPr)4 was kept constant in the sol, but still, the AFD increased with an increase 

in T. The increase in AFD as a function of T suggests that the complex of Ti4+ formed 

in sol with acetic acid did not take part in the conversion reaction completely. Further, 

this might be the reason for the exothermic peaks observed in DSC after 773 K, 

undergoing conversion reaction at different temperatures. 

 

Fig. 3.4 (a-c) SEM micrographs, (d-f) histograms deducing distribution, and (g-i) 

FESEM micrographs of NTO nanofibers synthesized at different T. AFD and SD are 

in nm, whereas FUC  is a dimensionless number. 

The SD, histogram plot, and FUC  of the NTO nanofibers were used to find the 

diameter distribution of the NTO nanofibers for various T (Fig. 3.4d-f). The nanofibers 

developed at a temperature of 973 K were more uniform. The transformation of 

particles embedded on nanofibers from mosaic structure to bamboo structure due to 

thermally driven coalescence and growth of particles can be seen in Figure 3.4g-i. 
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3.1.2.2 FTIR spectroscopy 

The FTIR spectra of NTO nanofiber obtained at different T are shown in Figure 3.5. 

NTO, are the class of titanate having both nickel and titanium as octahedral partners in 

the stable INTO structure. The peak 716 cm-1 corresponds to the stretching of O-Ti-O 

in [TiO6] octahedra (meaning Ti in an Ov surrounded by oxygen at octahedron corners) 

of NTO. The peak at 669 cm-1 was for the octahedral Ti-O bending; whereas those at 

650, 612 and 536 cm-1 correspond to the octahedral Ti-O stretching of INTO. The FTIR 

spectra exhibited two sharp peaks at 450 cm-1 (associated with Ti-O-Ni stretching) and 

430 cm-1 (octahedral Ni-O stretching, which is also associated with other peaks at 550 

cm-1 and 566 cm-1). All FTIR absorption peaks are in good agreement with those in the 

literature (Baraton et al. 1994; Zhou and Kang 2006; Gambhire et al. 2008; Sadjadi et 

al. 2008; Yuvaraj et al. 2013; Sobhani-Nasab et al. 2015; Johnson et al. 2016). Hence, 

the FTIR results confirm the formation of NTO without any organic residues in the 

nanofibers.  

 

Fig. 3.5 FTIR spectra of NTO nanofibers synthesized at 773, 973, and 1173 K. 

As the T increases, the peak intensities also increase and become sharper due to 

thermally induced particle growth of NTO nanoparticles (George et al. 2015), as seen 

in FESEM (Fig. 3.4g-i). It should be noted that there are multiple peaks convoluted in 
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the FTIR spectral peaks and as the T increases, the peak broadening has grown. This 

kind of spectral change suggests that each sample synthesized at different T had a phase 

or crystal structure, which is different from the standard INTO structure, and this 

structural change was thermally driven (Tang et al. 2008; Lemine 2009). In general, the 

cation positioned in Tv of oxygen has lower wavenumber peak than that of the Ov (Allen 

and Paul 1995).  This is in good agreement with the DSC and FESEM results. The 

results of XRD, HRTEM, and XPS has to be analysed next, to explain the nature and 

reason behind such structural change in NTO. 

3.1.2.3 XRD analysis 

Figure 3.6 shows the XRD patterns of NTO obtained at the pyrolysis temperatures of 

773, 973, and 1173 K. The profile fitting of XRD peaks was done by assuming a shape 

function, Pseudo-Voigt I, which had the best fit for the raw data (inset Fig. 3.6). The 

profile fitting was carried out to estimate the crystal parameters, crystallite size, and 

lattice strain of the crystalline phases present in the NTO nanofibers (Section I.3, Table 

I.1-I.3) (George and Anandhan 2013; Senthil and Anandhan 2014; Minikayev et al. 

2015). The XRD peaks of all the samples well-matched with the two distinct 

polymorphic phases of NTO from the ICDD database (01-076-0334: INTO and 01-

084-0297: SNTO). The stable INTO belongs to the rhombohedral crystal system. The 

characteristic crystallographic peaks of INTO are substantiated at the Bragg’s angles of 

24.2, 33.2, 35.7, 49.5, 54.1 and 64.2° to the (0 1 2), (1 0 4), (1 1 0), (0 2 4), (1 1 -6) and 

(3 0 0) planes of reflection, respectively; whereas, the defective SNTO belongs to the 

cubic crystal system. The SNTO has its characteristic XRD peaks validated for planes 

of reflection, (3 1 1), (2 2 2), (4 0 0), (5 1 1), (4 4 0) and (6 2 2) at Bragg’s angles of 

35.7, 37.3, 43.4 57.4, 63.0 and 75.6°. These peaks are the major high-intensity peaks 

considered for the estimation of crystal variables. The intensity of the peaks increase 

and the peak broadening decreases with an increase in the T, due to the thermally 

induced crystallite growth of the particles. The lattice constants, a and c for reference 

powder NTO (ICDD files) and NTO nanofibers are measured and shown in Table 3.1. 

The lattice constants of nanofibers in both the phases are approximately 0.01–0.03 Å 

less than that of the bulk NTO (ICDD file). This could be due to a significant number 

of oxygen atoms that are incorporated into the crystal lattice with a few titanium 
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vacancies (Bläß et al. 2015). The observation is also consistent with the previous 

assumption that the Ti4+ complex is gradually participating in the conversion reaction. 

The incorporation of oxygen atoms into the lattice in turn enhances the formation of 

defect SNTO, which are rich in Ni2+ and O2-. The wt% of spinel NTO (Table 3.2) was 

calculated using XRD direct comparison method (Section I.4) and it was observed that 

the SNTO wt% decreased with increase in T. This suggests the formation of stable 

INTO, which could also be attributed to the participation of Ti4+ complex in forming 

stable INTO with defective SNTO. 

 

Fig. 3.6 X-ray diffractograms of NTO nanofibers developed at different T compared 

with ICDD files. The diffraction planes corresponding to different phases are shown in 

bracket. Pseudo-Voigt function was used to profile fit the peaks for analysis (inset 

figure). 

In case of SNTO, a higher population of Ni2+ cations, which have exceptionally 

higher Ov preference than Ti4+ ions, push the few available Ti4+ cations (available after 

the degradation of Ti4+ complex) to the Tv while Ni2+ cations occupy the majority of 

the Ov positions. Due to the significant difference in the charge between Ni2+ and Ti4+, 

which are both involved in the spinel structure formation, a high degree of defect 
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concentration could be anticipated to minimize the crystal-chemical and electrical 

neutrality constraints for distribution of cations in Ov and Tv. This allocation of cations 

might lead to distortion in the crystal structure and hence the change in the crystal 

parameters. However, this is thermodynamically favorable, due to the increase in 

entropy associated with the formation of cation vacancies, or interstitial atoms/ions, or 

both. Such a stable structure was indeed predicted and found at high temperatures 

(1573–2023 K) (Armbruster and Lager 1981; Lager et al. 1981; de Graef et al. 1985; 

Muan 1992). The difference here is that, the spinel phase of NTO seen in the present 

work was found in the temperature range of 773 to 1173 K, which is significantly lower 

compared to these prior works. This low-temperature stability would be promoted by a 

remarkable increase in entropy during the formation of such defect phase, which could 

either be due to the formation of another robust and stable phase with remaining Ti4+ 

(creating cation vacancies) or a decrease in activation energy for an interstitial atom/ion 

to occupy crystal space (voids or lattice sites). 

Usually, nanoparticles have slightly higher lattice parameters compared to 

microcrystallites due to the high degree of disorder in the nanocrystallite. Surprisingly, 

in this study, it was observed that the lattice parameters, a (crystal length along crystal 

axis a), were approximately 0.01-0.03 Å less than the reference powder NTO (ICDD 

file) crystallites. The lattice parameter c (crystal length along crystal axis c), and the 

rhombohedrality (c/a) were also determined to be approximately 0.007-0.03 Å, and 

0.005-0.008 Å respectively greater than that of the reference powder NTO (ICDD file). 

This kind of lattice distortion is possible only when a foreign atom/ion has been doped 

into the crystal lattice (Fang et al. 2005). Further, the crystal rhomohedrality in INTO, 

c/a, increases as the crystallite size increases with increasing T, which also translates to 

distortion of the volume of the unit cell. These dimensional changes are the result of a 

decrease in the internal stress/strain (Arlt 1990; Chattopadhyay et al. 1995; Randall et 

al. 1998), which are all evident from Table 3.1 and 3.2. The crystallite size and lattice 

strain were calculated using the Williamson-Hall plot analysis (Section I.5, Fig. I.2). 

The results of characterization by EDS, and XPS would reveal the type and nature of 

doped or interstitial element. From Table 3.2 and 3.3, it can be noted that the SNTO has 

a favorable increase in crystallite size and a slight increase in lattice strain (higher 
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degree of defects) as a function of T. The crystallite and particle size increase because 

of the increased diffusion of ions across the crystallite/particle boundary with rise in T. 

As the crystallite size attains its critical value, the surface energy decreases and 

diffusion of ions becomes negligible (Park and Kim 2009). This controlled diffusion 

pattern leads to a deficiency of Ti4+ ions. Therefore, the INTO, which has no sufficient 

Ti4+ ions to form, exhibits a slower increase in crystallite size, caused only by thermally 

driven growth. On the contrary, the Ni2+ rich spinel phase with few available Ti4+ ions, 

exhibits a greater increase in crystallite size as a function of T. 

Table 3.1: Lattice parameters of SNTO and INTO in NTO nanofibers developed at 

different T. 

Table 3.2: SNTO wt% and crystallite size estimated for SNTO/INTO nanofibers 

developed at different T. 

 

  

Crystal 

structure 

Theoretical 

lattice 

parameter 

(Å) 

Lattice parameter at 

different T 

(K) 

Activation energy 

for crystallite 

growth, 
a

E  

(kJ·mol-1) 773 973 1173 

SNTO a = 8.3416 8.3158 8.3282 8.3341 34.96 

INTO 

a = 5.0274 5.0028 5.0164 5.0146 

5.77 c = 13.7830 13.7539 13.7804 13.7899 

c/a = 2.7416 2.7492 2.747 2.7499 

T 

(K) 

SNTO 

(wt%) 

Crystallite size, D  

(nm) 

Scherrer equation Williamson-Hall plot 

SNTO INTO Overall SNTO INTO Overall 

773 43.95 20.13 17.99 19.06 13.01 24.20 17.04 

973 41.67 21.98 25.34 23.66 38.63 24.33 32.25 

1173 37.46 29.43 39.07 34.25 83.54 33.75 57.07 
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Table 3.3: Lattice strain obtained for SNTO/INTO nanofibers developed at different T. 

  

  

  

  

  

  

  

 

An Arrhenius model can be used to describe the influence of temperature on 

crystallite size (Senthil and Anandhan 2014): 

0 exp
RT

aE
D

 
=   

 
,                                                                                                        (3.2) 

where D  is the crystallite size, 0  is the pre-exponential factor, aE  is the activation 

energy for ionic diffusion across the crystallite boundary, R  is the universal gas 

constant, and T is the absolute temperature of pyrolysis. From the plot of ln( )D  as a 

function of 1 T  shown in Figure 3.6, aE  for the crystallite growth of SNTO and INTO 

were obtained as a slope of linear fit (Table 3.1). The activation energy for the overall 

phase crystallite growth was 22.55 kJ·mol-1, while the activation energy for pure INTO 

has been observed to be 8.84 kJ·mol-1 (Lin et al. 2006). The activation energies for pure 

INTO have been reported with different Ni:Ti molar ratios. For Ni:Ti molar ratios of 

1:3, 1:1, and 3:1, the aE  values were 37.17, 35.08, and 24.93 kJ·mol-1, respectively. 

These values indicate that as there is an increase in Ni:Ti ratio, the aE  of the crystal 

growth decreases and is assisted by diffusion. From the present study, it is clear that the 

aE  of INTO (kJ·mol-1) was lower than that of spinel NTO (34.96 kJ·mol-1). This result 

suggests that a significant amount of free Ni2+ ions (above Ni:Ti = 3:1) was present 

during the conversion reaction. This further confirms the deficiency of Ti4+ ions due to 

the formation of Ti4+ complex as noted in the XRD analysis. The presence of excess 

Ni2+ ions is indeed responsible for the SNTO formation (Armbruster and Lager 1981; 

T 

(K) 

Lattice strain ( ) 

(%) 

Average 

particle size 

measured from 

HRTEM 

(nm) 

SNTO INTO Overall 

773 -0.00177 0.00142 -2.6E-4 16.95 ± 4.24 

973 0.00178 -5.9E-5 0.00115 24.64 ± 5.97 

1173 0.0019 -3.1E-4 0.00117 91.54 ± 31.87 
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Lager et al. 1981; de Graef et al. 1985; Muan 1992). Further, from Figure 3.6, it was 

observed that above 886 K, the slope of the plot for SNTO decreases below that of 

INTO. In other words, aE  decreases for spinel phase above 886 K, and more of spinel 

NTO crystallite grows significantly. These trends are consistent with the values of 

crystallite size obtained using Williamson-Hall plot. The impressions of this structural 

change are also manifested in the DSC peak near 882 K (Fig. 3.2). 

 

Fig. 3.7 Plot of ln( )D  versus 1 T . 

3.1.2.4 EDS analysis  

The FESEM-EDS enables the approximate estimation of the atomic and mass ratio of 

Ni, Ti and O present in the NTO fibers after pyrolysis. Table 3.4 lists the mass and 

atomic percentage of the elements corresponding to different temperatures. According 

to the molecular structure of SNTO and INTO, the theoretical mass and atomic 

percentage of Ni, Ti, and O were also calculated (Table 3.4). It is evident from Table 

3.4, that as the T was increased the mass and atomic percentage of Ni, Ti, and O were 

close to their theoretical values of SNTO. This suggests that an increase in T favored 

the formation of the SNTO and enhanced the crystallinity of NTO grains. 
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Table 3.4: EDS results of SNTO/INTO nanofibers obtained at various T. 

Element 

Mass percentage 

(%) 

Atomic percentage 

(%) 

T 

(K) 

Theoretically 

calculated 

T 

(K) 

Theoretically 

calculated 

773 973 1173 SNTO INTO 773 973 1173 SNTO INTO 

Ni 38.4 35.6 56.3 61.3 37.9 24.8 23.6 33.9 35.8 20 

Ti 34.0 37.3 20.4 13.1 30.9 9.4 10.5 15.0 9.4 20 

O 27.4 27.0 23.2 25.5 31.0 65.7 65.7 51.0 54.7 60 

 

3.1.2.5 HRTEM results 

The HRTEM micrographs of NTO nanofibers obtained at different T are shown in 

Figure 3.8a-c. The mosaic structure of the nanofiber reveals numerous grains that are 

held together with mesoporous cavities between them. The resulting high surface area 

and adsorption capabilities make NTO nanofibers a candidate material for catalysis or 

sensor applications. Figure 3.8d-f revealed the polycrystalline nature of NTO 

nanofibers formed during the pyrolysis, where contiguous crystallites had distinct 

planes of orientation. The lattice fringes corresponding to the planes of both SNTO 

(dark yellow) and INTO (light yellow) are seen with different colored marking. The 

SAED patterns of the three samples are shown in Figure 3.8g-i, which were indexed to 

the planes of diffraction that correspond to NTO. The diffraction planes corresponding 

to both SNTO (blue) and INTO (green) were obtained. Further, although it is well-

known that HRTEM particle size analysis is approximate, it was observed from Table 

3.3 that the average particle sizes of the NTO at pyrolysis temperatures 773, 973, and 

1173 K were in close agreement with the crystallite size calculated using Williamson-

Hall plot (Table 3.2 and 3.3). It must be noted that the nanoparticles are polycrystalline 

in nature and might have more than one crystallite in each grain. 
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Fig. 3.8 (a-c) HRTEM micrographs, (d-f) high-resolution image showing the lattice 

fringes and the d-spacing corresponding to crystal planes, and (g-i) SAED patterns of 

SNTO and INTO. 

3.1.2.6 SSA and porosity analysis 

The SSA for NTO nanofibers developed at 773, 973, and 1173 K were measured by 

BET method using N2 adsorption-desorption isotherms (Table 3.5). The SSA of 

nanofibers were calculated theoretically assuming that NTO fibers are smooth, and the 

length of each nanofiber is 100 μm (Section I.6). The measured experimental SSA 

values of NTO nanofibers were higher than the theoretically calculated ones. Therefore, 

it could be concluded that the combined electrospinning (macropores due to 

interconnected fibers) and sol-gel (micro and mesopores due to constrained crystal 

growth in nanoparticles) process has enhanced the porosity in the material improving 

the SSA of NTO nanofibers compared to the literature (Lin et al. 2006; Lopes et al. 
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2009; Ni et al. 2009; Mohammadi and Fray 2010; George and Anandhan 2013). From 

Table 3.5, it is clear that as the T increases the SSA decreases, which is in line with the 

average crystallite and particle size measurements from XRD and HRTEM. As the T 

increases, both the crystallite and particle size increase due to coalescence and growth, 

which reduces SSA. It could be seen that there is a sudden decrease in SSA of NTO 

nanofibers developed at T = 973 K compared with that of T = 773 K. This abrupt change 

is closely related to DSC peak change above 882 K, and spinel phase crystallite growth 

(Table 3.2), suggesting a crystal reorientation as the mesopore volume decreases from 

0.11953 cc·g-1 (for 773 K) to 0.00466 cc·g-1 (for 973 K). Further, such changes in SSA 

could also be attributed to the critical doping concentration of the foreign element 

(Wang et al. 2005; Ganesh et al. 2012). It was observed that as the T was increased 

from 973 to 1173 K, there was a significant increase in crystallite size with an 

appreciable increase in SSA. This might be due to the pores induced during the 

crystallographic phase change of the NTO and increase in the fiber diameter, 

simultaneously. 

Table 3.5: Surface area and band gap energy analysis of SNTO/INTO nanofibers 

obtained at different T. 

T 

(K) 

Surface area 

(m2·g-1) 
Total 

pore 

volume 

(cc·g-1) 

Mesopore 

volume 

by BJH 

method 

(cc·g-1) 

Band gap calculated 

using Tauc’s plot, bg
E  

(eV) Theoretical 
BET 

method 

773 6.05 166.7 0.1744 0.11953 -- -- 2.55 2.67 

973 5.43 10.14 0.00121 0.00466 -- 2.50 2.53 -- 

1173 4.18 22.91 0.01534 0.01578 2.40 2.49 2.57 -- 

 

3.1.2.7 XPS analysis 

To understand the phenomenon of defective phase formation (SNTO) of NTO 

nanofibers, the binding energies of plausible foreign elements present either as a dopant 

or new phase were studied using XPS spectra. Figure 3.9a-i shows the high-resolution 

XPS spectra of the elements O, N, and C. As per literature, the peak corresponding to 

lattice O of NTO has been noted at 530.3 eV (Varga et al. 2012; Bellam et al. 2015). 
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The bathochromic shift in the peak to 529.27 eV (Fig. 3.9a and b) and 529.43 eV (Fig. 

3.9c), as observed in the present study is the evidence for the O deficiency in the lattice 

either through doping or substitution. Further, an additional peak at 528.93 eV in Figure 

3.9c confirms a different kind of lattice O due to the change of crystal structure (Kwon 

et al. 2014). This peak might be due to a highly defective lattice O as the bathochromic 

shift is significant (close to O corresponding to NiO 528.9 eV) and hence it represents 

lattice O of spinel NTO, where Ni2+ cation and O2- anion are abundant and closely 

packed. The peaks at 531.85 eV and 531.65 eV correspond to N-substituted titanium 

oxide or titanium oxynitride (TiON). It has been reported earlier that as TiON 

undergoes reduction, there is a corresponding bathochromic shift in the XPS spectra 

from 531.9 eV (TiO0.74N0.09) to 531.6 eV (TiO0.08N0.63) (Kuznetsov et al. 1992). This 

observation is in line with the present study (Fig. 3.9a-c) suggesting that as the T 

increases, oxidation of TiON becomes challenging and thus Ti4+ cation deficient SNTO 

was formed. In other words, the reduction of TiON (increase in N doping concentration 

and decrease in O due to substitution) leads to stable titanium nitride (TiN), which in 

turn gives rise to Ni2+ cation rich SNTO structure. This explanation is in good 

agreement with the spinel phase growth of XRD and EDS analysis. A small shoulder 

at 534.37 eV (Fig. 3.9a and b) corresponds to the O of nickel carbonyl [Ni(CO)4] 

(Barber et al. 1972), which could be formed in the process of nickel acetate 

decomposition, before it forms NTO. 

Figure 3.9d-f shows the N 1s high-resolution XPS spectra of NTO nanofibers. 

The peaks at 396.63, 396.52, 398.29, 398.30, and 398.15 eV are characteristic of 

substitutional nitrogen (N-doped TiO2), TiON and TiN (Kuznetsov et al. 1992; Asahi 

et al. 2001; Diwald et al. 2004; Vesel et al. 2006; Chen and Burda 2008). The 

bathochromic shift in Figure 3.9f suggests a higher extent of reduction of TiON and 

TiN at higher T. In the carbon C 1s spectra (Fig. 3.9g-i), the peak around 284 eV 

corresponds to the graphitic or free carbon (Filik et al. 2003; Pan et al. 2007). Whereas, 

the peaks at 285.5, 287.6, and 291.97 eV are assigned to carbon atoms containing 

different oxygen moieties (Okpalugo et al. 2005; Datsyuk et al. 2008). These carbon 

species might be from the residue of SAN pyrolyzed at high temperature. Further, pure 
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residual carbon helps as a medium for charge or ionic transport (George and Anandhan 

2015b). 

 

Fig. 3.9 High-resolution XPS spectra of O 1s, N 1s, and C 1s for NTO nanofibers 

developed at three different T: (a, d, and g) 773 K, (b, e, and h) 973 K, and (c, f, and i) 

1173 K. 

3.1.3 Optical spectroscopy 

3.1.3.1 UV-Vis-NIR spectroscopy 

Figure 3.10a shows the UV–Vis–NIR Spectra for the NTO nanofibers developed at 

three different temperatures, T. The broad absorption edge corresponding to O2-
→Ti4+ 

(optical band charge transition) is found to be narrowed. From prior literature, this is 

possible by an increase in substitutional doping of either N or Ni into TiO2 particles 

(Diwald et al. 2004; Hyun Kim et al. 2006; Chen and Burda 2008; Ganesh et al. 2012). 

In this study, on one hand, Ni-doped TiO2 could be considered equivalent to a SNTO, 

where the interaction between the O2- and Ti4+ is suppressed due to Ti4+ deficiency, as 

the T increased. On the other hand, the presence of TiN or TiON is also possible as seen 

in XPS results, which would hinder the interaction between the O2- and Ti4+. The latter 
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could therefore have the same impression as Ni-doped TiO2. For fibers pyrolyzed at 

973 K and 1173 K, two absorption bands around 445 nm and 512 nm are observed in 

the visible range, due to the crystal field splitting of NTO. The field splitting is such 

that the 3d8 band associated with Ni2+ ions splits up into two sub-bands at about 490 

nm and 560 nm, which corresponds to Ni2+
(Ov)→Ti4+ CT bands. The increase in 

intensities of the peaks corresponding to these CT bands in the visible light region with 

increase in T suggests the high possibility of CT. The crystallite growth of NTO with 

higher T having Ni2+
(Ov) rich atmosphere especially favors such interactions (Qu et al. 

2012; Wang et al. 2013a). The least absorption was observed in the range of 550-600 

nm of the spectrum, which corresponds to a greenish-yellow region of visible light, 

indicating the color of the synthesized NTO nanofibers. Further, two broad peaks 

ranging from 600 to 1000 nm and 1000-1400 nm were observed, whose intensities 

increased as a function of T. This could be due to d-d transitions from the Ni2+ cations 

in the Ov environment corresponding to 
3 3

2 1( ) ( )g gA F T F→  and 
3 3

2 2( ) ( )g gA F T F→ , 

respectively (Biswas et al. 2008). 

Assuming the NTO nanofibers as crystalline semiconducting oxides, the 

intercept of the linear part in Tauc plot of 
2( )h   versus h  (Fig. 3.9b) was calculated 

to estimate the band gap energy ( bgE ) values of the NTO nanofibers developed at 

different T. Here,   is the absorption coefficient, h  is Planck's constant and   is the 

frequency of the photon (Senthil and Anandhan 2014). The multiple band gap energies 

in the individual sample could be attributed to the different crystal structure as well as 

phases of materials present in the NTO nanofibers. The obtained bgE  values are shown 

in Table 3.5. The values are higher than that of the bulk NTO ( bgE  = 2.18 eV), due to 

quantum confinement effect (Qu et al. 2012; Vijayalakshmi and Rajendran 2012). The 

bgE  values ranging from 2.53 to 3.05 eV are in good agreement with the literature 

values for Ni-doped TiO2 and INTO (Hyun Kim et al. 2006; Chen and Burda 2008; 

Ganesh et al. 2012). However, as reported earlier (Diwald et al. 2004; Bellam et al. 

2015), N-doping in TiO2 and NTO would introduce a band gap ranging from 2.4 to 2.5 

eV, which is seen at pyrolysis temperatures of 973 K and 1173 K in this study. The 

absence of bgE  above 3 eV for NTO nanofibers developed at 773 K as well as the role 
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of SNTO in the formation of multiple band gap energies needs further investigation. 

Meanwhile, it is evident from the bgE  values that such small and multiple band gap 

energies in a material would enhance its photocatalytic property. Various research 

groups have reported that INTO, which has an enhanced visible light response 

photocatalytic property has been used for the elimination of organic contaminants and 

water splitting for oxygen evolution (Shu et al. 2008; Tahir et al. 2009; Yuan et al. 

2012). 

 

Fig. 3.10 (a) UV–Vis–NIR spectra, (b) Tauc plots (inset: intercept drawn to linear 

portions to calculate bgE ), and (c) PL spectra of NTO nanofibers developed at different 

T. 

3.1.3.2 PL spectroscopy 

Figure 3.10c shows the PL spectra of NTO nanofibers developed at different T. The 

competition among electron-hole separations, electron-phonon scattering, and electron-
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hole recombination are the result of PL spectra, which are attributed to self-trapped 

excitons, oxygen vacancies and surface states (defects). The peaks around 480 nm 

found here are associated with the intrinsic CT from Ti4+ ion to oxygen ion in complex 

octahedra [TiO6]
8- (Tripathi et al. 2015). Such intrinsic defects act as luminescent 

centers that can form defect levels located highly in the gap, trapping electrons from 

the valence band to contribute to the luminescence in the visible region (blue) as seen 

in this study. Such visible emissions could also be caused by the Ti vacancies 

introduced by Ni doping. The peaks around 460 nm found here are due to the 

characteristics of the traps present in the nanoparticles (Vijayalakshmi and Rajendran 

2013; Tripathi et al. 2015). The PL emission around 440 nm could be attributed to 

electron transition mediated by defects levels in the band gap, such as oxygen 

vacancies. The emission peaks were in good agreement with the INTO observed from 

the literature (Vijayalakshmi and Rajendran 2013). The PL emission peak around 562 

nm corresponds to the color of the material, which showed an hypsochromic shift to 

greenish-yellow region from the yellow region (580 nm) (Wang et al. 2013a). This 

could be due to the presence of Ni2+ rich environment in SNTO nanofibers (Wang et al. 

2003). It was observed that the intensities of the PL emission peaks decrease as a 

function of the T, which indicates the efficient suppression of electron-hole 

recombination rate upon increase in spinel NTO crystallite size and coalescence of 

particles (Qu et al. 2013; Zeng et al. 2016). 

3.1.4 Probable mechanism of SNTO formation 

Figure 3.11 shows a schematic representation of the mechanism of SNTO formation. 

The Ti4+ complex (see Fig. 2.2), which was supposed to yield TiO2 on pyrolysis (Parra 

et al. 2008), interacts with nitrile groups of SAN as evidenced by FTIR (George et al. 

2015). Above 693 K, nitriles are released from SAN degradation and this free nitrile 

continues to interact with the carboxylate of acetate coordinated to Ti4+ complex. 

Currently, there is substantial literature that confirms the formation of stable TiON (O 

and N are of variable composition) especially in oxygen bearing precursor systems (Li 

et al. 2001; Kaskel et al. 2003; Kawano et al. 2003). Further, in the presence of carbon 

or carbon monoxide, sub-products of SAN undergo thermal cracking, and the 

conversion rate of oxide to TiN is enhanced significantly (Drygaś et al. 2006). This 
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mechanism is known as carbothermal reduction. Once the stable TiN is formed, the 

system is left with only a few Ti4+ cations, which take part in NTO formation. Now, the 

system is left out with a non-stoichiometric ratio of Ni:Ti to form INTO. Hence, the 

Ni2+ cation rich atmosphere in the system forces the Ti4+ cations to occupy Tv while 

they preferentially occupy Ov forming a defective non-stoichiometric SNTO.  

 

Fig. 3.11 Schematic depicting the mechanism of SNTO formation. 

As the T and t increases, conditions for carbothermal reduction are more 

conducive, which in turn favors the formation of SNTO with TiN getting oxidized. 

Thus, the importance of SAN, polymeric binder is most relevant in this fabrication of 

NTO nanofibers as none of the other synthesis techniques including sol-gel assisted 

electrospinning with different polymeric binder could yield SNTO (Armbruster and 

Lager 1981; Muan 1992; Lin et al. 2006; Gambhire et al. 2008; Sadjadi et al. 2008; 

Lopes et al. 2009; Ni et al. 2009; Mohammadi and Fray 2010; Varga et al. 2012; 

Vijayalakshmi and Rajendran 2012; Yuvaraj et al. 2013; George and Anandhan 2014a; 

Nguyen-Phan et al. 2014). Further, at the end of pyrolysis most of the TiN and TiON 

could be consumed to take part in crystallite growth of NTO and this could have led to 

minute and disordered phases of TiN and TiON. Hence, this could be a reason why TiN 

and TiON were not detected in any characterization technique other than XPS. Their 

non-crystallinity may be due to the randomness (disorder) in the copolymer, as nitrile 

(C≡N) groups are randomly distributed in SAN. 
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3.2 SUMMARY AND CONCLUSIONS  

In summary, NTO nanofibers were successfully synthesized by sol-gel assisted 

electrospinning method, using SAN as the polymeric binder. The nanofibers were 

embedded with defective non-stoichiometric SNTO. These SNTO/INTO composite 

nanofibers were formed due to carbothermal reduction occurring between Ti4+ 

complex and nitrile group of the SAN. The increase in crystallite size of defective spinel 

phase was thermally driven due to the simultaneous formation of TiN or TiON during 

the process. The molecular level mixing and interaction of the precursor materials with 

SAN seems to be the significant factor allowing SNTO formation at a relatively low 

temperature. It also avoids severe coalescence giving rise to enhanced porosity and high 

surface area of the material, which is not achieved when these materials are synthesized 

by conventional methods. The results presented here suggest a potentially new method 

for stabilizing the defective SNTO, which would be otherwise metastable at room 

temperature, and may therefore be difficult to prepare or access. 

The UV-Vis-NIR spectra showed different absorption peaks in the presence of 

Ni2+ abundant environment. Further, the PL spectra showed a hypsochromic shift with 

the color of the material, which has a peak at the greenish region attributed to the 

presence of excess Ni2+ phase (SNTO). Fluorescence peaks were also observed in the 

blue region due to the defects formed at low T. The intensity of the PL spectra decreased 

as the defects decreased with an increase in the T. The nature of the different absorption 

peaks makes the material a promising candidate for solar energy and light source 

peaking as its effective wavelength is below 560 nm. The enhanced porosity and photo-

generated electron-hole pairs due to the presence of defects boosts the photo-catalytic 

property of the NTO, which enables its use in photo-oxidation of water. The material 

has to be investigated further for electrical, magnetic and shape memory properties to 

understand the implications of crystal defects and polymorphism, as all the physical 

and chemical properties of materials depend on the crystal structure of the phases 

present in it.
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CHAPTER 4 

POLYMORPH NICKEL TITANATE NANOFIBERS AS 

BIFUNCTIONAL ELECTROCATALYST TOWARDS 

HYDROGEN AND OXYGEN EVOLUTION REACTIONS 

 

Scheme 4.1 Probable mechanism of water-splitting in presence of NTO nanofibers. 

The SNTO/INTO composite nanofibers synthesized using sol-gel assisted 

electrospinning followed by pyrolysis at T (viz., 773, 973, and 1173 K) in previous 

chapter were used for determining the electrocatalytic activity of NTO nanofibers for 

alkaline water-splitting in this chapter. Producing pure H2 and O2 to sustain the 

renewable energy sources with minimal environmental damage is a key objective of 

photo/electrochemical water-splitting research. Metallic Ni-based electrocatalysts are 

expensive and eco-hazardous. This has rendered the replacement or reduction of Ni 

content in Ni-based electrocatalysts a decisive criterion in the development of 

bifunctional electrocatalytic materials. The highly defective SNTO manifests properties 

similar to the metallic Ni and favors H2 evolution through HER by adsorbing more H+ 

ions on active sites. In contrast, the INTO favors O2 discharge. These results are 

explained based on the morphology of the NTO nanofibers. The mosaic structure, which 
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has higher porosity and greater SNTO content shows excellent HER performance. On 

the contrary, the large bamboo structured NTO nanofibers, which has lesser porosity 

and SNTO content, cage the bigger (OH)ads ions at its catalytic sites to facilitate OER 

performance. 

4.1 RESULTS AND DISCUSSION 

4.1.1 FESEM-EDS and HRTEM analysis 

The FESEM-EDS images (Section I.7) unveils the morphology, structure and selected 

area stoichiometry of the NTO nanofibers. The mosaic structure possesses higher 

surface area and porosity at lower T (773 K and 973 K), which promotes the diffusion 

of electrolytes; whereas the bamboo structure of NTO nanofibers obtained at 1173 K 

enable fast CT during electrocatalysis. The molar ratio of Ni/Ti (~ 2.2) from EDS 

spectra suggests the non-stoichiometric phase present in the system. The mechanism 

for formation of this defective phase (i.e., SNTO) has been discussed in Chapter 3 

(Section 3.1.4).  It must be noted that apart from point defects, dislocations in the 

crystallite act as active sites for electrochemical reactions. The D  of both INTO and 

STNO present in the nanofibers were calculated by the XRD patterns via Williamson-

Hall plot as in Chapter 3 (Section 3.1.2.3).  

Table 4.1: Crystallite size and dislocation density estimated for NTO nanofibers 

developed at different T. 

T 

(K) 

Crystallite size obtained from 

Williamson-Hall plot, D  

(nm) 

Dislocation density, 

D
  

( 1011 cm-2) 

INTO SNTO INTO SNTO 

773 24.20 13.01 1.71 5.91 

973 24.33 38.63 1.69 0.67 

1173 33.75 83.54 0.88 0.14 

 

The crystallite size thus estimated was used to calculate the D  in NTO 

nanofibers by following equation (Aytimur et al. 2013): 
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2D
D


 = ,                                                                                                                        (4.1) 

where   is a factor (  = 1 for minimum dislocation density). The dislocation densities 

for INTO and SNTO of nanofibers obtained for different T are tabulated in Table 4.1. 

The D  decreases with increase in T. This influences the electrochemical reactions, 

because the CT resistance decreases with increase in D  (Rafiee et al. 2013). This 

suggests that samples obtained at 773 K are more active for electrolysis.  

 

Fig. 4.1 HRTEM micrographs of NTO nanofibers obtained at different T: (a) 773 K, 

(b) 973 K, and (c) 1173 K. Inset figures are the lattice fringes and indexed SAED 

patterns of the polycrystalline NTO nanofibers in corresponding samples. 

HRTEM micrographs of NTO nanofibers obtained at different T are shown in 

Figure 4.1. The NTO grains obtained from pyrolysis at 773 K (Figure 4.1a) are loosely 

packed in contrast to the dense grains obtained at higher T (973 K and 1173 K, Figure 

4.1b, c). Figure 4.1 also reveals the polycrystalline nature of the NTO grains as seen 

from SAED patterns with lattice fringes indexed correspondingly to INTO and SNTO. 
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At close inspection it can be observed that the NTO grains transform their shapes from 

irregular ellipsoidal to regular polygon with increase in pyrolysis temperature.  

4.1.2 Raman spectroscopy 

The Raman spectra of NTO nanofibers obtained at different T are shown in Figure 4.2. 

For INTO structure with 
2

3iC  symmetry and 3R  space group, all the ten Raman active 

modes (5 gA  + 5 gE ) are observed in the range of 150-800 cm-1 (Bellam et al. 2015; 

Ruiz-Preciado et al. 2015). These peaks are characteristic peaks of INTO and the same 

are assigned for NTO nanofibers in present study, especially NTO nanofibers obtained 

at higher pyrolysis temperature. The well-defined peaks at higher T are due to the 

structural order, as the intensity of the peak is function of scattering efficiency of the 

material. Hence, the ambiguous peaks were noticed for NTO nanofibers obtained at 773 

K having high structural disorder.  However, the peak around 773 cm-1 remain 

unassigned even with both experimental (Ruiz-Preciado et al. 2015) and theoretical 

(nanocrystallite) (Preciado et al. 2015) studies until the present study. Here, from the 

previous study on SNTO (Chapter 4) and by comparing the Raman spectra of spinel 

structures (D’Ippolito et al. 2015), thus suggest that this peak belongs to Raman mode 

of 1gA  for SNTO. Furthermore, this also corroborates the presence and existence of 

SNTO phase in nanofibers. 

 

Fig. 4.2 Raman spectra NTO nanofibers obtained at different T. 
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4.1.3 CIE plot from PL spectroscopy 

The CIE 1931 plot obtained for the PL spectra (Chapter 3, Section 3.1.3.2) in Figure 

4.3. The CIE plot shows a noteworthy shift of NTO nanofibers with increase in T, which 

demonstrate amalgamation of additional oxygen to the system. 

 

Fig. 4.3 CIE 1931 chromaticity diagram from PL spectra for NTO nanofibers developed 

at different T. 

4.1.4 DFT analysis 

The structural and physical properties of various ilmenite type titanates are studied 

theoretically using DFT analysis (Pontes Ribeiro et al. 2016; Yoshimatsu et al. 2017). 

To have the additional insight of the NTO phases (INTO and SNTO) over the 

competing band gaps for electrocatalyst or photocatalyst phenomena, the CB and VB 

were estimated by first principles DFT calculations. Figure 4.4a and b shows the DOS 

of INTO and SNTO, respectively. Apart from multiple band gaps mentioned in 

previous study ranging from 2.4-2.7 eV (Chapter 3, Section 3.1.3.1), two new band 

gaps were observed from the electronic structure calculations, i.e., 1.07 eV and 1.56 eV 

for INTO. And, 0.3 eV and 0.81 eV intermediate narrow band gaps were obtained for 

SNTO. The former 1.56 eV of INTO can be attributed to the absorbance peak for the 

3 3

2 2( ) ( )g gA F T F→  due to Ni2+ d-d transitions (as seen from Figure 3.10a). The latter, 
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1.07 eV of INTO and 0.81 eV of SNTO to 
3 3

2 1( ) ( )g gA F T F→  and its shoulder peak, 

which confirms the theoretical band gap is close to the value obtained from that of the 

experiments. The pseudo band gaps around 0.3 eV or sometimes less than ~1.5 eV are 

due to hybridization of strong covalent character Ni-O bonds, which is believed to 

hinder the 2 4Ni Ti+ +→  CT (M. Banerjee et al. 2015; Rawool et al. 2018). These 

transitions are in visible and infrared light region, and hence suggest the photocatalytic 

behavior of the nanofibers. For both INTO and SNTO phases, the VB is primarily 

fabricated of Ni 3d, and CB of Ti 3d, whereas there are additional sub-bands for both 

the phases above VB minima and below CB maxima. This result of INTO is in contrary 

to the DOS obtained in literature, where VB is predominant by O 2p orbitals (Li et al. 

2016a), whereas comparable to the other literature (Xin et al. 2014; M. Banerjee et al. 

2015; Preciado et al. 2015). 

 

Fig. 4.4 DOS calculated by DFT analysis for (a) INTO and (b) SNTO. Inset figures are 

the corresponding unit cells of INTO and SNTO phases. 

The band structure of INTO and SNTO in Figure I.6a and b, conveys that the 

SNTO is semi-metallic nature with closet to Fermi level being completely occupied. 
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However, unoccupied states are seen in VB or high CB. This can be attributed to highly 

defective phase of SNTO having oxygen vacancies or possibility of existence of 

intermetallic connection (Ni-O-Ti-O-Ni) as previously reported (Pontes Ribeiro et al. 

2016). However, such states have been confirmed with NCO and NiO/TiO2 DFT study, 

where favors in electrochemical redox reaction as communicative media for charge-

transfer (CT) and water absorption (Zhao et al. 2016; Naik et al. 2017). If such semi-

metallic/metallic states exists with the INTO, it has also been proven to increase the 

efficiency of catalyst for electrochemical water-splitting (INTO/Ni), experimentally 

(Dong et al. 2017).  

 

Fig. 4.5 Comparison of optical conductivity of INTO and SNTO acquired by DFT 

analysis. 

The optical conductivity of the INTO and SNTO were estimated from DFT 

analysis are shown in Figure 4.4 ranging 0 to 50 eV. The peaks below 50 eV belong to 

the UV-Vis light assisted inter-band transitions in the material. The hyperchromic effect 

for both INTO and SNTO is observed in the range of 4-7 eV due to the CT interactions 

in respective material. The optical conductivity reaches maxima at 4.46 eV and 5.96 eV 

for SNTO and ITNO, respectively. This suggests they are promising photocatalyst and 

electrocatalyst. A second maxima peak is observed for INTO around 19.21 eV, which 

decreases and shifts to lower energy (13.15 eV) in case of SNTO. This indicates that 
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INTO is more optically conductive to the incident photons of higher energies. The 

bathochromic shift in SNTO can be attributed to the smaller band gaps or rich Ni ion 

concentration (Amin et al. 2011, 2012). The overall picture of variation in the peaks of 

optical conductivity concludes the change in the band gaps of INTO and SNTO, 

expressing different behavior for incident photons. 

4.1.5 XPS depth profiling 

XPS studies were performed to confirm the elemental composition and valence states 

of elements present in NTO nanofibers developed at different T (Section I.9). The XPS 

depth profiling was carried out to understand the anatomy of NTO nanofibers obtained 

at 773 K (Figure 4.6), which seem to possess high structural disorder compared to the 

other two samples. Figure I.7a shows wide scan XPS spectra of NTO nanofibers 

synthesized at different T, and Figure 4.6a shows the XPS survey spectra of NTO 

nanofibers obtained at surface and two different depths of NTO nanofibers developed 

at T = 773 K. Both the survey spectra Figure I.7a and 4.6a confirms the presence of C, 

O, Ti, and Ni elements (Yang et al. 2014a; Dong et al. 2017) distributed non-

homogeneously over the NTO nanofibers (ratio of intensity of respective elements is 

not equal to one) (Subramanya et al. 2015). The deconvoluted high-resolution spectra 

of Ni 2p, Ti 2p, and O 1s (Figure I.7b-d) confirms the formation of INTO, which is in 

good accordance with literature (Qu et al. 2012; Yang et al. 2014a; Dong et al. 2017). 

The presence of defective O2- (Figure I.7b) even in XPS depth profiling (Figure 4.6b) 

suggests that these are not oxygen moieties or absorbed surface oxygen compounds, 

whereas distributed over bulk sample. This observation indeed helps in predicting the 

presence of SNTO in the NTO nanofibers. 

The high-resolution Ni 2p spectra observed in all samples as shown in Figure 

I.7c and 4.6c, suggests the presence of typical Ov Ni2+ ions (characteristic 2p spin orbital 

splitting separated by ~17.3 eV) in both INTO and SNTO (Yang et al. 2014a). It has to 

be noted that the Ni2+ ions in both crystal structures remain in Ov (Chapter 3). The 

hypsochromic shift in Ni 2p spectra of Ni2+ ions present in SNTO is attributed to the 

subtle change in ion charge by oxidation, i.e., Ni2+δ, which promote stability of non-

stoichiometry SNTO having oxygen deficiency (Braski et al. 1994). Furthermore, 

Figure 4.6c shows the existence of Ni0 (2p3/2 ca. 852.3 eV and 2p1/2 ca. 869.4 eV) (Dong 
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et al. 2017) after Ar+ ion sputtering during XPS depth profiling. This is ascribed to 

metallic Ni, which are formed due to the reduction of high valence Ni ions during Ar+ 

ion bombardment (Leinen D. et al. 2004).  

 

Fig. 4.6 XPS depth profiling analysis of NTO nanofibers obtained at T = 773 K: (a) 

survey spectra, (b) high-resolution spectra for O 1s, (c) high-resolution spectra for Ni 

2p, and (d) high-resolution spectra for Ti 2p (inset figure: spin-orbit splitting for Ti3+ 

ion). 

It is well-known that the Ti4+ ions occupy only the Ov in INTO, and Tv in SNTO 

(Chapter 3). The Ov and Tv located Ti4+ ions are easily distinguished in the high-

resolution XP spectra of Ti 2p (Figure I.7d and 4.6d), which is consistent with the 

literature.(Capel-Sanchez et al. 2000; Arillo et al. 2001) However, the presence of Ti4-

δ may be due to (i) charge neutrality in non-stoichiometry SNTO, (ii)  the reduction to 

low valent ion during XPS depth profiling, which is negligible due to low concentration 

of Ti ions in SNTO (Ni:Ti ~3.8) (Varga et al. 2012), or (iii) partial reduction of Ti4+ 
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ions during Ar+ ion etching (Leinen D. et al. 2004). Besides, the peak representing 2p1/2 

Ti4-δ ion due to oxygen deficiency (Bharti et al. 2016), might have been convoluted with 

tetrahedral 2p3/2 Ti4+ ions. It must be noted that 2p1/2 Ti4-δ ion have lower orbital energy 

than 2p3/2 Ti4-δ (inset Fig. I.7d and 4.6d) and hence the partial reduction in ionic charge 

is fulfilled by addition of electrons to lower valence. This clarifies the absence of 2p3/2 

Ti4-δ peak in Ti 2p XP spectra of the samples. These results further corroborate the 

presence of SNTO in NTO nanofibers. 

4.1.6 Bifunctional electrocatalyst for water-splitting 

4.1.6.1 HER 

The electrocatalytic HER of NTO/GE nanofibers in alkaline medium was studied via 

CV and CP methods, and electrocatalytic parameters were evaluated by Tafel plots. In 

electrochemistry, HER is comprehensively studied through its ease in producing pure 

hydrogen gas. The protons from the electrolyte are adsorbed on the active sites of the 

electrocatalyst surface (cathode) through HER and receive electrons to form 

chemisorbed hydrogen atoms, which later disengage as hydrogen gas (Ullal and Hegde 

2014; George et al. 2015; Subramanya et al. 2015). In this regard, CV analysis is a well-

established technique to comprehend the thermodynamics of redox reactions and 

kinetics of adsorption process. Besides, the CP analysis is a basis for evaluating the 

material stability, where a definite controlled current is applied between electrodes 

(three electrode system) as the redox reactions occur at the active sites of the working 

electrode. 

 Figure 4.7 shows the results of the CV analysis for HER. For all working 

electrodes during HER, CV analysis was conducted in a negative potential range (0 to 

-1.6 V) with 50 cycles under 1 M KOH. The optimal scan rate for the HER efficiency 

of NTO/GE was selected based on the CV tests of NTO nanofibers obtained at T = 773 

K at different scan rates (5, 25, 50, and 100 mV·s-1) (George et al. 2015). The maximum 

peak current attained after equilibrium was observed for the scan rate of 100 mV·s-1 for 

the stable cycle. Hence, CV analysis for all working electrodes were performed at this 

scan rate. Furthermore, the peak current at -1.6 V decreased sequentially for each 

sample during 50 cycles of CV analysis until it attained an equilibrium and became 

constant for the rearmost cycles. This retarding peak current within 50 cycles is 
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attributed to the increase in resistance instituted by the hydrogen bubbles formed on the 

NTO/GE surface. Later, these hydrogen bubbles stabilize once they attain equilibrium 

in the formation and detachment of hydrogen gas, which leads to constant peak current 

for hindmost cycles. From Figure 4.7 and Table 4.2, it is found that the least peak 

current was observed for NTO/GE obtained at T = 773 K. This highest electrocatalytic 

activity of NTO nanofibers synthesized at T = 773 K is attributed to the high surface 

area, morphology and defective active sites (especially from non-stoichiometric 

SNTO), which will be further discussed in Section 4.1.6.3. The onset potential for HER 

was measured from CV plots and tabulated in Table 4.2. 

 

Fig. 4.7 CV curves for HER analysis using NTO/GE developed at different T. 

The typical operating current densities for the conventional low pressure 

alkaline electrolyzers in industry range from -100 to -300 mA·cm-2 (Subramanya et al. 

2015). To evaluate the electrocatalytic behavior of the electrodes, CP analysis was 

monitored at a constant current density applied over sufficient period. The CP analysis for 

the liberation of hydrogen on NTO/GE electrodes were obtained at a constant current of -

300 mA for a period of 1800 s. This optimal stable current for hydrogen gas evolution 

was fixed after measuring the amount of hydrogen gas evolved using NTO/GE obtained 

at T = 773 K at different applied currents (Section I.10). Furthermore, by measuring the 

amount of hydrogen gas evolved for the initial 300 s, the electrocatalytic activity of all 
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the NTO/GE electrodes obtained at different pyrolysis temperatures was estimated. The 

nature of CP plots is shown in Figure 4.8 for all the working electrodes and the inset 

Figure 4.8 shows the volume of hydrogen gas evolved on the corresponding working 

electrode for the initial 300 s. The production of hydrogen gas is maximum for the 

NTO/GE obtained at T = 773 K. This result is an evidence for the best electrocatalytic 

activity of NTO/GE obtained at T = 773 K for HER in present study. 

Table 4.2: HER and OER parameters of NTO nanofibers developed at T. Tv: 

Tetrahedral void and Ov: Octahedral void. 

T 

(K) 

Cathodic 

peak current 

at 1.6 V 

(mA) 

Onset potential of 

H2 evolution, Ewe 

vs. SCE 

(V) 

Anodic peak 

current at 

0.75 V 

(mA) 

Onset potential of 

O2 evolution, 

Ewe vs. SCE 

(V) 

Ti 

in Tv 

Ni 

in Ov 

Ti 

in Tv 

Ni 

in Ov 

773 -46.4 -0.37 -0.69 42.6 0.19 0.382 

973 -18.5 -0.38 -0.74 125 0.19 0.336 

1173 -11.6 -0.38 -0.82 211 0.18 0.296 

 

Fig. 4.8 CP stability responses attained by NTO/GE developed at different T, for HER. 

Inset figure: H2 liberated for 300 s for corresponding NTO/GE. 
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4.1.6.2 OER 

Similar to HER, the NTO/GE developed at different T were evaluated for their 

electrocatalytic behavior in OER. For OER, the CV analysis were conducted in the 

positive potential window of 0 to 0.75 V at scan rate of 100 mV·s-1. The onset potential 

for incessant liberation of oxygen gas was recorded from the CV plots. From Figure 4.9 

and Table 4.2, it was determined that the NTO/GE obtained at T = 1173 K showed the 

supreme electrocatalytic behavior with the least onset potential of 0.296 V towards 

OER.  

 

Fig. 4.9 CV curves for OER analysis using NTO/GE developed at different T.  

The stability and competence of NTO/GE for OER was also studied using CP 

analysis. The optimal operating current density for OER was chosen on similar grounds 

as HER (Section I.11), but with a positive current value, i.e., +300 mA for a time 

interval of 1800 s. When this current was applied, the potential was found to decrease 

drastically as shown in CP plots (Figure 4.10), until it reached an equilibrium potential, 

where OH- oxidizes to O2. At this equilibrium, the oxygen gas bubbles forming at the 

active site of the NTO nanofiber surface and ones that are escaping attain steadiness, 

which keeps the potential stable throughout the experiment. 
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Fig. 4.10 CP stability responses attained by NTO/GE developed at different T, for OER. 

Inset figure: O2 liberated for 300 s for corresponding NTO/GE. 

The relative volume of oxygen gas evolved in 300 s for NTO/GE, corresponding 

to different pyrolysis temperature is shown in the inset Figure 4.10. The NTO/GE 

obtained at T = 1173 K exhibited the least onset potential for oxygen gas liberation, in 

contrast to that observed for hydrogen gas liberation. This observation shows that the 

NTO/GE obtained at T = 1173 K was a more efficient electrocatalyst for OER. In other 

words, NTO/GE obtained at T = 1173 K possesses the highest electrocatalytic 

efficiency, presumably due to adsorption of more OH- ions on active sites of the surface 

from electrolyte. This can be understood by the large crystallite size of NTO nanofibers 

obtained at T = 1173 K, which favors the colonization of the large OH- ions on the 

active sites though it is not the recommended material for HER (due to low surface area 

and lesser defective active sites), as discussed previously. On the other hand, the 

NTO/GE obtained at T = 773 K displays the minimum electrocatalytic competence for 

OER due to lack of surface activity towards OH- ions adsorption. Therefore, it could be 

concluded that the electrocatalyst surface favoring the anodic reaction has a hostile 

outcome on the cathodic reaction and vice versa. 

4.1.6.3 Tafel polarization plot 

The electrocatalysts prepared under different T are analyzed for their kinetic behavior 

using Tafel polarization plot. The Tafel plot of NTO/GE electrodes were obtained by 
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linear sweep voltammetry at a scan rate of 5 mV·s-1. The b  for both the HER and OER 

were determined from Tafel plot (Figure 4.11) and tabulated in Table 4.2.  In alkaline 

medium, HER in general trails through two different mechanisms either as Volmer-

Tafel (Equation 4.2 and 4.3) or Volmer-Heyrovsky (Equation 4.2 and 4.4) process 

(Subramanya et al. 2015). 

The Volmer reaction by electrochemical hydrogen atom adsorption is written as:  

2 adsH O M e M H OH− −+ +  − +                                                                              (4.2) 

and the Tafel reaction by chemical desorption as:  

22 2adsM H M H−  +                                                                                             (4.3) 

The Heyrovsky reaction by electrochemical desorption is:  

2 2adsM H H O e M OH H− −− + +  + +                                                                   (4.4) 

Both Volmer-Tafel and Volmer-Heyrovsky processes involve the H2O molecule 

adsorption, and its electrochemical reduction to adsorbed H atom (Hads) and OH- ion. 

Later, the OH- ion is desorbed to electrolyte to create fresh surface and active Hads 

intermediate in formed to liberate H2 (Subramanya et al. 2015). Generally, depending 

upon the cb , the rate-determining step is Volmer ( cb  >100 mV·dec-1), Heyrovsky ( cb

about 40 mV·dec-1), or Tafel ( cb  about 30 mV·dec-1) (Conway and Tilak 2002). In case 

of electrochemically activated WE, the Volmer-Heyrovsky mechanism is facile and the 

rate-determining step is a mixed process (Choquette et al. 1990). The cb  for NTO/GE 

obtained at T = 773 K is close to Volmer-Heyrovsky mechanism and best suitable for 

HER compared to NTO/GE obtained at T = 973 K and T = 1173 K.  It was observed 

that the Ni-based materials hold suitable binding energy for Hads close to Pt, though the 

electrocatalytic activity for HER is less compared with Pt/C.(Dong et al. 2017) Table 

4.2 shows that the performance of HER activity (i.e., cb ) of the NTO/GE nanofibers is 

better than values reported earlier in literature, which falls near to Pt/C, especially for 

NTO/GE obtained at T = 773 K. This is attributed to the (i) uniform compositions of 
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INTO and SNTO as seen from XPS, and (ii) synergetic kinetics of INTO/SNTO, where 

the defective SNTO behaves similar to a pure metallic Ni as seen from DFT analysis. 

 

Fig. 4.11 Comparison of Tafel polarization plots and slopes, for HER and OER, of 

NTO/GE developed at different T. 

It has been reported that pure Ni has favorable active site for Hads, whereas 

INTO favors the absorption of OH- ions, which also occupy the active sites of Hads in 

INTO (Subramanya et al. 2015; Dong et al. 2017). Furthermore, the NTO nanofibers 

obtained at T = 773 K has greater porosity (HRTEM, Figure 4.1) compared to those 

obtained at 1173 K. This suggests that ease of adsorption of large OH- ions onto the 

active surface and follow OER process. Hence, the synergetic effect of both structural 

factor and compositional distribution contributes to the respective HER and OER 

process. It has also been reported that the presence of Ti4+ ions in INTO is advantageous 

to improve the stability of the electrocatalyst in case of INTO/Ni. However, the role of 

Ti4+ ions in INTO/STNO composite nanofibers can be attributed to (i) the stability of 

INTO for OER process in forming a stoichiometric phase (Dong et al. 2017) and (ii) 

low valence Ti ions as seen from XPS in STNO apart from forming a defective non-

stoichiometric phase, may also help in HER process (Zuo et al. 2010; Lu et al. 2015; 

Swaminathan et al. 2016). These observations are in good agreement with the HER and 

OER results obtained by CV analysis, where the NTO/GE consisting less STNO (Table 
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3.2, Chapter 4), shows up more OER activity and vice versa. The performance of OER 

activity is highest for NTO/GE obtained at T = 1173 K, having least ab . The ab  values 

(Table 4.2) obtained for NTO nanofibers are akin to the values in literature as well as 

better than the commercial used material, like RuO2 (Dong et al. 2017), suggest the 

complimentary OER kinetics of NTO nanofibers. In general, the OER mechanism in 

alkaline solution for active sites represented as   on the surface of electrocatalyst is as 

given by (Dong et al. 2017; Anantharaj et al. 2018; Li et al. 2018): 

OH OH e− − −+  − +                                                                                            (4.5) 

2OH OH O e H O− − −− +  − + +                                                                         (4.6) 

O OH OOH e− −− +  − +                                                                                   (4.7) 

2 2OOH OH O e H O− −− +  − + +                                                                      (4.8) 

2 2O O− +                                                                                                          (4.9) 

Furthermore, in Figure 4.7 and 4.9, the presence of two onset potential can be 

attributed to the activation of two different ions (Ni in Ov and Ti in Tv) at active sites 

(Rasiyah et al. 1982; Rasiyah and Tseung 1983)  from the respective favorable phases. 

On second onset potential, the Ni rich active sites are activated, which increase the 

current output as seen from HER and OER CV plots. Overall, the analysis concludes 

that the NTO/GE obtained at T = 773 K is an excellent cathodic electrode for 

electrolysis in alkaline medium. In addition, the NTO/GE obtained at T = 1173 K 

outperforms as an anode for the same electrolysis process. Hence, these NTO 

nanofibers based NTO/GE electrodes have a huge potential as candidate materials for 

large scale production of H2 and O2 by water-splitting process.
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Table 4.3: Comparison of synthesis, morphology, HER, and OER parameters with some reported mono/bifunctional electrocatalysts. 

Synthesis of 

material 

Type of 

electrode 

(Electrocatalyst 

morphology) 

Onset potential 

of H2 evolution 

(V vs. SCE) 

Onset potential 

of O2 evolution 

(V vs. SCE) 

Tafel slope 

for HER 

(mV·dec-1) 

Tafel slope 

for OER 

(mV·dec-1) 

Electrolyte Reference 

Sol-gel 

assisted 

electrospinning 

followed by 

pyrolysis for t 

= 2 h 

NTO 

nanofibers/GE, 

obtained at T = 

773 K and t = 2 h 

(Mosaic 

structured 

nanofiber) 

-0.69 

or 

-0.446 vs. RHE 

or 

-0.653 vs. 

RHE@10 mA·cm-2 

0.382 

or 

0.626 vs. RHE 

or 

0.554 vs. RHE@10 

mA·cm-2 

58.9 79.5 

1 M KOH 
Present 

work NTO 

nanofibers/GE, 

obtained at T = 

973 K and t = 2 h 

 (Mosaic 

structured 

nanofiber) 

-0.74 

or 

-0.496 vs. RHE 

or 

-1.020 vs. 

RHE@10 mA·cm-2 

0.336 

or 

0.58 vs. RHE 

or 

0.304 vs. RHE@10 

mA·cm-2 

77.3 72.1 
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NTO 

nanofibers/GE, 

obtained at T = 

773 K and t = 2 h 

(Bamboo 

structured 

nanofiber) 

-0.82 

or 

-0.576 vs. RHE 

or 

-1.263 vs. 

RHE@10 mA·cm-2 

0.296 

or 

0.54 vs. RHE 

or 

0.266 vs. RHE@10 

mA·cm-2 

84.7 64.8   

Sol-gel 

assisted 

electrospinning 

followed by 

pyrolysis for t 

= 4 h 

NCO 

nanofibers/GE, 

obtained at T = 

773 K 

(Mosaic 

structured 

nanofiber) 

-0.781 

or 

-0.537 vs. RHE 

or 

-0.914 vs. 

RHE@10 mA·cm-2 

0.491 

or 

0.735 vs. RHE 

or 

0.855 vs. RHE@10 

mA·cm-2 

37.6 67.0 1 M NaOH 

Chapter 8 

of this 

thesis 

Sol-gel 

assisted 

electrospinning 

followed by 

Co3O4 

nanofibers/GE,  

obtained at T = 

773 K 

-1.26 

or 

-1.016 vs. RHE 

0.54 

or 

0.784 vs. RHE 

- - 1 M KOH 
(George et 

al. 2015) 
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pyrolysis for t 

= 2 h 

(Bamboo 

structured 

nanofiber) 

      

Precipitation 

method 

followed by 

pyrolysis for t 

= 6 h (1173 K) 

and reduction 

for 2 h 

INTO/Ni,  

obtained using 

reduction 

atmosphere of 

723 K 

(Villiform 

structured 

nanosheets) 

-0.05 vs. RHE 

or 

-0.196 vs. RHE@10 

mA·cm-2 

1.5 vs. RHE 

or 

1.566 vs. RHE@10 

mA·cm-2 

118 62.2 0.1 M KOH 
(Dong et 

al. 2017) 

Reverse 

microemulsion 

method for 27 

h (383 K) 

followed by 

pyrolysis for t 

= 2 h 

NiO/TiO2/GE, 

obtained at T = 

773 K 

(Monolayer 

nanosheets) 

 

- 
1.55 vs. RHE@10 

mA·cm-2 
- 52 1 M KOH 

(Zhao et al. 

2016) 
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Solid-state 

reaction 

followed by 

pyrolysis for t 

= 1 h 

Ni2P/GE, 

 obtained at using 

N2 atmosphere of 

523 K 

(Nanoparticles) 

-0.221 vs. RHE@10 

mA·cm-2 

1.45 vs. RHE 

or 

1.52 vs. RHE@10 

mA·cm-2 

- 47 1 M KOH 
(Stern et al. 

2015) 

Electrodepositi

on followed by 

selenization 

(Graphene/Ni 

mesh by 

chemical 

vapour 

deposition) 

NiSe/Graphene/N

i mesh 

(Nanowalls) 

- 

1.6 vs. RHE 

or 

1.66 vs. RHE@10 

mA·cm-2 

- 83.4 1 M KOH 
(Li et al. 

2016b) 

Hydrothermal 

synthesis for 8 

h 

NiCo2S4/Ni foam, 

obtained at 393 K 

(Nanowires) 

-0.21 vs RHE 

or 

-0.310 vs. RHE@10 

mA·cm-2 

1.5 vs. RHE 

or 

1.57 vs. RHE@10 

mA·cm-2 

58.9 40.1 
0.1 M 

KOH 

(Sivananth

am et al. 

2016) 

Solvothermal 

process 

followed by 

Hierarchical 

NCO/Ni foam, 

-0.110 vs. 

RHE@10 mA·cm-2 

1.52 vs. RHE@10 

mA·cm-2 
49.7 53.0 1 M NaOH 

(Gao et al. 

2016) 
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pyrolysis for t 

= 2 h 

obtained T = 623 

K 

(Hollow 

microcuboids) 

      

Thermal 

decomposition 

process for 2.5 

h 

Ni2P /GE, 

obtained T = 593 

K 

(Hollow and Solid 

nanocrystals) 

-0.088 vs RHE 

or 

-0.124 vs. 

RHE@10 mA·cm-2 

- 53.0 - 0.5 H2SO4 
(Pan et al. 

2015) 

Hydrothermal 

process 

followed by 

pyrolysis for t 

= 2 h (573 K) 

and 

hydrogenation 

for 3 h 

Ni@NiO/Ni 

foam, 

obtained using 

reduction 

atmosphere of 473-

573 K 

(Core shell 

Nanosheets) 

-0.07 vs RHE 

or 

-0.149 vs. 

RHE@10 mA·cm-2 

- 69 - 1 M KOH 
(Yan et al. 

2015b) 

Hydrothermal 

process 

TiN@Ni3N/Ti 

foil, 

-0.015 vs RHE 

or 

1.52 vs RHE 

or 
42.1 93.7 1 M KOH 

(Zhang et 

al. 2016) 
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followed by 

pyrolysis for t 

= 3 h (823 K) 

and 

ammonization 

for 2 h 

obtained using 

ammonia 

atmosphere of 

1073 K 

(Myriophyllum-like 

 nanowires) 

-0.021 vs. 

RHE@10 mA·cm-2 

1.58 vs. RHE@10 

mA·cm-2 

    

ERHE = ESCE + 0.244 V, Onset potential of HER = overpotential + 0 V, Onset potential of OER = overpotential + 1.23 V, GE: nitrogen 

doped- rGO/graphite electrode.  
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4.2 SUMMARY AND CONCLUSIONS 

The mosaic structured NTO nanofibers (especially developed at T = 773 K), which 

consist of high amount of SNTO and small crystallite size in comparison to the bamboo 

structure (developed at T = 1173 K), show superior electrocatalytic activity for HER. 

The bamboo structured NTO, which have lesser amount of SNTO and larger crystallite 

size, show dominance towards OER. The HER and OER performance of the different 

NTO structures may be understood based on (i) the rational affinity of H+ ions towards 

SNTO and the large number of OH- ions adsorption at INTO (ii) the favorable 

composition of INTO and SNTO in different NTO nanofibers, and (iii) the conducive 

morphology for the diffusion of electrolyte to reach the preferred mating active sites. 

The NTO nanofibers obtained at T = 773 K exhibits higher electrocatalytic activity for 

HER and is promising as a good cathode material for alkaline water-splitting. Besides, 

the one that is tailored at T = 1173 K outperforms as anode, with effective OER 

performance. In summary, SNTO/INTO nanofibers have wide potential as 

photo/electrochemical catalysts in water-splitting and other photo/electrocatalyst 

assisted applications.  
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CHAPTER 5 

MAGNETIC BEHAVIOUR OF POLYMORPH COMPOSITE 

NICKEL TITANATE NANOFIBERS 

 

Scheme 5.1 Variation in magnetic parameters with NTO nanofiber morphology as a 

function of T.  

In this chapter, the magnetic behavior of as-synthesized polymorph (SNTO/INTO) 

composite nanofibers of NTO in Chapter 3 was studied at isothermal ( T  = 20, 50, and 

300 K) and non-isothermal conditions ( T  varying between 20 K and 300 K at constant 

H  of 500 G). The magnetic parameters such as cH , rM , and sM  were found to be 

strongly dependent on T. This is presumably due to the synergetic effect of SNTO/INTO 

exchange coupling, structural defects in crystallites, long range ordering in the 

nanoparticles/nanofibers and the morphology of NTO nanofibers (function of T). The 

highest cH  (342.44 G at T  = 300 K) and rM  (0.0306 emu·g-1 at T  = 20 K) were 

observed for NTO nanofibers developed at T = 973 K, which have mosaic structured 

morphology with SNTO and INTO crystallite sizes of ~39 nm and ~24 nm, respectively, 

and the highest K  (~1.2   104 erg·cm-3). On the other hand, the highest sM  (5.3 emu·g-
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1 at T  = 20 K) and SFD  = 12.4 was observed for mosaic structured NTO nanofibers 

having smaller crystallites (~13 nm and 24 nm for SNTO and INTO, respectively, with 

high inter-particle distance and high porosity) developed at T = 773 K, which is also 

rich in SNTO content. The correlation between the variation in magnetic features and 

structural-morphological change of NTO nanofibers was studied as a function of T. 

5.1 RESULTS AND DISCUSSION 

5.1.1 Morphological and structural features 

The AFD and the arrangement of NTO nanoparticles (which were imbedded in the NTO 

nanofibers) of NTO nanofibers substantial changed as a function of T as seen from 

Figure 3.4, Section 3.1.2.1 of Chapter 3. The small NTO nanoparticles were distributed 

along the NTO nanofibers developed at T = 773 K (Fig. 3.4g), whereas these 

nanoparticles coarsened with increase in T to 973 K (Fig. 3.4h). These two samples 

form a mosaic structure with NTO nanoparticles creating high porosity (Section 

3.1.2.6) along the NTO nanofiber. At T = 1173 K (Fig. 3.4i), the nanoparticles coarsen 

further to form bamboo structure with many larger particles connected to each other, 

reducing the porosity in the nanofiber (Section 3.1.2.6). It is also noted that the 

structural as well as stoichiometry defects are reduced at higher T from Chapter 3 and 

4.  

5.1.2 Isothermal VSM analysis 

Figure 5.1 shows the isothermal hysteresis loops ( M - H  curves) at T  = 300 K of NTO 

nanofibers developed at different T. The inset Figure 5.1 shows narrow loops for all the 

three samples, indicating the presence of weak FM at T  = 300 K. Furthermore, Figure 

5.1 also suggests a significant difference in the magnetic parameters of NTO nanofibers 

developed at different T. The magnetic parameters such as cH , rM , and sM  were 

measured and tabulated in Table 5.1 for T  = 300, 50, and 20 K. The data in graphical 

form is depicted in Figure 5.2. It is observed that the cH  increases with respect to 

increase in T  in all samples, while it had its highest value for the sample with T = 973 

K at each individual T  value (Fig. 5.2a). The magnetic, crystallite, and morphological 

parameters of nanofibers of other oxides such as NCO, NiO, and Co3O4, prepared 
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earlier by similar techniques are compared with NTO nanofibers developed in the 

present study in Table 5.1 and Table 5.2.  

 

Fig. 5.1 Hysteresis curve obtained at T  = 300 K for NTO nanofibers developed at T = 

773, 973, and 1173 K. 

In Figure 5.2b, it is seen that the rM  values decrease with respect to increase in 

T , however, the highest values were still observed for the sample with T = 973 K. 

Figure 5.2c shows that there is a significant decrease in the sM  with decrease in T  for 

all the three samples, but at each T , the sM  is nearly the same for the samples with T 

= 973 K and 1173 K. The earlier study has confirmed the absence of metallic Ni or Ti 

phases through XRD (Section 3.1.2.3) and XPS (Section 4.1.5 and I.9) analyses. 

Therefore, the magnetic parameters measured here are representative of the INTO and 

SNTO phase mixture in the NTO nanofibers. The net magnetic property of NTO 

nanofibers is the synergetic effect of AFM INTO, FM SNTO, as well as the 

morphological features of NTO nanofibers. The existence of weak FM due to discrete 

regions of AFM and FM phases in other mixed transition metal oxides, has been 

reported earlier (Troyanchuk et al. 2003). The anomalous increase in cH  with an 

associated decrease in rM  with T  has been observed in INTO by (Modak et al. 2018). 



CHAPTER 5 

108 

 

This was supposedly due to the layered hexagonal planar structure of Ni ions in NTO, 

as explained next. 

 

Fig. 5.2 Comparison of (a) coercivity: cH , (b) remanence: rM , and (c) saturation 

magnetization: sM  obtained at different T  (20, 50, and 300 K) for NTO nanofibers 

developed at T = 773, 973, and 1173 K.
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Table 5.1: Magnetic parameters measured at different T  for NTO nanofibers of the present study and other oxides in earlier literature 

synthesized at different pyrolysis conditions. 

Materials 

Pyrolysis 

soaking 

conditions 

D  

(nm) 

Average 

fiber/(particle) 

diameter 

(nm) 

T
  

(K) 

c
H  

(G) 

r
M  

(emu·g-1) 

s
M  

(emu·g-1) 
Reference 

NTO composite nanofibers 

prepared by sol-gel 

assisted electrospinning 

and followed pyrolysis  

T = 773 K, 

t = 2 h 
17.0 

130 

(16.9) 

300 138.9 0.0038 0.49 

Present study 

50 30.0 0.0053 2.3 

20 15.0 0.0079 5.3 

T = 973 K, 

t = 2 h 
32.3 

144 

(24.6) 

300 342.4 0.0098 0.58 

50 207.5 0.0299 1.84 

20 149.8 0.0306 2.9 

T = 1173 K, 

t = 2 h 
57.0 

188 

(91.5) 

300 210.8 0.0073 0.6 

50 72.1 0.0107 1.99 

20 55.2 0.0125 3.03 

NCO nanofibers prepared 

by similar technique 

T = 773 K, 

t = 2 h 
16.2 117 300 550.3 0.2964 4.11 Chapter 9 of this 

thesis 
T = 773 K, 14.4 268 300 393.6 0.0975 4.06 
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t = 4 h       

 T = 773 K, 

t = 6 h 
16.7 283 300 119.9 1.2438 9.8 

NiO nanofibers prepared 

by similar technique 

T = 773 K, 

t = 2 h 
43.5 135 300 97.7 0.472 - 

(George and 

Anandhan 2014b) 

T = 873 K, 

t = 2 h 
50.5 104 300 107.3 0.0429 - 

T = 973 K, 

t = 2 h 
63.9 88 300 150.3 0.0366 - 

Co3O4 nanofibers prepared 

by similar technique 

T = 773 K, 

t = 2 h 
19.8 126 300 91.4 0.0658 - 

(George 2015; 

George and 

Anandhan 2015a) 

T = 873 K, 

t = 2 h 
22.3 101 300 91.5 0.050 - 

T = 973 K, 

t = 2 h 
31.5 96 300 90.8 0.037 - 

NTO microcrystals 

prepared by simple molten 

salt technique 

T = 1123 K, 

t = 10 h 
70 (238) 

300 157 0.209 - 

(Yuvaraj et al. 

2013) 

100 216 0.321 - 

15 155 0.545 - 

5 168 0.561 - 
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Table 5.2: Comparison of squareness ( S ), switching field distribution ( SFD ), and anisotropy constant ( K ) for T  = 300 K of NTO and 

NCO nanofibers developed at different pyrolysis conditions. Curie constant ( C ) and Weiss temperature ( w ) for NTO nanofibers 

developed at T = 773, 973, and 1173 K. 

Materials 
Pyrolysis 

conditions 
S  SFD  

K    10-4 

(erg·cm-3) 

C    10-4 

[emu·K·(G·g)-1)] 

w
  

(K) 

NTO nanofibers 

T = 773 K, t = 2 h 0.008 12.4 0.43 
1.53 -20.6 

T = 973 K, t = 2 h 0.017 7.3 1.25 
2.90 -97.2 

T = 1173 K, t = 2 h 0.012 7.8 0.79 
3.72 -137.9 

NCO nanofibers 

prepared by similar 

technique 

(Chapter 9 of this 

thesis) 

T = 773 K, t = 2 h 0.072 10.9 1.42 
- - 

T = 773 K, t = 4 h 0.024 23.7 1.00 
- - 

T = 773 K, t = 6 h 0.127 7.8 0.74 
- - 
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The major factors that affect cH  are: (i) magnetocrystalline anisotropy, (ii) 

shape anisotropy, and (iii) the exchange coupling at the interface between FM-AFM 

regions. Among these, (ii) and (iii) are particularly relevant to the present system. The 

shape anisotropy here arises from the nanoparticle/nanofiber morphology. As 

mentioned the sample with T = 973 K has a mosaic structure with larger crystallites and 

less porosity. The anisotropy in this sample will be more compared to the rod-like 

bamboo structured sample of T = 1173 K, as the former tends to behave similar to 

nanosheets or thin films (Vranješ et al. 2014; Kumar et al. 2018). Therefore, the cH  

and rM  is higher in NTO nanofibers developed at T = 973 K. Although the sample 

with T = 773 K also possesses the mosaic structure, it has much smaller crystallite size 

and a highly porous structure, which leads to lack of magnetic ordering, thus resulting 

in lower cH  and rM  (Thakur et al. 2013). 

The TN for INTO has been determined to be near 23 K (Heller et al. 1963; 

Watanabe et al. 1980). Below T  = 23 K, the in-plane ordering of the Ni moments is 

FM, while ordering across the planes is AFM. Above T  = 23 K, the coupling between 

the hexagonal planes of Ni2+ in INTO is very week. So, the FM hexagonal Ni2+ planes 

remain uncorrelated with each other. Therefore, the surface moments on the larger 

particles make a transition from a canted AFM state with net moment to many 

uncorrelated 2D FM planes. In other words, above T  = 23 K, the surface of each 

magnetic nanoparticle may be seen as a collection of many FM planes, each of which 

might be blocked along its own anisotropy axis. This results in the anomalous increase 

in cH  with increase in T . Ordinarily, a decrease in cH  with T  would have been 

expected in INTO on the basis of the core-shell nanostructure model.(Yuvaraj et al. 

2013) According to this theory, a higher magnetic field would be required to flip the 

strong AFM spin interaction between cations (Ni2+-Ni2+) in the core, which are aligned 

in antiparallel fashion. In the present case, the highest cH  observed at T  = 300 K is 

because of the uncompensated spins in the shell surface increase, breaking their AFM 

interaction with core spins. Furthermore, among the three samples developed at 

different T, the high value of cH  observed for the sample developed at T = 973 K 
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suggests that the AFM coupling strength is the strongest in these nanoparticles, which 

may be due to the presence of large crystallites of INTO with less porosity or the large 

defective crystallites of SNTO, as spinel phase is normally FM, compared to sample 

developed at T = 773 K. In addition, this sample at T = 973 K also behaves similar to a 

thin film with high shape anisotropy unlike rod-like (bamboo) structure of sample at T 

= 1173 K, which contributes to high cH  in samples developed at T = 973 K (Kumar et 

al. 2018). 

FM contribution is also caused by creation of F-centers in oxygen vacancy. The 

electron orbital trapped near a vacancy by polaronic effect has a large radius and can 

overlap with the d-orbitals of the neighboring magnetic ions to form an F-center BMP 

in NTO nanofibers (Typek et al. 2016; Kumar et al. 2018). This phenomenon depends 

on temperature and can significantly influence the cH  of the material based on its T. It 

is known that rM  is also related to temperature through the electronic structure of the 

material. The rM  increases with the number of 3d unpaired electrons. At higher T, the 

defective SNTO crystallites are larger in size with more cationic defects in presence of 

oxygen rich environment (Kumar et al. 2017), which in turn means more unpaired 

electrons in the form of Ni3+ cations. This causes the rM  to increase in the NTO 

nanofibers developed at higher T (Sangaletti et al. 2006). In addition, the least rM  at 

T = 773 K or the slight decrease in rM  from T = 973 K to T = 1173 K can be attributed 

also to the existence of uncompensated spin from surface of nanoparticle and spin 

canting effect due to the morphological change in the material (Varga et al. 2015b; 

Kumar et al. 2018). These phenomena also suggest a weak FM response in the material, 

which leads to decrease in cH  for T = 773 K and 1173 K as seen from Table 5.1. The 

variation in sM  is attributed to super-exchange interactions, crystallinity, particle size 

and surface AFM oxidation (Umeshbabu et al. 2015). First, the super-exchange d-d 

interactions between the neighboring atoms may be responsible for the relatively higher 

values of sM  in case of NTO nanofibers developed at T = 773 K (lattice parameters 

are the least in this material, Table 3.1, Section 3.1.2.3). These nanofibers also have the 

maximum concentration of the SNTO phase (Table 3.2), in which the Ni-Ni inter-
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cationic distance is the closest, favoring the super-exchange d-d interactions (Bahadur 

et al. 2012; Vranješ et al. 2014). Thus, NTO nanofibers developed at T = 773 K possess 

higher values of sM . Furthermore, at lower T  when distance between cations is less, 

the spins are repelled, and orient themselves in an antiparallel fashion. This results in 

increase in number of uncompensated spins in the shell (core-shell model) of 

nanoparticles, which breaks their AFM interaction in the core spin causing spin disorder 

in material (Yuvaraj et al. 2013). Hence, higher value of sM  (Fig. 5.2c) and 

magnetization (Fig. 5.4, Section 5.1.3) is observed for the lease T or T .  

In summary, the variation in the magnetic parameters in NTO nanofibers can be 

understood by a combination of the following effects: (i) exchange interaction between 

cationic (Ni and Ti) atoms within the SNTO and INTO crystal/crystallite, (ii) ordering 

of the SNTO and INTO crystallites having exchange interaction within the 

nanoparticle, and (iii) long-range ordering of nanoparticles having exchange interaction 

along the NTO nanofiber. 

The S , SFD , and K  were calculated and are tabulated in Table 5.2 for T  = 

300 K, using the following relations (McHenry et al. 1995; Sontu et al. 2015):  

r

s

M
S

M
= ,                                                                                                                      (5.1) 

where sM  is the saturation magnetization obtained from the hysteresis loop, 

c

H
SFD

H


= ,                                                                                                                 (5.2) 

where H  is the FWHM of the curve 
dM

dH
, and 

0

2

c sH M
K


= ,                                                                                                           (5.3) 

where 0  is the permeability constant. Figure 5.3 shows the change in S , SFD , and 

K  as a function of morphological change in NTO nanofibers (viz., T). The NTO 

nanofibers with the least crystallite/particle size, and the highest porosity (refer Chapter 
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3) with mosaic structure (T = 773 K) exhibits the least S  and K , but the highest SFD

. On the contrary, the large crystallite/particle sized NTO nanofibers with similar 

mosaic structure (T = 973 K) have much higher S  and K , and the least SFD . The 

values of S  and K  again reduce, while the SFD  increases (Fig. 5.3), when the 

crystallite/particle size increase further in the bamboo structured NTO nanofibers (T = 

1173 K) having the less porosity. 

 

Fig. 5.3 Morphology-magnetic property correlation of NTO nanofibers developed at T 

= 773, 973, and 1173 K. 

5.1.3 Non-isothermal VSM analysis 

Figure 5.4 represents the ZFC-FC plots recorded for H  of 500 G for the NTO 

nanofibers developed at different T. The secondary y-axis in Figure 5.4 is the FC 

derived 
1 −
 plotted against T . The ZFC-FC plot suggests that both the TB 

(magnetization maxima of ZFC mode) and TN ( T  above which AFM to paramagnetic 

transition of the material occurs) lies below 20 K. It was reported earlier that TN shifts 
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to lower value (14.9 K) when the D  of NTO was decreased from bulk (~ 23 K) (Yuvaraj 

et al. 2013). The influence of off-stoichiometry of NTO on the TN was reported in 

literature and it linearly increases with increase in Ni content, which leads to stronger 

AFM ordering (Varga et al. 2015b). This suggests the higher TN value for nanofibers 

developed at T = 773 K, which is rich in SNTO. It has to be noted that the bigger the 

particle, the higher the TB (Typek et al. 2016). It is also observed that the magnetization 

is highest for NTO nanofibers obtained at T = 773 K. This can be attributed to the 

uncompensated FM layers of INTO on the surface of the nanoparticles or the super-

exchange d-d interactions as explained earlier.  

 

Fig. 5.4 ZFC-FC and 
1 −
 plots of NTO nanofibers developed at T = 773, 973, and 1173 

K. 

The overall pattern of the T  dependence of 
1 −
 pictured in Figure 5.4 suggests 

the existence of magnetic ordering in the NTO nanofibers. Further, it was reported in 

earlier literature that the INTO/NiO nanoparticles had no appreciable ZFC-FC splitting 

in magnetization at H  = 500 G in the range of T  = 10 to 300 K (Modak et al. 2018). 

However, below 50 K a bifurcation in ZFC-FC curve was observed even though there 

was no difference above 50 K. The bifurcation of FC and ZFC below 50 K originates 

from the pores in the NTO nanofiber. The disorder and frustration in porous 
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nanomaterial lead to disruption in magnetic coupling and a state of dilute magnet 

emerges in the nanoparticles embedded in pores (Lee et al. 2013b),  as in the NTO 

nanofibers here. The negative intercept in the T -axis indicates the presence of AFM 

coupling in the study material (Yuvaraj et al. 2013; Typek et al. 2016). The w  and 

hence the AFM coupling is larger in NTO nanofibers developed at higher T.  

The behavior of 1 −  vs. T  may be analyzed in the light of the Curie-Weiss 

law, i.e., 

1 1

C C

w
T


 −   

= −   
   

,                                                                                                  (5.4) 

where C  and w  are Curie constant and Weiss temperature, respectively. The Curie-

Weiss plot in Figure 5.4 suggests that a linear extrapolation of the curves of T = 773, 

973 and 1173 K to 
1 −
 = 0 will meet the T -axis on its negative side indicating an 

effective AFM interaction (Typek et al. 2016; Modak et al. 2018). Furthermore, the 

nonlinear behavior of  
1 −
 vs. T  in this regime suggests that material at these 

temperatures consists of paramagnetic moments too. It is worth noting that the AFM 

interaction weakens with increasing T. The linear fit as per the Curie-Weiss law also 

helps in extracting the C  from the inverse of the slope and the w  from the y-intercept. 

The extracted values are tabulated in Table 5.2. It has to be noted that C  is expressed 

in units of emu·K·(G·g)-1 as the density of the composite material is not accurately 

known. The negative sign of w  indicates that magnetic interaction should be AFM 

(Yuvaraj et al. 2013). The mC  and w  for the single crystal INTO have been measured 

previously in the literature as 2 emu·K·mol-1 and -58 K, respectively at T  in the range 

of 4.2 to 300 K and H  of 2.85 kG, when synthesized by floating zone method 

(Watanabe et al. 1980). Along similar lines, the polycrystalline INTO prepared by 

respective melts (Van Uitert et al. 1964), precipitation-decomposition-sintered-

quenching (Harada et al. 2016), solid solution-annealing (Stickler et al. 1967),  and 

simple molten salt (Yuvaraj et al. 2013) techniques showed a w  of -36 K ( T  = 1.4-

300 K, H  = 15.3 kG), -14 K ( T  = 250-380 K, H  = 1 kG), -13 K ( mC  = 1.26 
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emu·K·mol-1, T  = 4.2-300 K, H  = 7320 G), and -6.2 K ( mC  = 2.76 emu·K·mol-1, D  

~70 nm, T  = 2-300 K, H  = 10 kG), respectively. These values of  w  are comparable 

with the w  = -20.6 K ( T  = 20-300 K, H  = 500 G) obtained for sample T = 773 K in 

the present study. In sharp contrast, values of w  around -170 K and -200 K, based on 

experimental and theoretical work have also been reported in literature (Fennie 2008; 

Varga et al. 2013). These are close to the w  obtained values in the present study for 

the sample with T = 973 K and 1173 K. The considerable variation in w  can be 

attributed to the morphological change and exchange coupling of FM-AFM domains in 

NTO nanofibers. Further investigation is required with measurements below T  = 20 

K to understand the FM and AFM transition kinetics of the composite NTO nanofibers. 

5.2 SUMMARY AND CONCLUSIONS 

In conclusion, it is noted that the FM-AFM exchange coupling between SNTO and 

INTO has a vital role in tailoring the magnetic properties of NTO composite nanofibers 

due to the presence of electronic structural defects. The peculiar morphology of 

nanoparticles/nanofibers in the NTO composite nanofibers contribute to the shape 

anisotropy and surface irregularities, which influence the magnetic parameters. Apart 

from the morphology, the relative concentration of SNTO/INTO phases, porosity, and 

the long-range ordering in the FM-AFM exchange coupling (also function of T) along 

the NTO nanofibers also determine the magnetic behavior of the material. Due to the 

semiconducting nature of NTO in presence of defects and weak FM at room 

temperature, SNTO/INTO composite nanofibers could find potential uses in soft 

magnets, magnetic sensors, and in advanced devices such as multiferroics and 

spintronics.
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CHAPTER 6 

SYNERGISM OF FICTITIOUS FORCES ON NICKEL 

COBALTITE NANOFIBERS: ELECTROSPINNING FORCES 

REVISITED 

 

Scheme 6.1 Morphological changes observed by modifying relevant electrospinning 

forces. 

In this chapter, the randomly oriented nanofibers of NCO were fabricated using sol-

gel electrospinning followed by pyrolysis. The precursor fibers were collected on RDI 

and RDR collectors. Variable fictitious forces produce continuous deflection at each 

fiber landing position on the RDI collector, which subjects the nanofibers to non-

bundling. On the other hand, in the case of the RDR collector, the fictitious forces act 

just at the surface, and these forces merely cause slip of the fibers along the rotational 

axis of the RDR. This slip along with the retained Columbic charges on the surface of 

the fibers produces fiber bundling, which affects the morphological and structural 

properties of the NCO nanofibers obtained by pyrolyzing the precursor fibers. The use 

of the RDI collector in sol-gel electrospinning is a simple and optimal method of 

fabricating precursor nanofibers, which yields non-agglomerated and impurity-free 

inorganic nanofibers. 
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6.1 RESULTS AND DISCUSSION 

6.1.1 SEM micrographs 

6.1.1.1 Precursor nanofibers  

 

Fig. 6.1 SEM micrographs of the precursor nanofibers fabricated using three different 

types of collectors, and the corresponding histograms inferring AFD±SD, FUC , DoR, 

and DoA; for three different types of collectors. 

The diameter and alignment of the precursor nanofibers are affected by the electrostatic 

interactions of the surface cations on the fiber during whipping, and the mechanical 

drawing of the fiber by the collector. Accordingly, from Figure 6.1, the AFD and SD 

of the precursor nanofibers are observed to be the least for the RDI collector. 

Conversely, the larger AFD and SD values of the fibers from the static collector are due 

to the role of the mechanical drawing process of the rotating collectors (Fig. 6.1a and 

d). However, the alignment of nanofibers in the static collector is a result of fiber 

bundling during spinning due to the increase in conductivity of the sol. This causes an 



CHAPTER 6 

121 

 

insufficient stretching of nanofibers during whipping, resulting in high values of SD 

and FUC  in the static collector, which indicates non-uniformity in the fiber diameter. 

Hence, the precursor fibers obtained using the static collector exhibit a high degree of 

fiber alignment. From Figure 6.1g and h, it was observed that the DoA of RDRp was 

less in comparison with that of the static collector. This could be due to the slip caused 

during the winding of fibers onto the surface of the RDR collector, which is also evident 

from the SD and FUC  of the fibers. Further, the DoA, AFD, SD, and FUC of fibers spun 

on the RDI were found to be the least (Fig. 6.1f and i), which are the essential 

parameters to form non-agglomerated, ultrathin pyrolyzed fibers. The least DoA and 

high DoR in RDIp were presumably due to the action of fictitious forces, which are 

discussed in detail in Section 6.1.4. 

6.1.1.2 Pyrolyzed nanofibers  

Figure 6.2a and b show the electron micrographs of pyrolyzed nanofibers obtained from 

the RDR and RDI collectors. The pyrolyzed fibers obtained from the RDR collected 

fibers were found to have larger AFD and SD values than their precursor fibers (Fig. 

6.1e) due to the acute agglomeration of well-aligned adjacent nanofibers. This in turn 

increases the FUC  (Fig. 6.2c), and thus decreases the fiber uniformity. However, in the 

case of the RDI collector, the DoR of fibers increased up to 14% due to the thermally 

induced wrinkling of agglomerated fibers during the pyrolysis as the precursor fibers 

shrink, liberating organic volatiles. From Figure 6.2d, the AFD and SD of the RDIc 

nanofibers were found to be lower than their RDIp. This observation implies that the 

fibers did not agglomerate much and retained their morphology even after pyrolysis. 

However, the increase in FUC  of the RDIc nanofibers suggests the unavoidable 

agglomeration and segregation (by diffusion) during the pyrolysis, which are 

significantly less compared to that of the RDRc nanofibers. Here, an increase in DoR 

of about 11% was calculated, which is due to the thermally induced fiber wrinkling; 

this might be due to the increased intersection of nanofibers deposited on the RDI 

collector. The randomly oriented fibers tend to have a large number of intersections 

with other fibers as compared to the aligned ones (Fig. 6.1b and c), which could 

constrain the wrinkling of precursor nanofibers during the pyrolysis. Hence, the 

pyrolyzed nanofibers obtained using the RDI collector have the smallest AFD and SD, 



CHAPTER 6 

122 

 

and comparatively better fiber uniformity. This plays a significant role in the structural 

and functional properties of the inorganic nano-fibrous material. 

 

Fig. 6.2 SEM micrographs of RDRc and RDIc nanofibers, and the corresponding 

histograms inferring AFD±SD, FUC , DoR, and DoA. 

The SSA values of the RDRc and RDIc nanofibers are tabulated in Table 6.1. 

The increase in the surface area of the RDIc nanofibers is attributed to the reduction in 
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their AFD and porous morphology due to the NCO nanoparticles embedded along the 

nanofibers. These values are comparable with the NCO based nanofibers/nanobelts 

reported hitherto in the literature (Li et al. 2013b; Huang et al. 2016). The improved 

SSA of the RDIc nanofibers is expected to improve their functional properties such as 

electrocatalytic performance. 

Table 6.1: SSA and crystallite parameters of RDRc and RDIc nanofibers. 

Type of 

collector 

SSA 

(m2·g-1) 
Phase 

Scherrer 

equation 
Williamson-Hall plot 

Crystallite 

size, D  

(nm) 

Crystallite 

size, D  

(nm) 

Microstrain, 

  

(%) 

RDR 10.1 

NCO 13.44 18.29 0.184 

NiCoO2 15.12 15.89 0.024 

RDI 24.0 NCO 12.65 18.34 0.222 

 

6.1.2 FESEM analysis  

High-resolution FESEM micrographs of the inorganic nanofibers (Fig. 6.3) were 

examined to observe the nanoparticle morphology along the pyrolyzed nanofibers 

obtained using both the RDR and RDI collectors. In the case of the RDRc nanofibers, 

the nanoparticles are densely packed and agglomerated, leading to less macro porosity. 

However, the RDIc nanofibers have a highly porous structure with well-distinguished 

near-spherical nanoparticles, decorated similar to a cephalopod limb along the fiber. 

This could make the RDIc nanofibers a potential candidate for catalytic applications. 

Furthermore, the morphological changes observed in the RDRc and RDIc nanofibers 

are functions of the fictitious forces acting on their respective precursor fibers, which 

form a subset of the electrospinning process parameters. This suggests that the use of 

the RDI collector might be extended to metal oxide nanofibers of other transition metals 

as well. 
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Fig. 6.3 High-resolution FESEM micrographs of RDRc and RDIc nanofibers, showing 

NCO nanoparticles embedded along the nanofibers. 

6.1.3 Structural characterization of the inorganic nanofibers 

6.1.3.1 XRD analysis 

 

Fig. 6.4 XRD patterns of RDRc and RDIc nanofibers, with ICDD reference patterns of 

NCO (01-073-1702) and NiCoO2 (00-010-0188). 

In Figure 6.4, XRD patterns obtained for both the RDRc and RDIc nanofibers revealed 

the presence of crystalline NCO indexed to the ICDD file no. 00-073-1702. In the case 

of the RDRc nanofibers, the presence of crystalline NiCoO2 was observed, which 

matches with the ICDD file no. 01-010-0188. Further, the presence of an additional 

peak at ~51.5° with some coinciding peaks of NCO hints at the formation of crystalline 

M2O3 in the RDRc nanofibers. The cation M represents both Ni (ICDD file no. 00-014-
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0481) and Co (ICDD file no. 00-002-0770) ions. The formation of NiCoO2 and M2O3 

may be attributed to a two-stage redox reaction. 

 When the fibers agglomerate in the RDRp nanofibers during pyrolysis, the sub-

products are probably entrapped within the fiber along with NCO particles to a greater 

extent. At this stage, carbothermal/NOx reduction of NCO takes place in the presence 

of by-products of the precursor to form NiCoO2, Ni0, and Co0 (Nissinen et al. 2003; 

Reddy et al. 2014; Wang et al. 2015a; Alegre et al. 2017; Zhang et al. 2017b). 

Subsequently, Ni0 and Co0, in the presence of excess oxygen due to the entrapment of 

oxygen bearing groups like acetate from the precursor, give Ni2O3 and Co2O3. Hence, 

the overall redox reaction can be written as: 

2/ / / /

2 4 2 2 3 2 33 xO C CO NO

y zNiCo O NiCoO Ni O Co O CO NO


⎯⎯⎯⎯⎯⎯→ + + + +                                    (6.1) 

 

Fig. 6.5 Williamson-Hall plot of RDRc and RDIc nanofibers for the NCO peaks. Inset 

figure: Williamson-Hall plot for the NiCoO2 peaks. 

 The Scherrer equation and the Williamson-Hall plot (Fig. 6.5) were used to 

measure the crystallite size ( D ) and microstrain ( ) in both the RDRc and RDIc 

nanofibers, and the values are tabulated in Table 6.1. The Scherrer equation does not 

account for the thermally induced microstrain in the crystal lattice and hence, the 

Williamson-Hall plot is more appropriate for finding the crystallite size. It was observed 

that there is no significant change in the crystallite size of NCO in both the RDRc and 

RDIc nanofibers. However, the lattice strain is marginally higher in the RDIc than RDRc 
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nanofibers. In comparison, the NiCoO2 lattice has almost no strain. This suggests the 

formation of NiCoO2 from NCO crystals. Also, it is a well-known fact that 

nanostructures have more lattice strains due to defects. Since RDIc has an 

overwhelming population of well-defined NCO particles in comparison with that of the 

RDRc nanofibers, the crystallites in the former could be under high lattice strain. 

6.1.3.2 Raman analysis 

 

Fig. 6.6 Raman spectra of RDRc and RDIc nanofibers. 

To understand the presence of the non-crystalline phase of oxides in the pyrolyzed 

nanofibers, Raman spectra were obtained for both the RDRc and RDIc NCO nanofibers 

(Fig. 6.6). Five Raman active modes ( 1gA + 2gE +3 2gF ) were observed for both the 

RDRc and RDIc nanofibers, confirming the crystalline phase of NCO (Venkatachalam 

et al. 2017). A broad shoulder peak was observed at ~650 cm-1, which suggests the 

formation of the amorphous phase of NCO (Gouadec and Colomban 2007). It has been 

reported that a broad peak at ~530 cm-1 is a distinct characteristic feature of NiCoO2 in 

the literature (Leng et al. 2016). However, this peak coincides with the 2gF  peak of 

NCO and remains indistinguishable. Further, in the case of the RDRc nanofibers, four 

broad peaks in the range of 250-400 cm-1 were observed. These peaks also appear in 

the Raman spectra of M2O3 structures such as Cr2O3 and Fe2O3, as per the literature 

(Beattie and Gilson 1970; Shim et al. 2004). As no specific study on the Raman spectra 
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of Ni2O3 and Co2O3 is available, and, since the Raman signature is a structural property 

of the material, thus ascribe the observed Raman peaks to Ni2O3 and Co2O3 formed in 

the RDRc nanofibers. 

 It has been observed in the literature that nanocrystallites confine optical 

phonons within them, if the surrounding medium (amorphous phases) of nanoparticles 

does not support the vibrational wave numbers in the material. As the nanoparticle size 

reduces, the amorphous phase increases (as there is an increase in crystallite boundary 

area) and the electron-phonon interaction decreases, leading to broadening and shifting 

of the peaks. Hence, the vibrational spectrum of the nanoparticles deviates from that of 

their bulk counterparts. Raman spectroscopic investigations of such nanoparticles 

(typically less than 10 nm) have revealed such shifts in the Raman peaks along with 

asymmetric broadening (K. Arora et al. 2007). From Figure 6.6, it is evident that the 

peaks of NCO ( 1gA + 2gE +3 2gF ) have not only shifted, but also, asymmetric 

broadening is observed for all the 2gF  peaks. This suggests that the RDIc nanofibers 

are made of pure NCO nanoparticles of higher porosity and smaller size when compared 

with the RDRc nanofibers. 

6.1.4 Mechanism of fiber morphology evolution 

From the SEM micrographs (Fig. 6.1c and e), it was observed that a larger DoR in the 

fiber orientation has been generated for RDIp even though the speed of rotation of both 

the collectors was fixed at 500 rpm. All the synthesis parameters were kept constant for 

both the RDIp and RDIp nanofibers. The variation in the randomness of fiber orientation 

and AFD in both the RDR and RDI collectors can be explained in the light of physical 

forces governing the motion of the jet. 

6.1.4.1 Effect of time of flight of the fiber 

The velocity of a fiber ( v ) arriving at the collector can be calculated using the following 

equation (Wang et al. 2006b): 

2

4 1

100
f

AFD

w
t

v d

 
=  
 

,                                                                                                   (6.2) 
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where w  is the weight,   is the density, and AFDd  is the AFD. The time ft  represents 

the time of flight of the fiber to reach the collector. Now, considering the equivalent 

fibers landing at the two different collectors, the time of flight of a fiber landing on the 

RDI collector is more than that taken by a fiber depositing on the RDR collector as the 

AFD is less for the former, as calculated earlier from the SEM micrographs (Fig. 6.1b 

and c). This suggests that the increase in the time of flight of a fiber increases the 

drawing process of the fiber due to Columbic forces during whipping before it reaches 

the collector. Hence, fibers are wound faster along the RDR collector without much 

drawing effect as they enter the collector parallel to the axis of whipping (Fig. 2.4 and 

6.7a). On the other hand, in the RDI collector, the fibers are pulled in the direction of 

whipping, which provides more scope for fiber drawing; which, in turn, produces fibers 

with lower AFD values. 

 

Fig. 6.7 Fictitious force body diagram at time of fiber element landing on (a) RDR and 

(b) RDI collectors, at different positions. Coriolis deflection makes the fiber take a 

curved path at each position (orange color). 

6.1.4.2 Synergism of fictitious forces on the fiber 

Using a rotating frame of reference for the coordinate system, the governing equations 

of the system may be described by the continuity equation (Padron et al. 2011; Wan et 

al. 2011): 

0u = ,                                                                                                                             (6.3) 
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where u  is the relative velocity of the fiber jet per unit mass at the collector position 

(say, R ) and the relevant momentum balance equation may be written as: 

( ) ( )( ) ( ) 2
f

u P T
u u E q g R u

t


 

  
+  = − + + + + −  − 


,                           (6.4) 

where P  is the pressure,   is the density of the fiber material, T  is the stress tensor, 

E  is the applied electric field, which is a function of Columbic charge ( q ) in the 

nanofiber,   is the ambient environment, which is a function relative humidity ( ), g  

is the gravity effect,   is the angular velocity of the collector and R  is the position 

vector describing the fiber position on collector. For both the RDR and RDI collectors, 

the first five terms on the right-hand side of Equation 6.4 remain the same and thus, the 

last two terms additionally affect the acceleration of the fiber on the collector.  

The centrifugal acceleration term, ( )R−  , arises due to the rotation of the 

collector; and the Coriolis acceleration ( 2 )u−   arises due to the non-inertial frame 

of reference as the fiber rotates on its own axis relative to the collector rotation. The 

angular velocity vector,  , is pointed along the axis of rotation of the collector using 

the right-hand rule (Fig. 6.7a and b) and its magnitude is given by: 

d
( )

d
f

f

t
t


 = = ,                                                                                                           (6.5) 

where   is the angle made by the trajectory in the inertial frame of reference (local 

frame) of the fiber element. This trajectory is a straight line along the tangential path of 

fiber rotation. The position of the fiber element in (X,Y) coordinates for a given time 

of flight, ft , is given by: 

( ) (cos ,sin )i f fR t vt  = ,                                                                                             (6.6) 
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where v  is the actual velocity of the fiber element. Now in collector frame of reference, 

the XY axes rotate with an angular velocity of  , so the trajectory is a non-linear 

curved path and expressed as: 

( ) (cos( ),sin( ))f f f fR t vt t t   = − −                                                                        (6.7) 

Equation 6.7 represents the deflection of the fiber element from its actual 

position on the collector. This deflection is a function of time of flight, position and 

velocity of the fiber element. Hence, with different combinations of R ,  , and ft , a 

wide range of various deflected trajectories are created along the variable radius of RDI. 

This wide range of deflected trajectories creates more randomness in the nanofibers 

collected on the RDI collector. 

Furthermore, from Equation 6.7, for a given position ( R ,  ) and velocity ( v ), 

the deflection experienced by the fiber is directly proportional to the time of flight, ft . 

In other words, with an increase in the time of flight of the fiber, the deflection of the 

fiber path on the collector is increased. And this helps in further drawing of the fiber 

before it lands on the collector, which in turn leads to a decrease in AFD. This is in 

agreement with the observation drawn from Section 6.1.4.1. 

Using Equations 6.5 and 6.7, the centrifugal acceleration on the nanofiber can be 

expressed as (New World Encyclopedia contributors 2017) : 

( ) 2 2cos( ),sin( ) ( )f f f fR vt t t R t      −  = − − =                                     (6.8) 

and the Coriolis acceleration is expressed as follows: 

22( ) 2 sin( ), cos( ) 2 ( )f f fu v t t R t      −  = − − − −                                             (6.9) 

Comparing Equations 6.8 and 6.9, the Coriolis acceleration opposes the 

centrifugal acceleration, and the net effect has two components, namely, 
2 ( )fR t−  

corresponding to the circular motion at ( )fR t  (inward component directed towards the 

center of rotation) and a perpendicular component 2 sin( ), cos( )f fv t t     − − −   

that is a function of the actual velocity of the fiber ( v ). Hence, the fiber in the RDI 
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collector experiences a circular motion with an additional velocity perpendicular to its 

actual velocity. This increased velocity, in turn, decreases the AFD of the fiber. 

In the case of the RDR collector (Fig. 6.7b), the non-inertial frame of reference 

of the fiber rotates only about a fixed distance ( R  = radius of the drum) around the axis 

of rotation in the inertial frame XY. Hence, the Coriolis deflection of Equation 6.7 

results in slip (wind-on angle,  ) of fibers during the winding of fiber on the rotating 

drum, and the constant Coriolis accelerations (as R  is fixed for RDR) are tangential to 

the motion of the fiber, which creates a spiral path around the drum collector (Barr 

1960; Wolf and Schwarz 1991). The mathematical formulations and the effect of this 

slip have been discussed elsewhere in the literature (Fraser et al. 1992; Xiang Ming 

Kong et al. 1999). The net effect is that it bundles up the fibers on the rotating drum to 

a large extent, and this effect will be greater with increasing speed of the rotation of the 

drum collector. Thus, the fictitious forces play a vital role in reducing the fiber 

orientation and fiber diameter of the nanofibers. In other words, these fictitious forces 

affect the morphology of the precursor nanofibers. This also helps in reducing 

agglomeration of inorganic nanofibers during pyrolysis to attain least AFD, defect-free, 

uniform, and porous inorganic nanofibers. Also, it helps in eliminating the formation 

of impurities due to phenomena such as phase separation. 

6.2 SUMMARY AND CONCLUSIONS 

RDIc fibers were uniform and less oriented with an AFD of ~117 nm. The fictitious 

forces played a remarkable role in the formation of high degree randomly oriented 

fibers (DoR = 34%) in case of the RDI collector, and the effect was revisited in detail. 

The proper choice of collector must be made depending on the desired morphology and 

properties of the inorganic nanofibers to be fabricated using sol-gel assisted 

electrospinning. Less agglomerated and impurity-free NCO nanofibers were obtained 

using the RDI collector, which had near-spherical NCO nanoparticles decorated along 

the nanofiber similar to the suckers of a cephalopod limb, with a high porosity. The 

physics discussed here may possibly be extrapolated to other metal oxide nanofibers of 

the first-row transition metals for tailoring their structural and functional properties.
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CHAPTER 7 

A MECHANISTIC STUDY ON THE STRUCTURE FORMATION 

OF NICKEL COBALTITE NANOFIBERS DECORATED WITH 

IN SITU FORMED GRAPHENE-LIKE STRUCTURES 

 

Scheme 7.1 Probable mechanism of crystallite and particle splitting in NCO nanofibers 

with increasing t. 

In this chapter, the defect-free precursor nanofiber mats obtained from previous study 

(Chapter 6) were pyrolyzed at 773 K at three different t: 2, 4, and 6 h. The SAN present 

in the precursor nanofibers caused morphological changes in the NCO nanofibers 

during their thermochemical degradation. Consequently, fractal aggregates of NCO 

nanoparticles were formed along the length of the nanofibers. X-ray photoelectron 

spectroscopy (XPS) revealed both +2 and +3 oxidation states for Ni and Co, with spinel 

crystal defects due to oxygen rich atmosphere. XPS, high-resolution transmission 

microscopy, and optical analysis showed GL structures embedded within the NCO 

nanofibers. With increase in t, the morphology of the NCO particles markedly changed 

from spherical to rod-like. Thus, propose a mechanism for the morphological change 

of NCO nanoparticles on the basis of crystallite splitting accompanied by particle 

splitting and reordering. 
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7.1 RESULTS AND DISCUSSION 

7.1.1 Characterization of precursor nanofibers 

The optimal and uniform RDIp nanofibers, which were less oriented with an AFD of 

~117 nm obtained from previous study (Chapter 6) were used in this study. 

7.1.1.1 FTIR spectroscopy 

The FTIR spectrum in Figure 7.1 corresponding to the SAN nanofibers is in good 

agreement with the earlier literature (Senthil et al. 2013). The interaction of precursor 

salts with the polar groups of the SAN (nitrile at 2239 cm-1 and aromatic ring of styrene 

at 1607 cm-1 and 1450 cm-1) are represented by the reduction in peak intensity and peak 

broadening, respectively. Hence, a uniform sol-gel precursor nanofiber prevails. In 

other words, the precursor nanofiber is homogenous and this in turn yields uniform 

phase during pyrolysis. Further, the nucleation and growth of inorganic crystallites are 

dependent on thermal stability (function of functional groups) of the polymeric binder 

as they act as a structural and morphological supporting elements during pyrolysis 

(George and Anandhan 2015b; George et al. 2015). 

 

Fig. 7.1 FTIR spectra of SAN nanofibers and precursor nanofibers. 
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7.1.1.2 Thermal analysis 

TGA plot of the polymeric binder SAN and precursor nanofibers are shown in Figure 

II.1 (Section II.1). It depicts the complete degradation of SAN in one step at 737 K, 

whereas the precursor undergoes multi-step degradation. The major weight loss of the 

precursor nanofibers occurs around 699 K due to the release of acetic acid, which 

accelerates the degradation of SAN, and causing it to occur at a lower temperature than 

that of pristine SAN nanofibers (George and Anandhan 2015b; George et al. 2015). 

There is also a secondary weight loss in the precursor nanofibers from 776 to 885 K, 

which may lead to residual carbon compounds having sp2
 hybridization, as in reduced 

graphene oxide (Yao et al. 2012). However, the exact form of carbon needs further 

investigation. 

 

Fig. 7.2 Thermal analysis curves for precursor nanofibers. 

Figure 7.2 shows the DSC, TGA, and DTG traces of precursor nanofibers in 

flowing N2 environment. The peak at 375 K is due to removal of water molecules from 

the salts in nanofibers. Between 450 to 600 K, the metal precursor is known to eliminate 

acetic acid to form hydroxides and lose some organic compounds to form metal 

carbonates (De Jesus et al. 2005; M. Barakat et al. 2009). Further, the metal precursor 

residues along with the polymeric binder, SAN, undergoes extensive degradation 



CHAPTER 7 

136 

 

around 670 K and all major organic volatiles are removed (George and Anandhan 

2015b; George et al. 2015). However, a small shoulder peak corresponding to the 

degradation of styrene group at 733 K is seen in the plot (Xue and Wilkie 1997). It has 

to be noted that this delayed degradation of styrene group makes it a structural support 

for the nucleation and growth of the oxides, and as a source for the formation of residual 

carbon compounds in the system (George and Anandhan 2015b; George et al. 2015). 

A broad peak at 773 K can be attributed to the formation of single-phase NCO. 

This temperature varies with synthesis techniques and process parameters, but is 

consistent with values reported previously (Lapham and Tseung 2004; Cui et al. 2008; 

Jadhav et al. 2014; Babu et al. 2015). The peak in the range 800 to 900 K corresponds 

to the phase separation of  NCO to NiO and Co3O4, which is also consistent with prior 

literature (Cabo et al. 2009; Kuboon and Hu 2011). Some reports instead suggest that 

this broad peak could be due to the thermal degradation of carbon skeleton from 

graphene oxide in the absence or presence of NiO and/or Co3O4 (Xu et al. 2008; 

Qiang Chen and Wang 2010; Kottegoda et al. 2011; Yao et al. 2012; Mahmood et al. 

2013). It is a well-established fact that Ni and/or Co compounds are good catalysts for 

the formation of polyaromatic or GL structures from polymers. The peaks above 1050 

K are the source of complete phase transformation from a decomposing spinel, i.e., 

NCO to NiO, Co3O4, and NiCoO2; and Co3O4 to CoO due to the loss of excess oxygen 

from the spinel (Lapham and Tseung 2004). Hence, based on thermal analysis, the 

pyrolysis temperature of nanofibers was chosen to be 773 K to form a single phase of 

NCO nanofibers. And, an isochronal time scale was adopted to study the effect for 

pyrolysis soaking such as, t = 2, 4, and 6 h. 

The kinetics of crystallites growth during pyrolysis is dependent on the soaking 

temperature and time (Choi et al. 2011; Park et al. 2011; Xia et al. 2012). The crystallite 

growth for isothermal pyrolysis follows a phenomenological parabolic kinetic equation 

(Stráská et al. 2015): 

0 0A A exp
RT

n n aE
D D t t

 
− = = − 

 
,                                                                                       (7.1) 
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where 0D  and D  are the initial and instantaneous crystallite sizes, A  is the rate 

constant, 0A  is the pre-exponential factor, aE  is the activation energy for the crystallite 

growth, R  is the universal gas constant, T  is the absolute pyrolysis temperature and n  

is the crystallite growth exponent. For classical crystallite growth in a single-phase 

system, n  ~ 2. In the presence of solutes and pores, it ranges between 3 and 4. To find 

the aE  for crystallite growth and 0D  of the NCO (Table II.2, Section II.3.4), as per the 

standard model for normal crystallite growth and crystallite boundary migration, n  = 2 

was assumed.  It has to be noted that, the aE  for crystallite growth in size-strain plot 

from t = 2 to 4 h has a positive value, which suggests that energy is liberated due to 

crystallite size reduction. Such a phenomenon is possible either when there is a phase 

separation by diffusion of ions out of the system or increase in the total area of 

crystallite boundary. 

7.1.2 Characterization of NCO nanofibers 

7.1.2.1 Morphology of NCO nanofibers and fractal nature of NCO particle 

aggregates 

The AFD and SD of NCO nanofibers increased as a function of t (Fig. II.2, Section 

II.2). The nanofibers (Fig. 7.3) tend to transform from hollow rods to ribbon or belt like 

structure due to thermally induced fiber opening up during pyrolysis (see Section 

7.1.4.2). Figure 7.3a-c, show the FESEM micrographs of NCO particles grown along 

the rough NCO nanofibers at different t. NCO nanoparticles that are nearly spherical 

with rough surface and edges, (Fig. 7.3a and b) transform to cluster rod-like structures 

in Figure 7.3c. This is because the diffusion is spatially confined along the nanofiber 

and the NCO nanoparticles undergo agglomeration along the fiber axis. The NCO 

nanofibers are composed of several connecting primary particles. These NCO 

nanoparticles have wide range of sizes, irregular shapes, and variations in their 

compactness and apparent densities as shown in Figure 7.3a-c. Since NCO nanofibers 

are clusters of particles obtained by diffusion-limited process, these agglomerates can 

be treated as fractal-like structures. Their irregularities can be explained in terms of the 

fractal dimension ( fD ) (de Martín et al. 2014; Patil et al. 2015). The number of primary 

particles ( PN ) in an agglomerate can be estimated in terms of fD  as: 
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,                                                                                                            (7.2) 

where AFDd  is the AFD of the NCO nanofiber, and APDa  is the average NCO 

nanoparticle diameter. In the present study, the values of fD  as 2.5 (for spherical NCO 

nanoparticles at t = 2, 4, and 6 h) and 1.8 (for rod-like NCO nanoparticles at t = 6 h), 

were assumed respectively. These assumptions of fD  was based upon the particle-

cluster, and cluster-cluster diffusion limited agglomeration models (de Martín et al. 

2014; Patil et al. 2015). 

 

Fig. 7.3 FESEM micrographs of NCO nanofibers, and the corresponding schematic of 

NCO nanofibers and nanoparticles morphologies (inset figures) synthesized at 773 K 

for different t = 2, 4, and 6 h. 

The PN  was estimated using Equation 7.2 and is tabulated in Table 7.1. When 

fD  is 2.5, and for an AFDd  value equal to the measured AFD or a random value (say 

100 nm), the PN  increases with t. On the other hand, when fD  is 1.8 as in case of rod-

like structure (t = 6 h), the PN  is nearly same as for the spherical primary particles of t 

= 4 h. This suggests that there is a thermally driven growth and agglomeration of the 

same spherical particles at t = 4 h to form rod-like particles at t = 6 h, along NCO 

nanofibers. The fine particles are expected to grow and agglomerate within the NCO 
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nanofibers due to the spatial confinement, and pyrolysis soaking has significantly 

enhanced the fusion of solid NCO nanoparticles, resulting in voids between the particles 

of NCO nanofibers. This is in good agreement with the XRD and porosity 

measurements to be discussed in Section 7.1.2.3 and 7.1.2.5, respectively. The fractal-

like structure of the agglomerates plays a vital role in the performance and properties 

of the material. The anisotropic shapes in the NCO nanofibers could be probably due 

to various factors such as coupling of magnetic dipoles of the particles, which can affect 

the fractal dimensions (Niklasson et al. 1988). 

Table 7.1: Particle parameters of NCO nanofibers synthesized at t = 2, 4, and 6 h. 

t 

(h) 

Average 

particle size 

measured 

from FESEM 

(nm) 

Average 

particle size 

measured 

from 

HRTEM 

(nm) 

Average number of 

particles from 

f
D  = 2.5 

( f
D  = 1.8) 

AFD
d = AFD 

AFD
d = 100 

2 56.15 ± 3.73 20.14 ± 5.48 6 4 

4 71.74 ± 2.34 26.56 ± 7.49 27 3 

6 46.58 ± 2.80 24.83 ± 7.59 
91 

(26) 

7 

(4) 

 

7.1.2.2 FTIR spectroscopy 

Figure 7.4 shows the FTIR peaks of NCO nanofibers synthesized at different t: 2, 4, 

and 6 h. The peaks at 652 and 560 cm-1 are the characteristic peaks of spinel structure. 

These are the transverse optical modes of vibration attributed to metal-oxygen 

stretching of divalent cations (Ni2+, Co2+) positioned at Tv, and the trivalent cation in 

Ov (Co3+, Ni3+), respectively (George and Anandhan 2013; Zhou et al. 2015; Trivedi 

and Prasad 2017). The positions of cations are still inconclusive in literature, as NCO 

exhibits inverse spinel behavior in some cases, where the Ni cations occupy only Tv, 

and the Co cations are equally distributed over Ov and Tv (Iliev et al. 2013). However, 
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the presence of all the cations mentioned above have been confirmed through XPS 

analysis, this will be discussed in Section 7.1.2.6. 

 

Fig. 7.4 FTIR spectra of NCO nanofibers synthesized at t = 2, 4, and 6 h. 

 It was observed that there are no peaks corresponding to organic phases, 

suggesting the complete elimination of organic volatiles unlike the residual carbon 

compounds found in thermal analysis (Section 7.1.1.2). However, ~23 wt% of 

elemental carbon was observed in the sample with t = 2 h through EDS (Figure II.3, 

Section II.2.2). The is attributed the sensitivity of the FTIR spectroscopy, which is 

limited as the sample is diluted with KBr in the ratio 1:100 to form transparent pellets 

for FTIR analysis. 

7.1.2.3 XRD analysis 

Figure 7.5 shows the XRD patterns of NCO nanofibers obtained at t. Except for the two 

typical diffraction peaks corresponding to NiO, arising due to phase separation at t = 8 

h, all the other diffraction peaks belong to spinel NCO. The peaks were indexed to the 

reflection planes of the standard peaks of ICDD file no. 01-073-1702 (crystal system: 

cubic and space group: Fd-3m). The profile fitting of the raw XRD data was done using 

Pearson VII function. This would help in estimating the lattice parameters, crystallite 
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size, and lattice strains in the crystalline phases present in pyrolyzed NCO nanofibers 

(Table 7.2 and 7.3, Table II.1, and Fig. II.4 of Section II.3). Increase in peak intensities 

with t, can be attributed to densification of crystallites of NCO. At t = 8 h, the peak shift 

towards higher Bragg angles is seen, and these XRD patterns matches with the ICDD 

file no. 01-073-1701, which suggests the presence of Co3O4 spinel. The peak around 

43.2° for t = 8 h corresponds to NiO (ICDD file no. 01-073-1523). Therefore, this 

suggests the phase separation above t = 8 h. Hence, the samples obtained at this soaking 

time were not further analyzed. 

 

Fig. 7.5 X-ray diffractograms of NCO nanofibers obtained at t compared with ICDD 

file. The diffraction planes corresponding to different phase are shown in parentheses. 

Pearson VII function was profile fitted to the raw data (inset figure). 

  The slight increase in a  for t = 6 h reflects the size reduction of NCO 

crystallites to nanoscale even in a highly oxygen rich environment (as per XPS, Section 

7.1.2.6). The crystallite size reduction could be either to the crystal splitting or diffusion 

phase transformation as per crystal splitting theory (Tang and Alivisatos 2006; 

Umeshbabu et al. 2014; Prathap et al. 2015). It was observed in Section 7.1.2.1, that the 
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voids in nanoparticle aggregate morphology decrease with increase in number of 

particles as the NCO nanoparticles at t = 4 h, and later agglomerate to form rod-like 

structure at t = 6 h. Alternatively, it may be interpreted as the effect of crystal splitting 

of NCO, which again increases the number of particles at t = 4 h (Table 7.1), therefore, 

also resulting in decrease in crystallite size of NCO as the lattice strain tends to zero 

(Table 7.2 and 7.3). Increase in particle size at t = 6 h, relieves the lattice strain and 

stress in the crystal structure, by thermally induced agglomeration. 

Table 7.2: Lattice and crystallite and particle parameters of NCO nanofibers 

synthesized at different t. 

t 

(h) 

Lattice 

parameter, a  

(Å) 

[Theoretical 

value = 

8.1140] 

Crystallite size, D   

(nm) 

Scherrer 

equation 

Williamson-Hall plot 
Size-

Strain 

plot 

Isotropic 

strain 

model 

Anisotropic 

strain 

model 

2 8.0987 12.65 18.27 9.34 16.18 

4 8.0944 15.95 18.52 14.25 14.40 

6 8.1167 18.41 21.08 16.75 16.71 

 The crystallite growth of NCO was correlated to three different models, namely 

Scherrer equation, Williamson-Hall plot, and size-strain plot for NCO nanofibers 

synthesized at different t (Section II.3). The crystallite sizes calculated from these three 

models are listed in Table 7.2. At t = 2 h, the isotropic strain model of Williamson-Hall 

plot was in good agreement with the size-strain plot. Whereas, for t = 4 and 6 h, the 

crystallite sizes estimated from anisotropic strain model of Williamson-Hall plot were 

in good accordance with size-strain plots. This suggests that at t = 2 h, the lattice strain 

was uniform with large crystallite size. At t = 4 h, the crystallite size decreases with 

anisotropic strain, this may be due to the crystallite splitting in the NCO particles. 
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Table 7.3: Lattice strain and stress of NCO nanofibers synthesized at different t. 

t 

(h) 

Lattice strain 

(%) 
Lattice stress  

(MPa) 

by Williamson-Hall 

plot Anisotropic 

strain model 

Williamson-Hall 

plot Isotropic 

strain model 

Size-Strain 

plot 

2 0.22 0.102 -8480 

4 0.087 -0.055 -1040 

6 0.069 -0.046 -755 

 For t = 6 h, the anisotropic strain is retained with increased crystallite size, in 

spite of the thermally induced strain relief. The anisotropic strain retained for t = 6 h 

may be due to the particle splitting companied by thermally driven agglomeration as 

seen in Section 7.1.2.1. The anisotropic strain may also arise from the more number of 

nuclei and growth as nanocrystallite of NCO. This suggests the presence of additional 

nucleation sites like residual carbon compounds formed from SAN as seen in Section 

7.1.1.2. A plausible mechanism is that the smaller crystallites were parented out from a 

larger crystallite, which has attained anisotropic strain. And thus, the crystallite splitting 

mechanism (Section 7.1.4.1) followed by particle splitting might explain the 

observations of crystallite sizes at different t (Table 7.2). NCO particles formed along 

the NCO nanofiber in this study are polycrystalline in nature and hence, the crystallite 

sizes estimated are in the limit of average particles size obtained from FESEM and 

HRTEM (Table 7.1 and 7.2). 
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7.1.2.4 HRTEM analysis 

 

Fig. 7.6 (a-c) HRTEM micrographs, (d-f) high-resolution image showing the lattice 

fringes and the d-spacing corresponding to crystal planes of NCO, and (g-i) SAED 

patterns of NCO of nanofibers obtained at t = 2 h (a, d, and g), t = 4 h (b, e, and h), and 

t = 6 h (c, f, and i), respectively. 

The HRTEM micrographs of NCO nanofibers obtained at t are shown in Figure 7.6a-

c. The nanofiber reveals numerous grains that are held together with mesoporous 

cavities between them suggesting their high surface area (see Section 7.1.2.4). Figure 

7.6d-f exhibited lattice fringes corresponding to the planes of NCO crystal are shown 

with yellow colored marking. The SAED patterns (Fig. 7.6g-i) of the NCO nanofibers 

were indexed to the planes of diffraction that correspond to NCO. It was observed from 

Table 7.1 that the trend in variation of crystallite sizes estimated from size-strain plot 



CHAPTER 7 

145 

 

in XRD were similar to the variation of average particle sizes of NCO measured by 

HRTEM, and FESEM micrographs for NCO nanofibers synthesized at different t. The 

average particle sizes calculated from FESEM micrographs were greater than HRTEM 

micrographs possibly because more number of NCO particles were measured using 

FESEM micrographs, giving a more accurate representation. Furthermore, a layered 

structure was observed bridging two particles of NCO for t = 4 h as shown in Figure 

7.11b. This seems similar to the GL residual carbon structure, which corroborate the 

XPS and optical spectroscopies’ results to be discussed. 

7.1.2.5 SSA and porosity analysis 

The N2 adsorption-desorption isotherms (Fig. II.7a-c, Section II.4) suggest the 

mesoporous structure in the NCO nanofibers. For NCO fibers synthesized at t = 2 h, 

high pressure hysteresis was observed whereas combination of low and high-pressure 

hysteresis was observed for t = 4 and 6 h NCO nanofibers. Such abnormal hysteresis 

was reported in presence of porous carbon, which creates irreversible changes in the 

pore structure during adsorption or desorption (Bailey et al. 1971). This suggests the 

presence of porous carbon-based impurities, which act as an adsorption surface, might 

be sp2 hybridized carbon residue. SSA was estimated by BET method using N2 

adsorption-desorption isotherms and the values are tabulated in Table 7.4. The 

theoretical SSA was calculated as per the procedure in appendix (Section I.6) and the 

NCO nanofibers have a higher BET SSA. This suggests the presence of porosity in 

these nanofibers. From Table 7.4, it is seen that the micropore volume decreases with 

increase in t, due to temperature-time driven densification and growth of crystallites, as 

discussed earlier. Further, the mesopore volume was calculated by BJH method and it 

was high for t = 4 h. This is because more mesopores are created after crystallite 

splitting, which was inferred from the XRD analysis. The macropore volume was found 

to have the highest value for t = 6 h and this is again in good accordance with the particle 

splitting-assisted rod-like particle formation. The decrease in the macropore volume 

from t = 2 to 4 h can be attributed to the decrease in interparticle distance within the 

nanofiber due to particle coalescence growth and hence the increase in nanofiber 

diameter. This is in conformity with FESEM, fractal dimension, and HRTEM analysis. 
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Table 7.4: SSA and porosity of NCO nanofibers synthesized at t = 2, 4, and 6 h. 

t 

(h) 

SSA 

(m2·g-1) 

Total 

pore 

volume 

(cc·g-1) 

Micropore 

volume by 

DFT 

(cc·g-1) 

[pore 

diameter 

less than 2 

nm] 

Mesopore 

volume by 

BJH 

method 

(cc·g-1) 

[pore 

diameter 

20-50 nm] 

Macropore 

volume 

(cc·g-1) 

[pore 

diameter 

greater than 

50 nm] 

Theoretical 
BET 

method 

2 5.73 24.02 0.01718 0.00754 0.00669 0.00295 

4 2.49 17.2 0.01694 0.00603 0.00975 0.00116 

6 2.36 18.65 0.01629 0.00429 0.00364 0.00836 

 

7.1.2.6 XPS analysis 

The XPS survey spectrum was analyzed for NCO nanofibers obtained at t. It was 

observed that Ni, Co, O, and C were present in these nanofibers (Fig. II.8, Section II.5). 

The high-resolution spectrum with deconvoluted peaks of Ni 2p, Co 2p, O 1s, and C 1s 

are shown in Figure 7.7 and 7.8. Here both Ni and Co exist in two different oxidation 

states, i.e., +2 and +3 (Fig. 7.7a-f) as discussed in literature. Multiple oxidation states 

could be either due to (i) cationic defects formed in oxygen rich system or/and (ii) 

position of cations in inverse spinel system. All the peaks were akin to the reported 

characteristic peaks of NCO (Exarhos et al. 2007; Ding et al. 2012; Liu et al. 2013b; 

Babu et al. 2015; McCloy et al. 2015; Tong et al. 2016; Trivedi and Prasad 2017). 

A secondary shoulder peak around 532 eV (Fig. 7.8) indicates presence of 

oxygen grafted to carbon. In fact, both the peaks around 531eV and 532 eV correspond 

to the oxygen groups of residual carbon compound like oxidized graphene, which might 

have come from oxidation of the GL structure (Un Lee et al. 2013) discussed in Section 

7.1.1.2. Similarly, the peaks around 284 eV indicate the presence of sp2 hybridized 

carbon bonding, which again may have come from reduced GL structure in NCO 

nanofibers as reported elsewhere (Li et al. 2014; Naveen and Selladurai 2015; Mondal 

et al. 2017). Further the deconvoluted peaks around 285 and 287 eV can be associated 
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with the functional group of oxygenated GL structure or inadvertently present 

atmospheric carbon (C–O–C, O–C=O, etc.) as per literature. 

 

Fig. 7.7 High-resolution XPS spectra of Ni 2p and Co 2p for NCO nanofibers 

synthesized at three different t. 
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Fig. 7.8 High-resolution XPS spectra of O 1s and C 1s for NCO nanofibers synthesized 

at three different t. 

The characteristic 2p peaks of Ni (difference between 2p1/2 and 2p3/2 is between 

17.3 and 18.4 eV) and Co (difference between 2p1/2 and 2p3/2 is between 14.7 and 15.3 

eV) seen in Figure 7.7a-f as well as the lattice oxygen peaks (Fig. 7.8a, c, and e) shift 

to higher binding energy values, suggesting the role of oxygen enriched system in 

creating lattice defects with increase in t (Guimarães et al. 2003; Exarhos et al. 2007; 
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George and Anandhan 2015b). The highest peak shifts for Ni and Co were observed in 

case of t = 4 h, which decreases to lower binding energy at t = 6 h. This observation can 

be correlated with the crystallite splitting as discussed in XRD, which can occur in 

presence of many vacancies/defects, or vice versa. Besides, at t = 6 h, the particle 

splitting completely could lead to a decrease in cation defect concentration, which could 

in turn suppress the binding energy shifts. However, the prolonged oxidation would 

have increased the binding energies of oxygen and carbon as there are shifts observed 

in Figure 7.8a-f. It has to be noted that there is almost ~0.1 eV shift in the sp2 carbon 

peak, which can be attributed to the increase in covalence of the (C=C) bond. In other 

words, the presence of amorphous carbon residues has turned to GL residual carbon at 

t = 4 h. This is in good agreement with the thermal analysis. 

7.1.3 Optical spectroscopy 

7.1.3.1 UV-Vis-NIR spectroscopy 

As shown in Figure 7.9a, when t was increased from 2 to 6 h, the absorbance in the 

range of 450-800 nm, which are associated with the ligand-metal CT O2- 
→ Co3+ and 

O2- 
→ Ni3+, increase remarkably. This indicates that the concentration of Co3+ and Ni3+ 

(infer cationic defects) increase with t (Kuboon and Hu 2011). Therefore, there must be 

oxygen (enrichment) induced cationic defects in the system, this can be understood as 

the system response towards crystallite splitting, which is in accordance with XPS 

analysis. The peak around 310 nm and 370 nm can be attributed to n or π→π* transition 

of aromatic C=O bonds (Shen et al. 2014; Srivastava et al. 2014). In the NIR region, a 

series of combination peaks were observed that are the characteristics of polycyclic 

aromatic hydrocarbons. 

The major NIR absorption bands are at 1140, 1670, 2150-2180, and 2460 nm 

for aromatic structures. The major characteristic peak at 1670 nm (for aromatic ring) 

has been assigned to the first overtone of the C–H stretch. This peak shifts to lower 

wavelength if some electronegative polar substituents are present in aromatic 

compounds and vice versa. The two main peaks located around 1132 nm and 1140 nm 

represent second overtone of C–H and a combination band, respectively. The third and 

fourth overtone of aromatic C–H can be seen at 874 nm and 714 nm, correspondingly 

as seen from literature (Stuart 2004; Weyer and Lo 2006). The peaks observed in this 
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study are in the same range, but, showed shifts; this could be due to defects or polar 

substitutions in the polycyclic aromatic structure. Hence, it is evident from these 

observations that the NCO nanofibers are accompanied by the GL carbon-based 

structure having sp2 hybridization (as observed in XPS) and the source to form such 

structures may be the residues of the SAN as seen in thermal analysis.  

 

Fig. 7.9 (a) UV-Vis-NIR spectra, (b) Tauc plots (inset: enlarged lower photon energy), 

(c) ln( )  versus h  plot to find Urbach energy, and (d) PL spectra of NCO nanofibers 

synthesized at three different t. 

Tauc plot (Fig. 7.9b) was used to determine the band gap energy of NCO 

nanofibers (Section II.6.1). It was observed that each sample of NCO nanofiber 

obtained at different t, showed multiple band gap energies (Table 7.5). The band gap 

energies ( bgE ) around 1.5-3.4 eV were found to increase with increase in t and these 

values were lower than the values reported in literature (Cui et al. 2009; Hu et al. 2012; 

Chen et al. 2013b; Prathap et al. 2015). It is well-established that the bgE  of a 



CHAPTER 7 

151 

 

semiconductor increases with decrease in crystallite size due to the presence of defect 

sites or oxygen enrichment creating cationic vacancies (George and Anandhan 2013; 

Prathap et al. 2015). This further corroborates the observations of reduction in 

crystallite size at t = 4 h, and the crystallite splitting phenomena as a possible 

mechanism. 

Table 7.5: Band gap and Urbach energies of NCO nanofibers synthesized at t = 2, 4, 

and 6 h. 

t 

(h) 

Band gap calculated using 

Tauc’s plot, bg
E  

(eV) 

Urbach 

energy 

(eV) 

2 1.16 1.55 3.12 0.93 

4 1.13 1.62 3.26 0.80 

6 
1.12 

1.54 
1.76 3.39 

1.22 

0.36 

Additional bgE  were found around 1.1 eV for t = 2, 4, and 6 h; and 1.54 eV for 

t = 6 h, respectively. In literature, three major types of photoexcitation of electrons have 

been proposed in NCO: (i) O 2p → Co 3d-eg (or Ni 3d-eg), (ii) O 2p → Co 3d-t2g (or Ni 

3d-t2g), and (iii) Co 3d-t2g → Co 3d-eg (or Ni 3d-t2g to Ni 3d-eg) (Cui et al. 2009). The 

first two bgE  observed in this study between 1.55 eV and 3.4 eV can be attributed to 

(ii) and (i), respectively, whereas, the peak at 1.54 eV at t = 6 h corresponds to (iii), 

which has the value of 1.68 eV in literature. This peak might have arisen due to the 

recombination of the hole formed in Co 3d-t2g (or Ni 3d-t2g) and the electron in Co 3d-

eg (or Ni 3d-eg) after particle splitting, as more defects are formed at t = 6 h. 

Furthermore, the peak around 1.1 eV indicates the NIR emission, which can be assigned 

to the bgE  of GL structure such as carbon nanotubes or reduced graphene oxide (1.1 or 

1.19 eV) (Lefebvre et al. 2004; Lian et al. 2013). These band gap energies render these 
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materials promising candidates for photocatalytic applications and electrocatalytic cells 

under the irradiation of UV-Vis light. 

Urbach energy was estimated for a set of lowest bgE  as given in Section II.6.2 

and the values were tabulated bgE  in Table 7.5. Urbach energy increases with decrease 

in bgE , which is consistent with the postulated mechanism of oxygen rich or defect 

induced reduction in the bgE . The minimum Urbach energy for bgE  1.1 eV was 

observed for t = 4 and 6 h indicating less defects in GL structure. 

7.1.3.2 PL spectroscopy 

To understand the nature of defects in NCO nanofibers, PL spectra of NCO nanofibers 

at an excitation wavelength of 325 nm was recorded. Figure 7.9d shows the PL spectra 

obtained from NCO nanofibers synthesized at three different t. The emission quantum 

yield from graphene oxides is negligible at a wavelength of ~390 nm (Eda et al. 

2010).The PL emission peak around 359 eV can be ascribed to the recombination of 

the hole formed in O 2p and the electron in Co 3d-eg (or Ni 3d-eg) (Cui et al. 2009). In 

general, PL emission is generally divided into two regions; namely the near-band edge 

UV emission and deep level defect associated with the visible emission. The broad band 

observed at ~359 nm leads to near-band edge emission due to the direct recombination 

of the electrons through an exciton-exciton collision process. 

The visible region emission originates due to the radiative recombination of a 

photo-generated hole with an electron occupying the cation and oxygen vacancies. The 

blue emissions from 438-483 nm could be attributed to the Co vacancies, produced due 

to the CT between O2-, Co2+ and Co3+ as seen in Section 7.1.3.1. The green emissions 

around 525 nm and 562 nm are produced when O2-, Ni2+ and Ni3+ transfer charge 

between them due to Ni vacancies (Cui et al. 2009; Qiang Chen and Wang 2010; 

Silambarasan et al. 2017). The bgE  of NCO nanofibers were estimated to be 3.45, 2.8, 

2.7, 2.64, 2.57, 2.36, and 2.2 eV respectively, for the corresponding emission peaks of 

359, 438, 452, 469, 483, 525, and 562 nm. 
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7.1.3.3 Raman spectroscopy 

As shown in Figure 7.10, the peaks around 188, 489, 537, 666, and 1150 cm-1 

correspond to the vibrational modes 2gF , gE , 2gF , 1gA , and 2 OL  of NCO, respectively, 

which is in good agreement with literature (Iliev et al. 2013; Liu et al. 2013c; Babu et 

al. 2015). A small broad shoulder peak was observed around 1358 cm-1 and 1385 cm-1 

that can arise from the D-band of graphene structure. However, given that the intensity 

of this peak is very low, this can be better correlated to sp2 hybridized carbon residue, 

though present at a very low concentration. The peak position slightly shifts with t, 

which can be associated with the difference in crystallite size and phonon confinement. 

The broad peaks observed at low t, are attributed to phonon scattering deficiency in the 

presence of high porosity between the grains (George et al. 2015). 

 

Fig. 7.10 Raman spectra of NCO nanofibers synthesized at three different t. 

7.1.4 Mechanisms of fiber morphology evolution as a function of t 

7.1.4.1 Mechanisms of crystallite and particle splitting 

The organic sp2 residues such as styrene and nitrile arising from the thermal degradation 

of SAN (Thermal analysis, Section 7.1.1.2) leads to unique structural and 

morphological features of NCO particles and nanofibers (George and Anandhan 2015b; 

George et al. 2015). The sp2 hybridized carbon residues act as a source for formation 
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of GL structure in the presence of NCO as a catalyst. The XPS analysis peak shifts 

indicate the transformation of amorphous carbon to GL structures. The decrease in the 

crystallite size and lattice strain from XRD analysis suggested the crystallite splitting 

at t = 4 h. Such phenomena have already been reported for NCO materials with different 

morphologies (Umeshbabu et al. 2014; Prathap et al. 2015). 

It has been reported that crystallite splitting phenomenon is a function of several 

factors. These are reaction time, temperature, critical size of the crystallite, hydrophobic 

attraction, van der Waals forces, hydrogen bonding, dipolar and electrostatic fields, 

intrinsic crystal contraction, crystal field attraction, and Ostwald ripening. However, in 

general, crystallite splitting mechanism is associated with fast crystal growth. 

Thermodynamically, the presence of GL structure enhances the nucleation and growth 

of NCO particles on the combined system. This is also consistent with the positive value 

of activation energy for crystallite growth from t = 2 to 4 h (Table II.2, Section II.3.4), 

suggesting a catalyst driven nucleation and growth. 

Mechanically, the crystallites may further split due to the rupture of GL 

structure by oxidation as seen from XPS results as it may act as a substrate for NCO 

crystallite nucleation and growth. The schematic of crystallite splitting and its 

crystallite size reduction with decrease in interparticle distance within the nanofiber is 

depicted in Figure 7.11a. The increase in particle size as seen from FESEM and 

HRTEM is due to the thermally driven coalescence and growth by Ostwald ripening. 

The crystallites split, creating new surfaces within the particle, causing an increase in 

mesopore volume (Table 7.4). Further, at t = 6 h, the particle fractures along these new 

voids created by crystallite splitting and causes particle splitting as shown in Figure 

7.11a. This process is analogous to fracture mechanics process, in which the energy of 

the newly created surface comes from elastic strain energy in the material. In the present 

case, the strain energy comes from the relieved lattice stress and strain in both crystallite 

and particle splitting mechanism (as per XRD). Simultaneously, the thermally driven 

crystallite growth by Ostwald ripening is taking place, which reduces the interparticle 

distance within the nanofiber (as per fractal analysis). The diffusion-limited crystallite 

growth along the NCO nanofibers (restricted along the individual fibers) leads to the 

formation of rod-like NCO particles as portrayed in Figure 7.11a. This additionally 
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explains the FESEM micrographs (Fig. 7.3c) and fractal dimension analysis (Table 7.1, 

Section 7.1.2.1). The Figure 7.11b shows the layered GL structure bridging the 

polycrystalline NCO particles as well as providing substrate-like support to NCO 

particles. Thus, the use of SAN as a polymeric binder for electrospinning precursor 

nanofibers is instrumental in manipulating the structure, composition, morphology, and 

properties of NCO nanofibers. 

 

Fig. 7.11 (a) Schematic depicting the crystallite and particle splitting mechanism in 

NCO nanofibers with increasing t and (b) HRTEM micrograph showing a layered 

structure similar to graphene. 

7.1.4.2 Mechanisms of thermally induced fiber opening up and shrinkage 

Different mechanisms for transformation of hollow nanofibers to 

nanobelts/nanoribbons have been proposed earlier based on buckling effect and gas 

diffusion in electrospun nanofibers during pyrolysis. These mechanisms are based on 

the results obtained by varying the applied voltage (Li et al. 2013b) and the solution 

parameter (metal precursor to polymer concentration ratio) (Sakar et al. 2016). 

Recently, precursor nanobelts have been obtained using hybrid precursor solution of 

higher viscosity, which in turn produced NCO nanobelts after pyrolysis. It has been 

suggested that the nanobelt morphology is formed due to magnetic interactions between 

the Ni and Co ions (Harilal et al. 2017). The morphological changes in the present work 
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occur only upon pyrolysis of the precursors. Hence, the mechanism in this case is most 

likely to be the thermally induced fiber opening up and shrinkage from t = 2 h to t = 6 

h due to coalescence of surface voids initiated at the intersections of NCO nanofibers. 

The formation of hollow nanofibers from t = 0 h to less than t = 2 h could be attributed 

to the combined phenomena of Kirkendall effect and surface-diffusion mechanism (Fan 

et al. 2007a). The metal precursors as well as the organic volatiles present at the core 

diffuse outward to the shell balancing the inward flow of voids creating hollow 

structure. The sacrificial polymer present in the core (slow degradation and diffusion) 

acts as a template for the oxidation of metal precursors at the surface. This explains the 

residual carbon present in the NCO nanofibers, which later transforms to GL structure 

above t = 2 h, as carbon diffuses in opposite direction to the inward flow of voids (Nam 

et al. 2015). This could be the reason why GL structure is seen as a template or a bridge 

for NCO nanoparticles in HRTEM (Fig. 7.11b). It has to be noted that the diffusivity 

difference in metal precursors, carbon, and voids gives rise to Kirkendall effect, 

surface-diffusion and sacrificial polymer template mechanism. The property of polymer 

to sustain residual carbon compounds at this high temperature is the most significant 

factor for this mechanism and this outlines the importance of SAN as a polymeric 

precursor in this study. 

An interesting aspect of the fiber opening up was observed for NCO nanofibers, 

which were synthesized at t = 2, 4, and 6 h (Fig. 7.3). Figure 7.12 shows the schematic 

representing the fiber opening up mechanism of NCO nanofibers. It has been observed 

elsewhere that the spinel undergoes fast surface-diffusion creating large number of 

voids at the surface (Fan et al. 2007a, 2007b). When these voids meet by coalescence 

during particle growth by Ostwald ripening, the crack initiation takes place. It then 

propagates (interparticle distance is highest at t = 2 h) along the nanofiber due to 

thermally induced stress. The major crack propagation is seen along the longitudinal 

axis of the nanofiber, which has easy propagation, then the radial crack propagation. 

As the residual carbon compounds diffusing outward to the surface or acting as 

templates for particle growth and coalescence, these layered structures resist the radial 

crack propagation. Once sufficient voids, and free surfaces are formed, the core 

residuals can be easily exchanged either by dissolution or evaporation. This could be 
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the driving force for fiber opening up in NCO nanofibers. Furthermore, this could also 

be correlated to the faster thermally induced shrinkage of NCO nanofibers at t = 4 and 

6 h producing a nanobelts/nanoribbons as seen from FESEM micrographs. In other 

words, this is the reason why AFD and SD of the nanofibers increased with increase in 

t. 

 

Fig. 7.12 Schematic depicting thermally induced fiber opening up and shrinkage in 

NCO nanofibers with increasing t. 

7.2 SUMMARY AND CONCLUSIONS 

The mechanisms responsible for the morphological changes in NCO nanoparticles 

(spherical to rod-like shape) and nanofibers (nanotube to nanobelts/nanoribbons) as a 

function of t were explained using various characterization techniques and fractal 

dimension analysis. XPS and optical spectroscopies suggest the presence of residual 

GL carbon-based material embedded in the NCO nanofibers. This unique phenomenon 

is observed only with the use of SAN as polymeric binder, as SAN has rich aromatic 

rings of styrene and nitrile as the functional groups. 

Morphological changes reported here in NCO nanofibers profoundly affect 

physical and functional properties of the material. The enhanced porosity and photo-

emissions due to defect-induced electron-hole recombination in visible region will 

facilitate the use of this material as photo-electrochemical catalyst. The multiple band 

gap energies from 1.1 to 3.5 eV suggest that it is a potential candidate material for solar 

cells and water-splitting applications.
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CHAPTER 8 

GRAPHENE-LIKE STRUCTURES EMBEDDED NICKEL 

COBALTITE NANOFIBERS AS MULTIFUNCTIONAL 

ELECTROCATALYST TOWARDS BIOSENSORS AND 

ELECTROLYSIS 

 

Scheme 8.1 Probable mechanism of glucose and H2O2 sensing, and water-splitting in 

presence of GL/NCO nanofibers. 

The multifunctional electrocatalytic behavior of electrospun NCO nanofibers 

embellished with GL structure prepared in previous study (Chapter 7) was explored 

here. The presence of the in situ formed GL structure helped in improving the 

electrochemical interactions of NCO nanofibers in alkaline medium. The modified 

electrodes manifested a wide range of concentration for glucose detection with a lower 

limit of 1.2 µM and revealed a sensitivity of 1827.5 µA·mM-1·mg-1 in 0.1 M NaOH 

medium. In addition, the GL/NCO detected H2O2 within a short amperometric response 

time of 1.6 s with a broad dynamic linear range. A notable detection limit of 1.7 µM, 

and a comparable sensitivity of 1322.5 µA·mM-1·mg-1 were measured for the detection 
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of H2O2. GL/NCO nanofibers displayed a remarkable bifunctional electrocatalytic 

performance for water electrolysis in 1 M NaOH. The modified electrodes arrived at 

an onset potential of -0.537 V and a Tafel slope of 37.6 mV·dec-1 for hydrogen evolution 

reactions. Besides, for oxygen evolution reaction an onset potential of 0.735 V with a 

Tafel slope of 67.0 mV·dec-1 was observed. The excellent electrocatalytic activity of the 

GL/NCO nanofibers makes them a promising candidate for efficient multifunctional 

materials. 

8.1 RESULTS AND DISCUSSION 

8.1.1 Morphology and crystallinity 

 

Fig. 8.1 (a-c) HRTEM micrographs, (d-f) high-resolution image showing the lattice 

fringes and the d-spacing corresponding to crystal planes, (g-h) SAED pattern, and 

(inset figures: g-h) XRD patterns of GL/NCO nanofibers obtained at different t. Blue 

arrows in HRTEM micrographs indicate GL layered structure. 
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Figure 8.1a-c shows the HRTEM micrographs of NCO nanoparticles deposited on GL 

structure obtained at different t. The evolution of NCO and GL structures during 

pyrolysis of precursor nanofibers is explained in detail elsewhere in a previous study 

(Chapter 7). The GL structure seems to decrease and diminish with increase in t due to 

thermal degradation. A thick layered structure was observed for NCO-2, which 

transforms to almost single layer for NCO-4 and slowly, diminishes for NCO-6. This 

suggests that the NCO-4 consists of less agglomerated and well-bridged GL structures 

in between the NCO nanoparticles that, in turn, improves the electrical/ionic 

conductivity of the NCO-4. Furthermore, the porous structure could predominantly 

reinforce the surface efficiency and improve the diffusion kinetics of electrolytes into 

the NCO samples, during electrocatalytic reactions. It can be seen from Figure 8.1a-c, 

that the porosity of NCO-4 is moderately higher than that of NCO-2 and NCO-6, where 

the particles are loosely packed with interparticle voids (Fig. 8.1a-f). This would 

provide a larger surface area for the catalyst to improve its catalytic performance. 

A well-resolved lattice fringes of corresponding diffraction crystal planes, with 

respective d-spacing of NCO, for all three samples are shown in Figure 8.1d-f. The 

SAED patterns of the polycrystalline GL/NCO nanofibers are seen in Figure 8.1g-i, 

which were indexed to the XRD planes of diffraction that correspond to NCO. The inset 

Figure 8.1g-i, shows XRD patterns obtained for the samples at different t, and the 

diffraction peaks were indexed to the reflection planes of the reference spinel NCO of 

ICDD file no. 01-073-1702. No XRD peaks or SAED patterns were observed for GL 

structure and this implies that the structure is non-crystalline. The average crystallite 

sizes calculated for all the three GL/NCO nanofibers were in the range of 14-17 nm 

(Table 7.2, Section 7.1.2.3), and a lower one was for NCO-4 due to crystallite splitting 

phenomena. It must be noted that apart from point defects, dislocations in the crystallite 

act as active sites for electrochemical reactions. The D  of NCO in the nanofibers as 

per size-strain plot of XRD analysis (Section 7.1.2.3) was considered to calculate the 

dislocation density ( D ) using Equation 4.1 of Section 4.1.1.  The values of D  are 

3.821011, 4.821011, and 3.581011 cm-2 for NCO-2, NCO-4, and NCO-6, 

respectively. The D  is the highest for NCO-4, which influences the electrochemical 
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reactions, because the CT resistance decreases with increase in D  (Rafiee et al. 2013). 

This suggests that NCO-4 will have a better electrocatalytic activity. 

8.1.2 Structural defects and non-crystallinity 

 

Fig. 8.2 CIE 1931 chromaticity diagram from PL spectra for GL/NCO nanofibers 

synthesized at different t. 

Apart from structural defects observed from UV-Vis-NIR, PL, and Raman 

spectroscopies (Section 7.1.3, Chapter 7), PL spectroscopy (Fig. 7.9, Section 7.1.3.2) 

also highlights that the PL emissions (due to defects) are resultant of the synergism 

between NCO and GL structures (vacancies in NCO crystal; oxygenous functional 

groups, edges, and surfaces present in GL structure). The PL emission at ~525 nm is 

also attributed to the GL structure that originates from the sp2 clusters that are isolated 

within the sp3 carbon or defects in the graphene structure (Cuong et al. 2010); whereas 

PL emissions at ~438 nm, ~452 nm, and ~483 nm are ascribed to oxygen-free (due to 

intrinsic states), partially oxidized, and highly oxidized regions of GL structure, 

respectively (Liu et al. 2013a). Multiple band gaps (that escalate redox reactions) in the 

range of 1.1-3.4 eV were found to be present due to the variation in morphology, size, 

and defects of GL/NCO nanofibers (Section 7.1.3.1). The CIE 1931 plots are 

represented for the PL spectra obtained for GL/NCO nanofibers synthesized at different 

t in Figure 8.2. There is a significant shift in CIE plot from NCO-2, NCO-4 to NCO-6, 
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which indicates the incorporation of more oxygen to the system. Also, this suggests the 

degradation (defects arise) of GL structure and reduction of defect sites in NCO as seen 

from PL spectral analysis. These observations are in line with the results of HRTEM 

and absorption spectral analyses. 

 

Fig. 8.3 High-resolution XPS depth profiling of NCO-4 for (a-b) Ni 2p, (d-f) Co 2p, (g-

i) O 1s, and (j-l) C 1s. 

Further, in this study, XPS depth profiling of NCO-4 was done to avoid the 

atmospheric contamination and surface defects. XPS survey spectrum of NCO-4 

(Section II.8) shows the peaks corresponding to Ni, Co, O, and C; at surface and two 

depths. The Ni 2p high-resolution spectrum in Figure 8.3a-c conforms to the doublet 

spin-orbit of 2p3/2 (~853 eV) and 2p1/2 (~871 eV) electronic configuration with 

corresponding shake-up satellite peaks denoted as sat. Each of the above peaks have 

been deconvoluted to the characteristic peaks of Ni2+ and Ni3+ (Cai et al. 2016; Huang 

et al. 2017a). 
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Similarly, Co doublet electronic configurations were conformed at binding 

energies of ~779 eV and 794 eV for 2p3/2 and 2p1/2, respectively. Furthermore, the 

deconvolution of Co 2p high-resolution spectrum showed the characteristic of peaks 

assigned to Co2+ and Co3+ along with its respective sat (Figure 8.3d-f) (Huang et al. 

2017a; Wang et al. 2017a). These results are in line with the early literature and 

confirmed that both trivalent and divalent cations are well-distributed on the surface 

and coactive to contribute to electrocatalytic reactions. The trivalent cations are 

expected to aid in the electrochemical process by fast charge transportation across the 

electrode-electrolyte interface (Wang et al. 2017a). Also, the ample intrinsic redox 

couples of cations (
2 3M /M+ +

) well-distributed in mesoporous NCO nanoparticles could 

enhance the electroactive sites for catalysis reactions  (Huang et al. 2017a). 

Figure 8.3g-i shows the O 1s high-resolution spectrum at surface and two 

different depths of NCO-4. The deconvoluted peaks reveal the presence of inverse 

spinel lattice oxygen (cation replacements from parent position due oxygen vacancies) 

(Lee et al. 2013a) and C=O functional groups around binding energies of ~528 eV and 

~530 eV, accordingly (Wang et al. 2017a). The peak at ~532 eV can be attributed to 

the sorbed oxygen moieties on the surface of NCO-4. Furthermore, in Figure 8.3j-l of 

C 1s high-resolution spectrum, the deconvoluted peak at ~284 eV was ascribed to 

C=C/C-C of graphene. The peaks between 285-290 eV belong to oxygenated carbon 

species such as C=O and C-O (Permatasari et al. 2016; Wang et al. 2017a). 

Additional peaks arise around binding energies of 280 eV and 292 eV in Figure 

8.3k and l, which correspond to C-O-M, i.e., metal oxide/C interface (reason for GL 

structure formation in presence of cations) (Singh et al. 2012) and characteristic sat of 

graphene (Permatasari et al. 2016), respectively. Whereas, the supplementary peaks in 

Figure 8.3l around 295 eV and 297 eV are due to oxidation of carbon based material 

(CO2 formed are adsorbed on cations) (Sajan et al. 2017) and surface charging (Schulze 

et al. 1999), respectively, as a result of Ar+ ion etching during XPS analysis. The 

presence of GL structures boosts up the electrocatalytic activity due to the presence of 

large surface area, active (defective) sites (by physic or chemisorption), and enhanced 

electrical/ionic conductivity (Ko et al. 2017; Rao et al. 2017; Wang et al. 2017a). Hence, 
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the GL/NCO composite nanofibers were expected to be suitable for the electrocatalytic 

process with significantly improved sensitivity in detection of analytes. 

8.1.3 Electrocatalytic sensing behavior of NCO nanofibers 

Figure 8.4a shows typical CV curves acquired for the bare GE and NCO/GL/GE, under 

the applied potential from 0 to 0.7 V in 0.1 M NaOH electrolyte in presence of 1 mM 

glucose.  For NCO-4 with 1 mM glucose, two pairs of anodic peaks at ~ 0.32 V (labelled 

A) and 0.48 V (labelled B), as well as cathodic peaks at ~0.20 V (labelled C) and 0.40 

V (labelled  D) were observed that can be ascribed to the reversible redox reactions of 

Ni2+/Ni3+ and Co2+/Co3+ (George and Anandhan 2016; Cui et al. 2017). On the contrary, 

no redox peaks were found for bare GE in the presence or absence of glucose (Figure 

8.4) as no such redox reactions occur. The redox reactions of NCO in basic alkaline 

electrolyte are (Naik et al. 2015): 

0.1M 

2 4 2 2NaOHNiCo O OH H O NiOOH CoOOH e− −+ + ⎯⎯⎯⎯→ + +                                          (8.1) 

0.1M

2 2

NaOHCoOOH OH CoO H O e− −+ ⎯⎯⎯⎯→ + +                                                            (8.2) 

Among the three NCO/GL/GE samples, the area enclosed by the CV curves is 

the largest for NCO-4/GE, which suggests that NCO-4 has the highest electrocatalytic 

activity among all the samples. This may be explained through a combination of several 

factors such as the greater surface area arising from the more porous structure, enhanced 

active sites obtained by crystalline splitting as seen in Chapter 7 (Cui et al. 2017), 

multiple band gaps, and the less agglomerated GL structure (Ko et al. 2017). Besides, 

it has been reported in literature that the electrocatalytic activity of NCO increases in 

the presence of NiO. This is partly due to the increased surface cation concentration. 

Additionally, Ni2+
→Ni3+ oxidation occurs at more negative potential than Co3+

→Co4+ 

(Su et al. 2014), which is responsible for the sensing behavior. A closely related 

phenomenon is the transformation of inverse spinel to normal spinel with increase in t 

that will discussed in Chapter 9. Essentially, the Ni cations meet the electrolyte at the 

surface of the material as they move from Tv to Ov in the crystal structure that facilitates 

fast electron transfer across the interface (Naik et al. 2015; Wang et al. 2017a). 

However, maintaining an optimal t is also necessary as the particle shape needs to be 
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retained. With a similar reasoning, one may expect that NCO-4 would manifest better 

electrocatalytic performance. 

 

Fig. 8.4 (a) CV curves of bare GE and GE loaded with GL/NCO nanofibers synthesized 

at different t for a glucose concentration of 1mM. CV curves of bare GE and GE loaded 

with NCO-4 in presence of (b) 1 mM glucose and (c) 100 µM H2O2. 

The CVs corresponding to NCO-4/GE at different concentrations of glucose are 

shown in Figure 8.4b in the applied potential range of 0-0.8 V. It is clear that the NCO-

4/GE exhibits a significant increase in the anodic peak current after the addition of 

glucose, which suggests better electrocatalytic activity of NCO-4 nanofibers towards 

glucose oxidation.  The electrocatalytic mechanism of the GL/NCO exposed to glucose 

in alkaline electrolyte can be described by the following equations (Cui et al. 2017; 

Saraf et al. 2017): 
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0.12 2 3 3 2M NaOHNi Co Ni Co e+ + + + −+ ⎯⎯⎯⎯→ + +                                                                  (8.3) 

0.1

6 12 6 2 4 6 10 6 22 2 2M NaOHNiOOH CoOOH C H O NiCo O C H O H O e−+ + ⎯⎯⎯⎯→ + + +       (8.4) 

First, the Ni2+ and Co2+ cations from NCO oxidize to Ni3+ and Co3+ species due 

to the applied voltage by losing two electrons. This is the reason for the higher anodic 

peak current of NCO/GL/GE compared to bare GE. Then, upon addition of glucose to 

the electrolyte, glucose oxidizes to gluconolactone by transferring two electrons to the 

electrolyte and thus a further increase in the anodic peak current is observed. The 

oxidation of cations and glucose occur simultaneously at the same applied voltage, but 

the rate of oxidation of cations at the surface of the NCO nanofibers determines the rate 

of detection of glucose. Nevertheless, it can be concluded that glucose sensing is an 

intrinsic electrocatalytic property of NCO nanofibers and it can be tuned by controlling 

the morphological structure and electronic properties of the material. 

 The electrocatalytic sensing properties of bare GE and NCO-4/GE were 

evaluated at various H2O2 concentrations. Figure 8.4c shows the relevant CV curves. 

The positive anodic current for NCO-4 without H2O2 comes from the oxidation of 

cations, as described in Equation 8.3. The increase in oxidation current upon addition 

of H2O2 in NaOH can be attributed to the oxidation of H2O2 as: 

0.1

2 2 2 22 2 2M NaOHH O OH H O O e− −+ ⎯⎯⎯⎯→ + +                                                                 (8.5) 

In the CV curves of NCO-4/GE with 100 µM and 400 µM H2O2, the anodic 

peaks at ~0.35 V and ~0.5 V and the cathodic peaks ~0.2 V and ~0.4 V represent the 

redox couples of Equations 8.1 and 8.2, respectively. The higher anodic peak current 

with increasing H2O2 concentration indicates good electrocatalytic activity of GL/NCO 

nanofibers for H2O2 oxidation. A plausible reaction mechanism for NCO with H2O2 in 

alkaline medium has been proposed in literature (Ding et al. 2013; Wang et al. 2015b):  

0.12 2 2

2 22M M M
ads ads

M NaOHH O OHHO+ + ++ ⎯⎯⎯⎯→                                                          (8.6) 

0.12 2 3 3M M M M
ads ads

M NaOHOHHO OHHO+ + + • • +  ⎯⎯⎯⎯→ →                                     (8.7) 

0.13 3 3M M 2M 2M NaOHOHHO OH+ • • + + −→  ⎯⎯⎯⎯→ +  ,                                                  (8.8) 
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where M  represents both Ni and Co cations. Essentially, the divalent cations ( 2M + ) 

transfer electrons from oxygen atoms of H2O2 to form a complex species as shown in 

Equation 8.6 and 8.7, which eventually results in the formation of trivalent cations (

3M + ). Subsequently, the O-O bond elongation and electron distribution takes place, 

and OH- ions are released to the electrolyte along with oxidation of cations in GL/NCO 

nanofibers. 

 Figure 8.5a shows the CV curves of NCO-4/GE at various scan rates (20 to 250 

mV·s-1) in the presence of 1 mM glucose in NaOH electrolyte. The anodic and cathodic 

peak currents increase with increasing scan rate. Both the anodic and cathodic peak 

currents appear to satisfy a linear fit with the scan rates, as seen from Figure 8.5b. This 

demonstrates that electrocatalytic process for glucose detection is kinetically controlled 

as previously suggested (Wang et al. 2017a). 

 

Fig. 8.5 (a) CV at various scan rates for GE loaded with NCO-4 in presence of 1mM 

glucose and (b) linear fits of anodic current vs. scan rates for both the cations. 

8.1.4 Amperometric detection 

The CA analysis was carried out to estimate the detection limit and sensitivity values 

of NCO-4/GE in 0.1 M NaOH electrolyte (pH = 13 and scan rate = 100 mV·s-1). An 

optimal steady-state potential for analyte electrocatalytic performance was obtained by 

performing LSV at a slow scan rate (i.e., 2 mV·s-1). These optimal steady-state 

potentials vs. SCE were found to be 0.53 V and 0.6 V for glucose and H2O2 detection, 

respectively (Figure S3, ESI). 
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Fig. 8.6 (a) Amperometric response of NCO-4 loaded GE for successive addition of 

glucose to electrolyte, (b) Response time observed for single addition of glucose, and 

(c) calibration curve for glucose detection using NCO-4/GE. 

Figure 8.6a shows a typical CA response of NCO-4/GE upon successive 

addition of glucose into constantly stirred electrolyte. The successive addition of 

glucose concentration was in the range of 50-1100 µM. The sensor responded swiftly 

upon addition of glucose at each step and the steady state current was reached in ~6 s 

(Figure 8.6c). Also, the sensor showed a step-like increase in response current with 

successive addition, which may be attributed to the homogenous electrocatalytic 

activity and enhanced conductivity obtained in NCO-4. Figure 8.6b displays the 

calibration curve for glucose detection, obtained by measuring the current change with 
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each incremental addition of glucose, and plotting the same against the specific 

concentration of glucose. As seen in Figure 8.6b, the response of the sensor shows a 

linear relationship towards glucose for the concentration of 50-400 µM and 400-1100 

µM with a correlation coefficient (R2) of ~0.989 and sensitivity values equal to 1827.5 

µA·mM-1·mg-1 and 1072.5 µA·mM-1·mg-1, respectively. The LOD  and LOQ  of the 

CA glucose sensor were estimated using Equation 8.5 and 8.6 (Naik et al. 2015): 

(3 ) /bLOD S m=                                                                                                                       (8.9) 

(10 ) /bLOQ S m= ,                                                                                                                  (8.10) 

where bS  is the standard deviation of blank signal for ten measurements (0.000302 

mA) and m  is the slope value extracted from the calibration plot. Thus, the calculated 

LOD and LOQ for glucose sensor in the linear region of 50-400 µM were 1.2 µM and 

4.1 µM, respectively. 

 The typical CA response for NCO-4/GE for an optimal applied voltage of 0.6 

V, with successive addition of H2O2 (20-700 µM) is shown in Figure 8.7a. The sensor 

response towards H2O2 was more rapid as compared with that towards glucose, which 

achieved a steady-state current within ~1.6 s (Fig. 8.7b). This rapid increase in response 

time indicates exceptional electrocatalytic oxygen evolution reaction performance of 

NCO/graphene material (Umeshbabu et al. 2016). By measuring the change in current 

for the corresponding addition of H2O2, a calibration plot was designed akin to that of 

glucose. Here in Figure 8.7c, again two regions of linear fits were found for different 

range of H2O2 concentration, i.e., 20-200 µM for lower concentration (R2 = 0.959) and 

200-700 µM for higher concentration of H2O2 (R
2 = 0.932). The sensitivity of H2O2, 

for these two regions of response were 1322.5 µA·mM-1·mg-1 and 427.3 µA·mM-1·mg-

1, subsequently. The LOD  and LOQ  for H2O2 sensor was estimated to be 1.7 µM and 

5.7 µM, respectively, at the region of lower concentration. 

The response time, LOD , and sensitivity for both the analytes were comparable 

to the earlier literature (Table 8.1). The selectivity of a sensor is a material property, 

and the literature suggests no significant interference of accompanying species with 

glucose or H2O2 detection when NCO and NCO/graphene derived electrodes are used. 
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Furthermore, it has been reported that NCO and NCO/graphene derived electrodes 

provide excellent selectivity towards analytes in the presence of interferents (Naik et 

al. 2015, 2017; Cui et al. 2017; Huang et al. 2017a, 2017b; Qin et al. 2017; Rao et al. 

2017; Saraf et al. 2017; Wang et al. 2017a; Yin et al. 2017). The stable and concurrent 

stepwise response recorded during the successive injection of different concentrations 

of analytes marks the steady electrocatalytic activity. In addition, the absence of 

hindrance in successive stepwise response of the sensing process suggests the 

distinguished operational stability and repeatability of the NCO/GL/GE electrodes. 

 

Fig. 8.7 (a) Amperometric response of NCO-4 loaded GE for successive addition of 

H2O2 to electrolyte, (b) response time observed for single addition of H2O2, and (c) 

calibration curve for H2O2 sensing using NCO-4/GE. 
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8.1.5 EIS analysis 

The electrical/ionic conductivity and CT properties of NCO-4/GE electrodes are 

influential factors of sensor activity. EIS was conducted to evaluate the 

physicochemical process at the surface of the electrode. The important measurements 

done in this context relate to the response time variation, CT capability at high 

frequency and mass transfer competence at low frequency. The EIS data were analyzed 

using Nyquist plot, which represents the frequency response of electrode/electrolyte 

interface by examining the imaginary component ( "Z− ) of the impedance and the real 

component ( 'Z ). The Nyquist plots of the sensors in the absence and presence of 

analytes are shown in Figure 8.8a and 8.8b. It was observed that the Nyquist plot in 

absence of analyte (Section II.10) had a less prominent semi-circular region, and a more 

prominent semicircle with reduced diameter in the presence of glucose. This semicircle 

diameter describes the CT resistance ( ctR ) at electrode/electrolyte interface and the 

substantially reduced diameter therefore suggests enhanced charge conductivity at the 

electrode/electrolyte interface. 

 

Fig. 8.8 Nyquist plots for NCO-4/GE in absence and presence of analytes: (a) 1 mM 

glucose and (b) 100 µM H2O2. (c) Randles equivalent circuit fitted for EIS spectra. 
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Table 8.1: Performance comparison of NCO based glucose and H2O2 biosensors. 

 

Type of electrode Analyte 

Response 

time 

(s) 

Linear 

range 

(µM) 

Limit of 

detection 

(µM) 

Sensitivity 

(µA·mM-1·cm-2) 
Reference 

Electrospun NCO/GL 

nanofibers synthesized at 

T = 773 K and t = 4 h 

Glucose 6 
50-400 

400-1100 

1.2 

2.1 

930.7 

576.2 Present 

work 

H2O2 1.6 
20-200 

200-700 

1.7 

5.3 

673.5 

216.5 

Electrospun Co3O4 nanofibers 

synthesized at 

T = 673 K and t = 2 h 

Glucose 1.5 50-400 - 1050 
(George 

and 

Anandhan 

2016) 
H2O2 6.6 20-400 - 3250 

NCO hollow nanospheres Glucose 10 
10-300 

300-2240 
0.6 

1917 

703 

(Huang et 

al. 2017a) 

NCO hierarchical hollow nanorods/stainless 

steel 
Glucose 2 0.3-1000 0.16 1685.1 

(Yang et 

al. 2016) 
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NCO/three-dimensional graphene foam Glucose - 0.5-590 0.38 2524 
(Wu et al. 

2015) 

NiCoO2 nanoflakes/carbon nanotube Glucose 7 10-1550 1.14 1424.41 
(Tang et 

al. 2016) 

NCO nanosheets/indium tin oxide Glucose 26 5-65 0.38 6690 
(Naik et 

al. 2015) 

NCO/N-rGO/ionic liquid Glucose 2 1-4555 0.18 3760 
(Rao et al. 

2017) 

NCO nanowrinkle/rGO Glucose - 5-8560 2 548.9 
(Ma et al. 

2016) 

MoS2-NCO nanoplates Glucose 5 1-1600 0.152 1748.58 
(Wang et 

al. 2018) 

NCO nanoneedles/Ni foam Glucose 10 5-15000 1.49 91.34 mV·dec-1 

(Hussain 

et al. 

2014) 

NCO/rGO Glucose 2 10-2650 3.79 1773.61 
(Wang et 

al. 2013b) 
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NCO/polyaniline Glucose 5 15-4735 0.3833 4550 
(Yu et al. 

2016) 

Rectangular flake-like mesoporous NCO Glucose 1 0.001-1900 0.0003 662.31 
(Cui et al. 

2017) 

NCO hollow nanospheres/rGO Glucose 5 40-1280 0.7 2082.57 
(Wang et 

al. 2017a) 

Urchin-like NCO Glucose 1 0.37-2000 0.37 72.4 
(Qin et al. 

2017) 

NCO nanosheets/Ni foam 

Glucose - 5-90 

2.46 27500 

(Naik et 

al. 2017) 

NCO-Pd nanosheets/Ni foam 0.28 40030 

NCO nanorods Glucose 3 1-880 0.063 4710 
(Saraf et 

al. 2017) 

rGO: reduced graphene oxide and N-rGO: nitrogen doped- rGO.
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Along similar lines, the diameter of the semicircle was found to be smaller in 

presence of H2O2, which again suggests more intensified CT at the electrode/electrolyte 

interface. To have an insight into the interface dynamics, a simple Randles equivalent 

circuit (Figure 8.8c) was fitted to the Nyquist plots based on Bode phase plots (Section 

II.11) assuming defects to be present in the material. The fitted circuit is compatible 

with the plots, and the parameters obtained are tabulated in Table 8.2. The low 

frequency regions of the Nyquist plots are not linear for both the analytes. This confirms 

that there was no significant mass diffusion process involved at the electrode/electrolyte 

interface. Hence, ctR  (a function of the working electrode potential and the analyte 

concentration) alone influence the CT rate (sensing behavior) at the electrode during 

the oxidation of analytes without any diffusion impedance contribution (Saraf et al. 

2017). The electR  corresponds to the electrolyte resistance, CPEQ  and dlC  represent the 

constant phase element and pseudo capacitance of double-layer. In case of non-ideal 

capacitance, i.e., material having defects, CPEQ  cannot be considered as capacitance and 

hence, dlC  is given by (Huang et al. 2011): 

(1 )/ 1/

dl ct CPEC R Q  −=  ,                                                                                                    (8.11) 

where   is the exponential factor, which is equal to zero when CPEQ  represents pure 

resistor and unity when CPEQ  is pseudo capacitance. 

From Table 8.2, it is observed that ctR  and dlC  decrease upon the addition of 

analytes to the electrolyte, which is synchronous with the increase in response current 

as seen from CV and CA (Saraf et al. 2017). The decrease in dlC  may be attributed to 

decrease in defects/active sites during the electrocatalytic reaction. Therefore, dlC  is 

the least for bare GE as no active sites/ionic species present in the vicinity of the 

electrode. This phenomenon also explains the diffusion of analytes from electrolyte to 

electrocatalytic active sites. Since ctR  is inversely proportional to CT rate at the 

electrode, the CV and CA analysis shows a decrease in ctR  with increase in the analyte 

concentration. This suggests that at a higher concentration of analytes, a better sensing 

efficiency is possible, and at a step out, it must be noted that the normal glucose level 
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in human blood and urine is in the range of 3.9-10 mM and 0-0.8 mM, respectively. 

Hence, the NCO-4/GE sensor would efficiently perform well in these regions. 

Table 8.2: Circuit parameters obtained for Randles equivalent fitting.   

Parameter Bare GE 

NCO-4/GE in 

absence of 

analytes 

NCO-4/GE in 

presence of 1 

mM glucose 

NCO-4/GE in 

presence of 

100 µM H2O2 

elect
R  (Ω) 23.17 28.24 28.77 31.52 

ct
R  (Ω) 497300 261450 26440 277.4 

CPE
Q  (F·sn-1) 0.136710-3 1.8810-3 1.70910-3 1.90410-3 

  0.9 0.9425 0.9239 0.8779 

dl
C  (µF) 218.46 2743.87 2339.17 1742.25 

 

8.1.6 Electrocatalytic water-splitting 

The water-splitting properties of NCO-4 were investigated through CV and CP, and 

Tafel polarization studies in 1 M NaOH electrolyte medium. The steep increase in the 

anodic current beyond 0.6 V in Figure 8.4a, corresponds to the oxygen evolution 

reaction through four-electron transfer process in basic medium: 

2 24 2 4OH H O O e− −→ + +                                                                                                    (8.12) 

CV was carried out with conventional three electrodes set-up for 50 cycles, at 

an optimal scanning rate of 100 mV·s-1. CV were obtained in the negative potential 

window of 0.0 V to -1.6 V for HER and in the positive potential range of 0 V to 0.8 V. 

CP study was employed to study the stability of the electrocatalytic process of HER at 

a constant current of -300 mA and OER at a constant current of 300 mA, for a duration 

of 1800 s each. 

8.1.6.1 HER 

The CV studies of NCO-4/GE were employed for HER analysis as it describes the 

electrode/ion interaction at the cathode. The H+ ion from electrolyte accepts electrons 

at cathode and becomes a nascent hydrogen atom (chemisorbed) on the electrode 
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surface and is later converted to H2 gas (George et al. 2015). Also, the electrocatalytic 

efficiency can be explained by CV using the response current, as it is a direct indicator 

of the adsorbed ion concentration. 

  

Fig. 8.9 CV curves (inset figures: CP plots) of NCO-4/GE obtained for (a) HER and (b) 

OER. (c) Tafel polarization plot at a slow scan rate of 5 mV·s-1. 

 Figure 8.9a shows the HER CV curve for NCO-4/GE. The onset potential of H2 

was found to -0.781 V (-781 mV vs. SCE) or -0.914 V @ 10 mA·cm-2 (vs. RHE), 

beyond which there was a vigorous H2 evolution and a drastic increase in the cathodic 

current. The present results show that the efficiency of NCO-4 as electrocatalyst is 

better than that of Co3O4 nanofibers prepared by sol-gel electrospinning in an earlier 

research study (George et al. 2015). The inset in Figure 8.9a is the CP curve obtained 

for HER, where at the constant applied current of -300 mA, a continuous reduction of 

the H+ ions take place at the cathode surface and thereby resulting in continuous 
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evolution of H2. The electrode potential attained during CP analysis at constant current 

depends on many factors such as, redox couples available in NCO-4, active sites, and 

H+ concentration in electrolyte (Bhat et al. 2017). The CP result shows continuous 

evolution of H2 for 1800 s with no significant change in the potential, which implies a 

promising long-term kinetic stability of NCO-4 for use in electrocatalytic water-

splitting applications. 

8.1.6.2 OER 

The OER analysis was done using CV experiments of NCO-4/GE along similar lines 

as HER, but over a positive potential range (0-0.8 V). From the CV curve of Figure 

8.9b, the onset potential of O2 evolution was noted as 0.491 V (491 mV vs. SCE) or 

0.855 V @ 10 mA·cm-2 (vs. RHE). The onset potential is the minimum potential at 

which the oxygen is formed at the electrode at given conditions. The obtained onset 

potential of O2 evolution for NCO-4/GE (0.735 V vs. reference hydrogen electrode, 

RHE) was found to be half the value reported for NCO/reduced graphene oxide 

electrode (1.57 V vs. RHE) (Umeshbabu et al. 2016) and comparable to Co3O4 

nanofibers (George et al. 2015) fabricated using similar technique. This indicates the 

superior electrocatalytic activity of NCO-4/GE electrodes.  

 The inset in Figure 8.9b shows the results of electrostatic stability studies for 

OER using CP at a constant applied current of +300 mA. A sharp increase in potential 

was observed before a stable potential range is attained where OH- is oxidized to 

oxygen. A stable potential is achieved, as the fresh bubbles forming at the electrode is 

in equilibrium with the escaping ones. The continuous evolution of oxygen gas for the 

entire 1800 s represents better kinetic stability of the electrocatalyst for OER. 

Furthermore, the onset potential (Table 8.3) conveys that the electrocatalytic 

performance of NCO-4 is higher towards OER compared to HER due to the affinity of 

active sites (cations especially in Ov) towards OH- adsorption at the surface (Un Lee et 

al. 2013; George et al. 2015). The Tafel polarization plot of NCO-4/GE obtained by 

LSV at a scan rate of 5 mV·s-1 is shown in Figure 8.9c. The b  for HER and OER were 

measured to be 37.6 mV·dec-1 and 67.0 mV·dec-1, respectively. The Tafel slope values 

are in agreement with the Volmer-Tafel mechanism for HER with the Tafel reaction 

being the rate-limiting step (Gao et al. 2016).
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Table 8.3: Collation of electrocatalytic HER and OER characteristics for NCO based material. 

Type of electrode 

Onset potential 

of H2 evolution 

(V vs. SCE) 

Onset potential 

of O2 evolution 

(V vs. SCE) 

Tafel slope 

for HER 

(mV·dec-1) 

Tafel slope 

for OER 

(mV·dec-1) 

Electrolyte Reference 

NCO-4/GE developed 

at T = 773 K and t = 4 

h 

-0.781 

or 

-0.537 vs. RHE 

or 

-0.914 vs. RHE 

@10 mA·cm-2 

0.491 

or 

0.735 vs. RHE 

or 

0.855 vs. RHE 

@10 mA·cm-2 

37.6 67.0 1 M NaOH Present study 

Co3O4 nanofibers/GE 

developed at T = 773 

K and t = 2 h 

-1.26 

or 

-1.016 vs. RHE 

0.54 

or 

0.784 vs. RHE 

- - 1 M KOH (George et al. 2015) 

3D hierarchical 

porous N-doped 

graphene/NCO 

nanosheet film 

- 1.54 vs. RHE - 
 

 

0.1 M 

KOH 
(Chen and Qiao 2013) 
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NiCo layered double 

hydroxide nanoplates/ 

carbon paper 

- 
1.597 vs. RHE@10 

mA·cm-2 
- 40 1 M KOH (Liang et al. 2015) 

NCO nanoneedles/ 

fluorine-doped tin 

oxide 

- 
1.553 vs. RHE@10 

mA·cm-2 
- 312 1 M KOH (Shi and Zhao 2014) 

3D hierarchical 

porous Au-

NCO/GL/GE 

- 0.512 - - 
0.1 M 

KOH 
(Xia et al. 2016b) 

3D NCO core-shell 

nanowires/carbon 

cloth 

- 
1.55 vs. RHE@10 

mA·cm-2 
- 63.1 1 M NaOH (Chen et al. 2015) 

3D hierarchical 

porous NiFe/NCO 

nanoflakes/Ni foam 

Overpotential 

-0.105 vs. RHE@10 

mA·cm-2 

1.47 vs. RHE 88 38.8 1 M KOH (Xiao et al. 2016) 

3D NCO/CuS 

nanowire/ carbon 

fiber paper 

Overpotential 

-0.0723 vs. 

RHE@10 mA·cm-2 

- 41 - 
0.5 M 

H2SO4 
(An et al. 2015) 
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NCO/carbon 

black/GE 
- 0.526 - - 

0.1 M 

KOH 
(Su et al. 2014) 

CFP/NCO/Co0.57Ni0.43 

layered mixed oxide 

nanosheets 

- 1.32 vs. RHE - 63 
0.1 M 

KOH 
(Yin et al. 2016) 

-0.029 vs. RHE - 34 - 
0.5 M 

H2SO4 

Hierarchical 

NCO hollow 

microcuboids/Ni foam 

Overpotential 

-0.110 vs. RHE@10 

mA·cm-2 

1.52 vs. RHE@10 

mA·cm-2 
49.7 53.0 1 M NaOH (Gao et al. 2016) 

NCO nanowires array/ 

fluorine-doped tin 

oxide 

- 
1.69 vs. RHE@10 

mA·cm-2 
- 90 1 M KOH (Yu et al. 2014) 

Au-NCO nanorod 

array/Ti foil 
- 

1.59 vs. RHE@10 

mA·cm-2  
- 63 1 M KOH (Liu et al. 2014b) 

1D NCO nanowire 

array/GE 
- 0.5 - 62 1 M KOH (Su et al. 2015) 

NiTe/NiTe2 

nanosheets/GE 

- 0.679 vs. RHE - 115 1 M KOH 

(Bhat et al. 2017) 
-0.422 vs. RHE - 87.4 - 

0.5 M 

H2SO4 

ERHE = ESCE + 0.244 V, Onset potential of OER = overpotential + 1.23 V, D: dimensional, and GE: graphite electrode.
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8.2 SUMMARY AND CONCLUSIONS 

The presence of GL structures deep-seated with NCO nanoparticles along the NCO 

nanofibers were confirmed by HRTEM, optical spectroscopies, and XPS depth profile 

analysis. The porosities, multiple band gap energies, NCO crystal defects, and graphene 

sp2 defects favored significant improvement in the electrocatalytic activity of NCO 

towards sensing of glucose and water-splitting phenomena. Among the nanofibers 

synthesized at different t, NCO-4 showed better electrocatalytic activity because of the 

synergistic effects of less agglomeration in the GL structure, continuous links between 

NCO nanoparticles, and increase in defect concentration of NCO nanocrystallite by 

crystallite splitting  

These features of NCO-4 resulted in better sensitivity of analytes in NCO-4/GE 

sensors, i.e., 1827.5 µA·mM-1·mg-1 for glucose and 1322.5 µA·mM-1·mg-1 for H2O2, 

over a wide linear concentration of 50-400 µM and 20-200 µM, respectively. The 

response time for glucose detection was 6 s and that of H2O2 was 1.6 s, using NCO-

4/GE sensor. The response time, LOD , and LOQ  for both the analytes were 

comparable to the earlier literature. NCO-4/GE electrodes showed good electrocatalytic 

water-splitting behavior with an onset potential around -0.78 V (vs. SCE) for hydrogen 

evolution and ~0.49 V (vs. SCE) for oxygen evolution in alkaline medium. In summary, 

GL/NCO nanofibers synthesized at t = 4 h have a promising potential for 

multifunctional electrocatalytic activity such as simultaneous glucose detection and 

water oxidation in alkaline medium.
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CHAPTER 9 

PYROLYSIS-CONTROLLED SYNTHESIS AND MAGNETIC 

PROPERTIES OF SOL-GEL ELECTROSPUN NICKEL 

COBALTITE NANOSTRUCTURES 

 

Scheme 9.1 Probable mechanism of structural change responsible for crystallite 

splitting and magnetic property tailoring. 

NCO is a promising magnetic material due to its unique structural composition, where 

the cations are seated in Ov surrounded by oxygen vacancies. In this chapter, a simple 

and reliable method was discovered for tuning the morphological and structural 

changes of NCO nanoparticles, which were reshaped along the NCO nanofibers, by 

controlling the t. As t increases, NCO transforms from inverse spinel to normal spinel; 

and the morphology of NCO nanoparticles changes from spherical to rod-like. These 

changes were validated by the hypsochromic peak shifts in Raman, and FTIR 

spectroscopies. The magnetic measurements reveal changes in the shape of the 

hysteresis loop, which are explained on the basis of structural and morphological 

changes in the nanostructure. The net magnetization increases and coercivity 

decreases, with an increase in t. These changes in magnetic parameters are attributed 

to structural changes caused by the formation of oxygen vacancies, and surface effects 

due to switching in morphology of the NCO nanoparticle. 
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9.1 RESULTS AND DISCUSSION 

9.1.1 Structural correlation 

9.1.1.1 Raman spectroscopy 

 

Fig. 9.1 Raman spectra of NCO nanofibers (synthesized at t = 2, 4, and 6 h) showing 

fingerprint Raman active modes of NCO. 

Figure 9.1 shows Raman spectra of the pyrolyzed nanofibers. NCO exhibits five 

characteristic Raman active modes, 1gA , gE , and three 2gF , which are indexed in the 

deconvoluted peaks of Figure 9.1 (Venkatachalam et al. 2017). The peak broadening 

indicates the disorder in NCO nanofibers, or the lack of long-range order in the quasi-

crystalline form. In addition, the hypsochromic Raman shift is observed with increase 

in t, suggesting changes in vibrational states due to optical phonon confinement (K. 

Arora et al. 2007). This would in turn be reflected as changes in chemical bond lengths, 

causing peculiar morphological and structural changes in NCO nanofibers and 
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nanoparticles. The high-wave number peak, 1gA , has been assigned to a vibration that 

is largely determined by the Ov cations in normal spinel, whereas 2gF  and gE  modes 

combine the vibration of both Tv and Ov of the spinel (Bahlawane et al. 2009). Hence, 

Raman shift of the active mode peak of NCO nanofibers could suggest changes in 

oxygen voids or vacancies. Even though slight Raman shifts, and peak broadening were 

observed, it is well-known that symmetric stretching is the only strong mode of 

vibration detected by Raman. Besides, nano oxides tend to have asymmetric vibrations 

due to oxygen vacancies. The structural properties are further analyzed using FTIR 

analysis, as asymmetric stretching is the prominent mode in FTIR. 

9.1.1.2 FTIR spectroscopy 

Figure 9.2 shows the FTIR spectra of pyrolyzed nanofibers produced at different t. The 

positional peak shifts that occur in FTIR spectra are due to relative contributions of two 

or more overlapped peaks (Ryu et al. 2010). The vibrational frequencies depend on 

factors such as cation mass, metal-oxygen bond strength, distance, and unit cell 

parameters (nano size/doping effect). In fact, the cobalt ions have greater tendency to 

occupying Ov than nickel ions do; hence, NCO shows inverse or partial inverse spinel 

structure. In region of 2  absorption, the inverse spinel shows a single absorption peak 

for the Tv, corresponding to the asymmetric vibration of [NiO4] tetrahedron. The 

spectral splitting at t = 4 and 6 h, may be due to the presence of different cations and 

redistribution of the trivalent and divalent cations. Usually the lower wave number band 

is assigned to the [NiO4] tetrahedra, and the higher wave number ones to [CoO6] 

octahedral cluster (Allen and Paul 1995). This also signifies that there is a 

transformation of inverse spinel to partial and later, normal spinel with increase in the 

t (Windisch et al. 2004). It should be noted that the highest peak in each site is the 

consequence of highest valence cation in that oxygen void. The 1  absorption shows a 

hypsochromic shift with decrease in peak intensity as the t is increased. This change is 

due to the redistribution of the highest valence cation in an Ov, [MO6] (Preudhomme 

and Tarte 1972; Allen and Paul 1995). This observation can be attributed also to the 

imbalance in oxygen ion due to oxygen vacancies, in presence of trivalent cations (K. 

Srivastava and Mongia 2016). This is also a characteristic of the spinel inversion taking 
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place in the crystal. Hence, it can be deduced that oxygen vacancies are significant in 

NCO nanofibers synthesized at t = 2 h, whereas they are the least for t = 6 h. These 

changes in trivalent and divalent ion distribution of a spinel structure plays a vital role 

in tailoring the electrical and magnetic properties of NCO (McCloy et al. 2015) in as-

synthesized nanofibers and thus, are investigated further in VSM analysis (Section 

9.1.2) and apparent resistivity (Section 9.1.3). Furthermore, the presence of in situ 

formed GL structures as seen from previous studies (Chapter 7 and 8) in NCO 

nanofibers aid the structural change, which supports the tuning of physical properties. 

 

Fig. 9.2 (a) Deconvoluted FTIR spectra of NCO nanofibers (synthesized at t = 2, 4, and 

6 h) signifying the structural changes in Ov ( 1 ) and Tv ( 2 ). (b) Schematic depicting 

the structure transformation from inverse to normal spinel. 

9.1.1.3 FESEM micrographs 

FESEM micrographs of NCO nanofibers are shown in Figure 9.3, in which Figure 9.3a-

c are micrographs obtained at a lower magnification and Figure 9.3d-f are at higher 

magnification. The NCO particle size increased when t was increased from 2 to 4 h, 

due to thermally driven particle growth. However, there was a decrease in crystallite 

size in this regime as per XRD (Section 7.1.2.3), which is due to crystallite splitting in 

the presence of trivalent cations and in situ formed GL structure as explained in Chapter 

7. The structural changes as seen from XRD (Section 7.1.2.3), Raman, and FTIR 

results, could lead to a change in the particle morphology (Tang and Alivisatos 2006). 
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Accordingly, it is observed that the changes in NCO particle morphology of nanofibers, 

which is spherical at t = 2 h and transforms to rod-like structure at t = 6 h (the transition 

can be seen from Fig. 9.3d-f). The mechanisms underlying the particle shape 

transformation, viz., crystallite-particle splitting, and reordering are explained in 

Section 7.1.4. Similar trends have been reported in earlier literature, where NCO 

spherical particles are transformed to peanut shape and their magnetic properties are 

altered (Yang et al. 2017). However, those NCO particles (~500 nm) were bigger than 

the ones reported in this study, having average particle size of ~47-72 nm (Section 

7.1.2.1). 

 

Fig. 9.3 FESEM micrographs of NCO nanofibers synthesized at different t: (a-c) 

50,000× and (d-f) 100,000× magnification (inset figures are schematics depicting 

particle morphology). 

9.1.2 VSM analysis 

Magnetic hysteresis loops of NCO nanofibers, synthesized at different t = 2, 4, and 6 h, 

were measured (Fig. 9.4). The magnetic properties of the NCO nanofibers measured at 

T  = 300 K for different t, had appreciable differences in cH  and rM  as shown in 

Table 9.1 and compared with the literature. The S , SFD , and K  were calculated on 

similar grounds as Equations 5.1, 5.2, and 5.3 of Chapter 5. The magnetic moment of 

unit cell ( Bn  in Bohr magnetons) was estimated using the following relation (McHenry 

et al. 1995; Sontu et al. 2015):  
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Mmol s
B

B A

M
n

N
= ,                                                                                                                                    (9.1) 

where Mmol  is the molar mass of NCO, B  is Bohr magnetons and AN  is Avogadro 

number. The value of Bn  was comparable with the literature (Table 9.1) and values of 

S , SFD , and K  are tabulated in Table 9.2. The magnetic coercivity and remanence of 

these NCO nanofibers synthesized at different t exhibited superior values compared to 

the spherical and peanut shaped NCO nanostructures synthesized by hydrothermal 

reaction reported elsewhere in literature (Yang et al. 2017). The structure and 

morphology of the material are expected to influence its magnetic properties.  

 

Fig. 9.4 Magnetic hysteresis loops of NCO nanofibers portraying FM to AFM ordering 

as a function of t = 2, 4, and 6 h (inset figure: Magnification of hysteresis loops). 

The inset Figure 9.4 indicates FM ordering in the NCO nanofibers, through the 

obvious hysteresis exhibited in the M-H curves. The low rM  for t = 2 h and 4 h, 

suggests a weak FM behavior due to the existence of uncompensated spin from surface 

of NCO nanoparticles and spin canting effect (Silambarasan et al. 2017). The variations 

in sM  are attributed to surface AFM oxidation, super-exchange interactions, 

crystallinity, particle size, impurities, and surface spin disorder (Umeshbabu et al. 

2015). In the present study, the change in sM  can be attributed to the presence of 
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defects, GL structure (impurity), and cationic exchange in crystal cell that imparts 

variation in crystallite and particle size. This in turn leads to surface spin disorder, 

which is a function of surface morphology. The hysteresis loops are characteristic of a 

soft ferro- or ferrimagnetic material, although the magnetization does not saturate even 

at the maximum applied field (70,000 G) as expected from magnetic surface disorder 

effects, often observed for nanostructures. 

cH  is dependent on two other major factors apart from magneto-crystalline 

anisotropy: (i) K  and (ii) the interface FM-AFM exchange coupling, where the defects 

of interfaces give rise to FM. The rod-like particles tend to have large anisotropy giving 

rise to the additional cH  when compared with spherical particles. In case of thin films 

or nanosheets, the K  increases even further from that of rod-like particles and hence 

there is an increase in the cH  (Liu et al. 2013c). In this study, it was observed that the 

spherical nanoparticles tend to have flower-like/thin film structure (agglomerated 

interfaces with rough surfaces, Fig. 9.4d and e). This, in turn, increases the FM and 

AFM exchange coupling, where the FM is raised by the interface defects, which leads 

to increase in cH . As per the F-center mediated BMP theory, when Ni ions in Tv replace 

the Co ions in Ov (inverse spinel case, Fig. 9.2b), oxygen vacancies are created in 

nearby Ni ions in the lattice (Marco et al. 2001; Coey et al. 2005). Subsequently, an 

electron entrapped in an oxygen vacancy (F-center) couples with the magnetic spins of 

the nearest Ni ions within the radius of the hydrogen similar orbit of the F-center and 

forms a BMP, which imparts FM (Su et al. 2015). Hence, an oxygen-deficient phase 

similar to inverse spinel formed at low temperatures can contribute to increase in cH . 

It should be noted that both morphology NCO nanoparticle ( K , surface irregularities, 

Fig. 9.3) and NCO crystal structure (oxygen deficiency or disorder phase) contributed 

to the variation in cH .
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Table 9.1: Comparison of magnetic parameters: cH , rM , sM , and Bn  (measured at T  = 300 K) of NCO nanofibers synthesized at 

different t in this study and various NCO nanostructures from the literature. 

Synthesis method 
T 

(K) 

t 

(h) 

Morphology/ 

Stoichiometry/ 

Particle dimension 

D  

(nm) 

c
H  

(G) 

r
M  

(emu·g-1) 

s
M  

(emu·g-1) 

B
n  

(µB) 
Reference 

Sol-gel assisted 

electrospinning 

followed by annealing 

773 

2 

Spherical with rough 

surface 

~ 56 nm 

16 550.3 0.2964 4.11 0.177 

Present study 4 

Spherical with smooth 

surface 

~ 72 nm 

14 393.6 0.0975 4.06 0.175 

6 

Rod-like with smooth 

surface 

~ 47 nm 

17 119.9 1.2438 9.8 0.422 

Rapid combustion 

followed by annealing 
473 4 Near-spherical 7-12 

Less 

than 

250 

- 2.24 - 
(Verma et al. 

2008) 
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9
3
 

Hydrothermal at 453 

K for 12 h and 

followed by annealing 

673 3 

Hierarchical flower-like 

super-structures 

(Nanosheets width ~ 3-4 

µm) 

- 258.8 0.08 - - (Liu et al. 2013c) 

Pulsed laser 

deposition on single 

crystalline MgAl2O4 

(001) substrates 

773 - Epitaxial thin films - 494.6 - - 0.51 (Iliev et al. 2013) 

Rapid combustion 

followed by annealing 
473 4 

Near-spherical NCO 7 

Less 

than 

400 

- 3.2 0.14 

(Verma et al. 

2014) 
Near-spherical 

Ni0.75Co2.25O4 
6 

Less 

than 

400 

- 2.7 0.12 

Surfactant assisted 

hydrothermal at 393 K 

for 48 h and followed 

by annealing 

623 3 

Urchin-like 22.5 174 0.63 2.30 - 

(Umeshbabu et al. 

2015) 

Sheaf-like 25.8 73 0.07 1.90 - 
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4
 

Surfactant assisted 

microwave irradiated 

followed by annealing 

773 2 

Flake- and hexagonal 

plate-like 

30-50 nm 

34.12 251 0.03 - - (Babu et al. 2015) 

Microwave irradiated 

followed by annealing 
673 2 

Nanoplates 

400-500 nm 
14.74 1.195 0.195 1.889 - 

(Nakate and Kale 

2016) 

Hydrothermal at 393 

K and 473 K for 20 h 

followed by annealing 

623 2 

Spherical 

600 nm 
8 67.5 - 0.19 8.20 

(Yang et al. 2017) 

Peanut-like 

~ 1000 nm 
14 119.7 - 1.85 79.82 

Table 9.2: Magnetic (squareness: S , switching field distribution: SFD , and anisotropy constant: K ) and electrical parameters of NCO 

nanofibers synthesized at different t. 

t 

(h) 
S  SFD  

K    10-3 

(erg·cm-3) 

Sheet resistance, RS 

(MΩ·cm-2) 

Sheet thickness,  

(nm) 

Apparent resistivity, 
S

R
R

 =   

(Ω·cm) 

2 0.072 10.93 1.42 2.9 19.55 5.67 

4 0.024 23.71 1.00 2.8 20.43 5.72 

6 0.127 7.77 0.74 10.2 17.73 18.08 
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Later, the discontinuous NCO rods with fewer interface defects (and less 

magneto-crystalline anisotropy) show a less cH  than the other samples. Again, this 

may be attributed to the decrease in oxygen deficiency (ordered structure) as the t is 

increased. In addition, the transformation of inverse spinel to normal spinel (Ni ions are 

seated in Tv allowing no oxygen vacancies, see Fig. 9.2a), drives the morphological 

change from spherical to rod-like structure of NCO nanoparticles (Fig. 9.3f). This in 

turn decreases the K  of the rod-like NCO structure in comparison with spherical ones 

(Chen et al. 2011; Zhao et al. 2012; Liu et al. 2013c). Therefore, the value of cH  

decreases with increase in t. It has been reported in earlier literature that the decrease 

in cH  is due to the presence of larger fraction of small crystallites (Verma et al. 2008). 

This is consistent with the suggested mechanism of crystallite and particle splitting, 

through which spherical to rod-like nanoparticles conversion takes place with increase 

in t as studied in earlier chapter (Chapter 7). Such cation redistribution leading to 

partially inverted spinel nanostructures induced by ball milling (change is particle size) 

having variations in magnetic properties has also been reported earlier (Jiang et al. 

1999). However, the process of cation reallocation in NCO is seen to be a function of 

t, in the present study. Based on earlier work, it may be intuitive to expect that the 

complexation of cations with GL structures would give rise to variations in FM ordering 

in graphene/metal oxide hybrids, as a result of increased K  in the system (Karim 

Mohammad Razaul et al. 2012). Hence, the presence of GL structures may have a minor 

contribution to the magnetic properties of NCO nanofibers in the present study. 

The spin states of A and B sites are various in the normal and inverse spinels, 

and the FTIR analysis suggests inverse spinel NCO structure for the low t and normal 

spinel for the higher t. In the inverse spinel NCO, the cation distribution can be 

expressed as (Cox
2+ Co1-x

3+)[Co3+Cox
2+ Nix

3+ Ni1-x
2+]O4

2- {0 < x < 1}, where ( ) and [ ] 

represents Tv (A) and Ov [B], respectively. Further, in inverse spinel NCO it is 

suggested that A-site can be occupied with high spin Co2+ (eg
4 t2g

3, qS  = 3/2), Co3+ (eg
3 

t2g
3, qS  = 2), while B-site (Ov) is occupied with Ni2+ (eg

2 t2g
6, qS  = 1), low spin Ni3+ 

(eg
1 t2g

6, qS  = 1/2), and diamagnetic low spin Co3+ (eg
0 t2g

6, qS  = 0) (Bitla et al. 2015). 

The Co3+ ions at the Ov do not contribute to the magnetic behavior and high spin Co2+, 
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Co3+ in Tv contribute to the magnetic moment. An extensive literature study reveals that 

the ideal normal spinel state of the NCO is not yet reported. However, the mixed 

valence cation distribution in both Tv and Ov are reported, suggesting the presence of 

Ni ions in Tv, which control the order-disorder of the crystal structure, in turn affect the 

magnetic and electrical properties of NCO (Iliev et al. 2013; Ndione Paul F. et al. 2013). 

Besides, the DFT studies suggest that intermediate state can take place between the 

inverse and normal spinel NCO (Shi et al. 2016). In the present case with increasing 

the t the magnetization increases, which might be due to the oxygen vacancies as 

explained previously. According to the DFT analysis, oxygen vacancies can be possible 

at either A or B sites, which causes an extra electron in eg state of Co ion in Ov, which 

causes an increase of magnetization (Shi et al. 2016). Furthermore, as per FTIR with 

the increase in t (spectral splitting at tetrahedral peak position), the normal spinel 

formation takes place gradually (Windisch et al. 2004). This suggests the redistribution 

of majority of the Co and Ni ions into the Tv by diffusion of Ni ions to Tv (Silwal et al. 

2013) (which leads to phase separation by further increase in t), decreasing the cH  of 

NCO with reduced oxygen vacancies (McCloy et al. 2015). 

9.1.3 Apparent resistivity 

The electrical resistivity ( R ) values of the NCO nanofibers pyrolyzed at different t 

were calculated using probe station and are shown in Table 9.2. (Karim Mohammad 

Razaul et al. 2012) and (Tareen et al. 1984) reported that Ni3+ (due to oxygen deficiency 

in disorder structure) doping into the spinel would an yield an increase in electrical 

conductivity at room temperature. It was argued therein that the electronic conductivity 

in NCO is due to the formation of σ*(eg) band via intervening oxygen ion through 

strong covalent interaction between low spin Co3+-Ni3+ in the Ov assuming the 

stoichiometry Co2+[Ni3+Co3+]O4 (Appandairajan and Gopalakrishnan 1978). These 

Ni3+ ions in Ov determine the electrical behavior of NCO (Bitla et al. 2015). In addition, 

(Ndione Paul F. et al. 2013) observed that the electrical conductivity of NCO had 

increased with cationic disorder, i.e., for inverse spinel structure, where Ni ions occupy 

the Ov. Furthermore, it has also been reported in literature that electrical conductivity 

of nanoparticles varies as a function of particle size (Makhlouf et al. 2013). In the 

present work, the R  from t = 2 h to t = 4 h has no significance change. This can be 
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attributed to the defects concentration (or holes responsible for electrical conduction in 

oxides (George and Anandhan 2014b) that may remain constant before crystallite 

splitting (insufficient t, t = 2 h) and after crystallite splitting (t = 4 h), which has a similar 

trend as the sM . On the other hand, the in situ formed GL structure/metal oxide 

interface present in NCO nanofibers, serves as a conductive template or bridge in the 

porous network of NCO nanoparticles for improving their electrical properties and CT 

pathways (Wu et al. 2012b). The oxidized groups of these GL structure also enhance 

bonding, interfacial interactions, and electrical contacts between NCO nanoparticles 

(Karim Mohammad Razaul et al. 2012; Wu et al. 2015). Therefore, the contribution of 

both crystal structure disorder as well as the GL structure could have led to the 

negligible change in R  from t = 2 h to t = 4 h (spherical particles).  

It was noted that the R  has increased significantly as t is increased to 6 h. This 

increase is connected to the change in morphology of NCO nanoparticles to rod-like 

structure, though the values are only apparent ones as the nanofiber film acts as a mesh 

with a high degree of porosity. It can be recalled from VSM analysis (Section 9.1.2) 

that the rod-like structure is a result of discontinuous particles originated from particle 

splitting as seen from Chapter 7.  Furthermore, the rise in resistivity can also be 

attributed to the decrease in oxygen deficiency (ordered crystal structure such as normal 

spinel), where the higher valence cations responsible for small polaron hopping 

conduction is decreased. This is in good accordance with the observation made in 

literature wherein the Co ions (in Tv) when replaced by Ni ions (Ov), decrease the 

electrical conductivity (in other words, increase R ) (Windisch et al. 2001b, 2004; 

McCloy et al. 2015). It must be noted that the electrical resistivity of NCO nanofibers 

are synergetic contributions from both the NCO nanoparticles morphology (cationic 

redistribution) and the in situ formed GL structure (by ordered sp2 cluster electron 

conductivity) in NCO nanofibers, which are also the function of defects present in both. 

The increase in t would degrade the GL structures or oxidize them, creating more 

disruptions in sp2 ordering, which in turn reduces electrical conductivity (Mohan et al. 

2015). Thus, an increase in ρ for NCO nanofibers is obtained at t = 6 h. 
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9.2 SUMMARY AND CONCLUSIONS 

The as-synthesized NCO nanofibers were composed of NCO particles of different 

shape and size, as they reorder from spherical to rod-like structure with increase in the 

t. Besides, a structural mutation in Tv and Ov takes place with increase in t, which 

accounts for transformation of NCO crystal from inverse to partial, and then to normal 

spinel structure. These structural changes are due to redistribution of cations and 

oxygen vacancies enable NCO nanomaterials to be tailor-made with soft magnetic 

properties by varying the synthesis conditions. Simultaneously, the change in 

morphological shape (from spherical to rod-like structure) of the NCO nanoparticles 

contribute to the magnetic variations with an increase in t as a result of reduction in the 

surface defects (decrease in K ). The synergism of GL and NCO nanoparticle structures 

enhances the electrical properties of the NCO nanofibers pyrolyzed at low t, owing to 

the high valence cation (formed due to oxygen deficiency) and undisrupted sp2 rings of 

the GL structure. In summary, NCO nanofibers decorated with GL structure have 

excellent magnetic and electrical properties, which make them the material of choice 

for soft magnets, sensors, and electrocatalysts.
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CHAPTER 10 

SUMMARY AND CONCLUSIONS 

 

Scheme 10.1 Schematic depicting the potential applications of NTO and NCO 

nanofibers as sensors, energy, and environmental devices. 

NTO and NCO nanofibers were successfully synthesized using sol-gel assisted 

electrospinning technique followed by pyrolysis. The synergistic effect of pyrolysis 

parameters and SAN (used as polymeric binder in electrospinning) was instrumental in 

manipulating the structure, morphology, composition, and physico-chemical properties 

of NTO and NCO nanofibers. 

10.1 PART ONE 

SAN was successfully used as the sacrificial polymeric binder for the synthesis of NTO 

nanofibers. The non-stoichiometric SNTO were imbedded in INTO nanofibers obtained 

due to carbothermal reduction occurring between Ti4+ complex of precursor and nitrile 

functional group of the SAN. The polymorphism of NTO was first observed in this 

study at such low temperatures of synthesis. The mosaic structured nanofibers with high 
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content of SNTO were obtained at 773 K and 973 K, whereas bamboo structured NTO 

nanofibers were obtained at 1173 K with relatively less SNTO concentration. The result 

suggests a new synthesis technique for obtaining non-stoichiometric materials at low 

temperatures such as SNTO. Furthermore, the mosaic structured NTO nanofibers, 

developed at T = 773 K showed superior performance as electrode for HER, while 

bamboo structured NTO nanofibers (T = 1173 K) were good electrode materials for 

OER due to the synergetic effect of SNTO content, NTO crystallite and particle size, 

and porosity of NTO nanofiber. In addition, DFT analysis was employed to understand 

the band structures and optical properties of SNTO (for the first time) and INTO as 

individual materials. The SNTO/INTO nanofibers unveil as potential electrocatalyst for 

bifunctional water-splitting and photo/electrochemical applications. In addition, the 

FM-AFM exchange coupling between SNTO and INTO in long-range ordering along 

the nanofibers, the shape anisotropy of NCO nanofibers, and the defects decide the 

magnetic properties of NTO nanofibers obtained at different T. SNTO/INTO are 

semiconducting in nature and with weak FM are found to be potential candidates for 

soft magnetic materials and magnetic sensors. 

10.2 PART TWO 

SAN was also successfully used as the sacrificial polymeric binder for the synthesis of 

NCO nanofibers. The additional fictitious forces acting on precursor nanofibers during 

electrospinning, when RDI collector was used, played a remarkable role in the 

formation of randomly oriented fibers. This indigenously built RDI collector was found 

to be optimal collector for synthesis of NCO nanofibers, which avoids agglomeration 

of precursor nanofibers and defects during pyrolysis. Also, theoretically proven to be 

an optimal collector for all inorganic nanofibers synthesized using similar techniques. 

The crystallite and particle splitting, and re-ordering phenomena of NCO nanoparticles 

transform their shape from near spherical to rod-like structure as a function of t. These 

morphological changes affect the physico-chemical properties of NCO nanofibers. 

Eventually, it was discovered that the formation and presence of GL structures, due to 

the unique feature of SAN (polar functional groups), are responsible for these above-

mentioned phenomena. And the GL structures thus formed also affect the physico-

chemical properties of NCO nanofibers.  
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The electrocatalytic activity of GL/NCO nanofibers obtained at different t are 

compared by CV analysis. The GL/NCO nanofibers obtained at t = 4 h had a good 

electrocatalytic behavior due to the synergetic effect of optimal GL structures, NCO 

crystallite size and particle shape, and porosity of the NCO nanofiber. These attributes 

of NCO nanofibers (t = 4 h) enhanced their sensitivity to analytes such as glucose. NCO 

nanofibers developed at t = 4 h exhibited maximum glucose sensing efficiency with 

bifunctional electrocatalytic property for water-splitting. Therefore, it can be used as a 

potential electrode material for multifunctional electrocatalyst in energy and 

environmental technology. Furthermore, the enhanced ionic conductivity in presence 

of GL structures gives rise to cationic structural mutation in Tv and Ov as a function of 

t, which accounts for the transformation of NCO crystal from inverse to partial and 

normal spinel structure. These structural changes tailor the FM-AFM exchange 

coupling in the NCO crystal as a function of t and with shape anisotropy (depends on 

morphology of NCO nanoparticle and nanofiber) and defects present decide the 

magnetic and electrical properties of these NCO nanofibers. The defective and 

undisrupted sp2 GL structures also contribute to these properties, but, are mild and lack 

long-range ordering. Hence, NCO nanofibers decorated with GL structures having a 

tunable magnetic and electrical properties as function of t are potential candidates for 

soft magnets and magnetic sensors. 

 Overall, this study proves that SAN could be a potential polymeric binder for 

the synthesis of any MTMO or inorganic nanofibers through sol-gel assisted 

electrospinning process followed by pyrolysis; and RDI collector is an optimal collector 

for such combined synthesis techniques. SAN as polymeric binder in electrospinning, 

and pyrolysis parameters, such as T and t were contributory in tailoring the structural, 

morphological, compositional, and physico-chemical properties of NTO and NCO 

nanofibers. The NTO nanofibers are promising candidates as catalysts for bifunctional 

water electrolysis and other photo/electrochemical reactions. NCO nanofibers are 

potential material of choice for electrochemical biosensors and bifunctional water-

splitting, thus can be considered as one-pot multifunctional electrocatalyst. Both NTO 

and NCO nanofibers could find their potential applications in the field of magnetism as 

soft magnets and magnetic sensors. The presence of defects and semiconducting nature 
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of these nanofibers make them useful in advanced devices such as multiferroics and 

spintronics.
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SCOPE FOR FURTHER WORK 

❖ Use of SAN as sacrificial polymeric binder for the synthesis of other MTMO 

nanofibers, especially more than two transition metals. 

❖ Comparative study on the physico-chemical properties of sol-gel assisted 

electrospun NTO and NCO nanofibers from SAN and other different polymeric 

binders, at different pyrolysis conditions. 

❖ Doping of other elements such as alkaline earth, rare earth, metalloids, nitrogen 

or carbon nanostructures into NTO and NCO nanofibers, which may enhance 

the electrocatalytic and magnetic performance. 

❖ Applications of NTO nanofibers can be explored in: 

o Batteries as both anode and cathode materials 

o Fuel cells as electrodes 

o Photocatalysis  

o Pigments 

o Electrochromic materials 

o Electrical resistance sensors 

o Multiferroics and spintronics devices. 

❖ Applications of NCO nanofibers can be explored in: 

o Supercapacitors and batteries (anode material) 

o Fuel cells as electrodes 

o Automobile catalytic convertor as catalyst 

o Electrochromic materials 

o Hall and electrical resistance sensors 

o Multiferroics and spintronics devices.
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APPENDIX I PART ONE 

I.1 COEFFICIENT OF FIBER UNIFORMITY 

This function is a measure of size distribution, and as the size distribution is uniform, 

the value  of  FUC  approaches unity. The function is given by (George et al. 2015): 

w
FU

n

A
C

A
= ,                                                                                                                    (I.1) 

where, n i i iA n d n=   and 
2

w i i i iA n d n d=  . The id  is the AFD and in  is the 

number of fibers with a diameter id . 

I.2 TGA OF SAN AND PRECURSOR NANOFIBERS 

The degradation of precursor nanofibers was enhanced and accelerated at a temperature 

less than 773 K compared to SAN nanofibers (Fig. I.1), probably due to the catalytic 

activity of acetic acid released from the precursor salts at an early stage (Scheirs 2000). 

Similar observation was found in other literature (George and Anandhan 2014b; George 

et al. 2015). 

 

Fig. I.1 Comparison of SAN and precursor nanofibers TGA curves. 

I.3 CRYSTAL PARAMETERS 

The lattice parameter of spinel system was calculated assuming a cubic structure, using 

the formula: 
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2 2 2

2 2

1 ( )

hkl

h k l

d a

+ +
=                                                                                                      (I.2) 

Whereas, the lattice parameter of the rhombohedral system was calculated assuming a 

hexagonal structure (Murugan et al. 2006; Gambhire et al. 2008; Vijayalakshmi and 

Rajendran 2012; Nguyen-Phan et al. 2014), using the formula: 

2 2 2 2

2 2 2

1 4 ( )

3hkl

h k l l

d a c

   + +
= +   

   
,                                                                                 (I.3) 

where, hkld  is d-spacing, a  and c  are lattice dimensions, and h , k , l  are Miller indices 

for planes in the crystal lattice. Tables I.1, I.2, and I.3 show the crystallite parameters 

of SNTO/INTO nanofibers. 

I.4 QUANTITATIVE ANALYSIS OF SNTO USING XRD 

The weight percent of spinel NTO in ceramic nanofibers was calculated with the 

following equation (Kim et al. 2006a): 

100

1 1.265

SNTO

INTO

SNTO

X
I

I

=
  

+   
  

,                                                                                          (I.4) 

where, SNTOI  and INTOI  are integrated intensities of major peaks of SNTO (4 0 0) and 

INTO (1 0 4) phases, respectively, obtained from XRD patterns. 

I.5 WILLIAMSON-HALL METHOD 

The strain induced peak broadening arising from crystal imperfections and distortion 

are calculated using Williamson-Hall method (George and Anandhan 2014a). The peak 

width at half maximum intensity is given by: 

hkl s D  = +                                                                                                                        (I.5) 

( )4 tan
cos

hkl
D


  



 
= + 
 

                                                                                       (I.6) 

Rearranging above equation, 
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Table I.1: Crystal parameters of SNTO/INTO nanofibers pyrolyzed at 773 K. 

Crystal 

structure 
 (h k l) 

Position 

( 2  ) 

d-spacing 

(Å) 

FWHM, 
hkl

  

( 2  ) 

Lattice parameter 

(Å) 

a c 

SNTO 

3 1 1 35.96423 2.49579 0.49008 

Theoretical 

value = 8.3416 

Average 

calculated value 

= 8.3158 

a = c 

2 2 2 37.27572 2.41094 0.46267 

4 0 0 43.53639 2.07765 0.50173 

5 1 1 57.75379 1.59547 0.74665 

4 4 0 63.03931 1.47382 0.28545 

6 2 2 75.72008 1.25543 0.42393 

INTO 

0 1 2 24.28287 3.66337 0.38857 

Theoretical 

value = 5.0274 

Average 

calculated value 

= 5.0028 

Theoretical 

value = 13.7830 

Average 

calculated value 

= 13.7539 

1 0 4 33.33643 2.68627 0.3968 

1 1 0 35.96423 2.49579 0.49008 

0 2 4 49.699 1.83349 0.60615 

1 1 -6 54.27984 1.68908 0.50898 

3 0 0 64.40157 1.4459 0.54941 
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Table I.2: Crystal parameters of SNTO/INTO nanofibers pyrolyzed at 973 K. 

Crystal 

structure 
 (h k l) 

Position 

( 2  ) 

d-spacing 

(Å) 

FWHM, 
hkl

  

( 2  ) 

Lattice parameter 

(Å) 

a c 

SNTO 

3 1 1 35.82646 2.50507 0.34819 

Average 

calculated value 

= 8.3282 

a = c 

2 2 2 37.31989 2.40818 0.25737 

4 0 0 43.37956 2.08479 0.45044 

5 1 1 57.6028 1.59929 0.61665 

4 4 0 63.061 1.47337 0.41449 

6 2 2 75.64726 1.25646 0.52611 

INTO 

0 1 2 24.25136 3.66806 0.29329 

Average 

calculated value 

= 5.0164 

Average 

calculated value 

= 13.7804 

1 0 4 33.29055 2.68987 0.34758 

1 1 0 35.82646 2.50507 0.34819 

0 2 4 49.54273 1.83891 0.35781 

1 1 -6 54.0894 1.69458 0.4583 

3 0 0 64.17448 1.45046 0.28819 
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Table I.3: Crystal parameters of SNTO/INTO nanofibers pyrolyzed at 1173 K. 

Crystal 

structure 
 (h k l) 

Position 

( 2  ) 

d-spacing 

(Å) 

FWHM, 
hkl

  

( 2  ) 

Lattice parameter (Å) 

a c 

SNTO 

3 1 1 35.79207 2.5074 0.22928 

Average 

calculated value 

= 8.3341 

a = c 

2 2 2 37.34212 2.4068 0.30138 

4 0 0 43.32969 2.08708 0.28158 

5 1 1 57.55958 1.60039 0.23876 

4 4 0 62.9569 1.47555 0.37477 

6 2 2 75.58583 1.25732 0.52611 

INTO 

0 1 2 24.2544 3.6676 0.24929 

Average 

calculated value 

= 5.0146 

Average 

calculated value 

= 13.7899 

1 0 4 33.21241 2.69602 0.18341 

1 1 0 35.79207 2.5074 0.22928 

0 2 4 49.55545 1.83847 0.26626 

1 1 -6 54.07578 1.69497 0.17794 

3 0 0 64.15709 1.45081 0.25236 
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( )cos 4 sinhkl
D


   

 
= + 
 

                                                                                      (I.7) 

The plots of coshkl   against 4sin  for the inorganic nanofibers are shown in Figure 

I.2-I.4, where T is the pyrolysis temperature. From the ordinate intercept of the linear 

fit, the crystallite size ( D ) was calculated; whereas the lattice strain was obtained from 

the slope of the linear fit. 

 

Fig. I.2 Williamson-Hall plots of NTO nanofibers developed at 773 K for (a) SNTO, 

(b) INTO, and (c) overall crystallites. 

I.6 THEORETICAL SSA 

The SSA of the nanofibers were calculated assuming that the inorganic nanofibers were 

smooth, and the length of each nanofiber ( L ) was 100 μm from FESEM (George and 

Anandhan 2014a). The theoretical density is given by: 

M

A

N

vN
 = ,                                                                                                                            (I.8) 
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where, N  is the number of atoms per unit cell, M  denotes the molecular weight, v  

represents the volume of the unit cell, and AN  is the Avogadro’s number. The SSA was 

determined considering the above theoretical density, as follows: 

a. Mass of arbitrary NTO nanofiber (m) with a known AFD is given by, m V= 

, where, V  is the volume of nanofiber. 

b. Cylindrical NTO nanofiber SSA is given by: 

 (AFD)
SSA

L

m


=                                                                                            (I.9) 

 

Fig. I.3 Williamson-Hall plots of NTO nanofibers developed at 973 K for (a) SNTO, 

(b) INTO, and (c) overall crystallites. 
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Fig. I.4 Williamson-Hall plots of NTO nanofibers developed at 1173 K for (a) SNTO, 

(b) INTO, and (c) overall crystallites. 

I.7 FESEM-EDS ANALYSIS OF NTO NANOFIBERS ON CARBON TAPE 

FESEM micrographs were used to measure the AFD and SD of NTO nanofibers using 

Image J software as shown in Figure I.5. The mosaic structured nanoparticles in NTO 

nanofibers obtained at 773 K transforms to bamboo like structure NTO nanofibers with 

increasing pyrolysis soaking temperature to 1173 K. EDS spectra was acquired for the 

selected area on the NTO nanofiber. The weight and atomic percentage of each element 

is shown in Figure I.5. 
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Fig. I.5 FESEM micrographs depicting AFD±SD of NTO nanofibers obtained at 

different T. Weight and atomic percentage of each elements present in NTO nanofibers 

recorded by EDS analysis. 

I.8 BAND STRUTURE OF INTO AND SNTO 

The band structure of INTO and SNTO estimated from first-principles DFT analysis 

are shown in Figure I.6. 

 

Fig. I.6 Comparison of band structure of (a) INTO and (b) SNTO acquired from DFT 

analysis. 
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I.9 XPS ANALYSIS WITH DEPTH PROFILING 

Figure I.7a is the XPS survey spectra of NTO nanofibers obtained at different pyrolysis 

soaking temperatures. Figure I.7b-d are the high-resolution XPS spectra recorded for 

O, Ni, and Ti elements. The presence of both INTO and SNTO is confirmed in all 

samples of the NTO nanofibers. 

 

Fig. I.7 XPS of NTO nanofibers obtained at different T: (a) survey spectra, (b) high-

resolution spectra for O 1s, (c) high-resolution spectra for Ni 2p, and (d) high-resolution 

spectra for Ti 2p (inset figure: spin-orbit splitting for Ti3+ ion). 

I.10 HYDROGEN GAS DISCHARGE 

The increase in the volume of H2 liberated and collected with increase in negative 

current is shown in Figure I.8 for NTO/GE obtained from T = 773 K. The quantity of 

H2 evolved increases up to -300 mA and reaches saturation. Hence, this -300 mA 

current can be used for rest of the electrochemical studies, as H2 discharge is maximum 

here. 
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Fig. I.8 Quantity of H2 liberated with respect to current for NTO/GE developed at T = 

773 K. 

I.11 OXYGEN GAS DISCHARGE 

The increase in the volume of O2 liberated and collected with increase in positive 

current is shown in Figure I.9 for NTO/GE obtained from T = 1173 K. The quantity of 

O2 evolved increases up to +300 mA and reaches saturation. Hence, this +300 mA 

current can be used for rest of the electrochemical studies, as O2 discharge is maximum 

here. 

 

Fig. I.9 Quantity of O2 liberated with respect to current for NTO/GE developed at T = 

1173 K.
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APPENDIX II PART TWO 

II.1 TGA OF SAN AND PRECURSOR NANOFIBERS 

Figure II.1 shows TGA plots for SAN and precursor nanofibers. SAN undergoes single 

step degradation, unlike in precursor nanofibers and the complete degradation of SAN 

was observed at a higher temperature than that of precursor nanofibers. This is because 

of the acetic acid liberated by precursor salts during degradation, which accelerates the 

thermal degradation of the polymer chains (George and Anandhan 2015b; George et al. 

2015; Kumar et al. 2017).  

 

Fig. II.1 TGA plots of SAN and precursor nanofibers. 

II.2 SEM-EDS 

II.2.1 SEM 

The SEM micrographs of NCO nanofibers produced at different t, are shown in Figure 

II.2a-c, and their size distributions are shown in Figure II.2d-f. The increase in AFD of 

nanofibers with t can be attributed to the increase in NCO particle size along the 

nanofibers due to thermally driven particle growth and the fiber opening up along the 

length of the fiber. The variation in SD suggests the non-uniformity of the fiber 

diameter. The significant increase in SD of fiber diameter as a function of pyrolysis 

soaking time can be assigned to the competition between thermally induced 

densification of fibers and the opening up of the fiber anisotropically along the 
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longitudinal direction, due to thermal stresses. This also brings about the anisotropic 

strain distribution in the nanofibers, which will be discussed in the context of XRD 

(Section 7.1.2.3). 

 

Fig. II.2 (a-c) SEM micrographs and (d-f) the corresponding histogram inferring AFD 

± SD of NCO nanofibers obtained at 773 K for different t = 2, 4, and 6 h. AFD and SD 

are in nm. 

II.2.2 EDS 

FESEM-EDS enables the approximate estimation of the atomic and mass ratio of Ni, 

Co, and O present in the NCO nanofibers after pyrolysis. The theoretical wt% ratios of 

Co:Ni and O:Co are 2.00 and 0.54, respectively, for spinel NCO. The theoretical at% 

ratio is 2.00 for both Co:Ni and O:Co ratios in spinel NCO. Figure II.3 enlists the weight 

and atomic percentage of the elements corresponding to different t.  It is evident from 

Figure II.3, that as t has increased the weight and atomic percentage ratios of Ni, Co, 

and O in NCO nanofibers, and were approaching the values close to that of their 

theoretical values (spinel structure). This suggests that the non-stoichiometry of NCO 

nanofibers is reduced with increasing t. 
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Fig. II.3 Selected area EDS results depicting the percentage composition of Ni, Co, O, 

N, and C in NCO nanofibers synthesized at different t. 

The presence of elemental carbon was recorded for t = 2 h with an wt% and at% 

of 23.12 and 40.72, correspondingly. This is in good accordance with the thermal and 

XPS analysis (Section 7.1.1.2 and 7.1.2.6) showing a carbon-based residue with NCO 

nanofibers. However, the elemental carbon was not detected in case of t = 4 and 6 h.  

At this point it has to be noted that the EDS was analyzed at small areas of single NCO 
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nanofiber and the sensitivity of EDS equipment is limited to such minute concentration 

of carbon-based residues. 

II.3 XRD CRYSTAL AND CRYSTALLITE ANALYSIS 

NCO exists in both normal and inverse spinel structure as per earlier literature (Marco 

et al. 2000, 2001; Iliev et al. 2013) at various conditions/temperature. Further, XRD 

analysis could not differentiate between these two crystal structures. Advanced neutron 

diffractions are used for such characterization. Besides, there are non-stoichiometric 

defects, and the positions of cations in inverse spinel structure is inconclusive even 

from advanced studies, as per literature. Hence, in a generic sense, normal spinel crystal 

structure is assumed while discussing XRD results, i.e., normal spinel structure 

(AB2O4). The lattice parameter of NCO crystallite was estimated using the cubic crystal 

structure formula: 

2 2 2

2 2

1 ( )

hkl

h k l

d a

+ +
= ,                                                                                                  (II.1) 

where, ( )2sinhkld  = , is the d-spacing,   is Bragg’s angle of diffraction,   

0.1541 nm, is X-ray wavelength (Cu Kα); a  is cubic lattice dimension and h , k , l  are 

Miller indices for crystal planes of the crystal lattice (Table II.1).  

Crystallite sizes were estimated using three different standard models: Scherrer 

model, Williamson Hall model, and the size-strain model. First, the instrumental 

contribution to peak broadening was determined using X-ray diffraction pattern and 

full-width at half maxima (FWHM) of a well-annealed Silicon (Si) sample, i . The 

actual broadening ( hkl ) corresponding to each diffraction peak of nanocrystalline 

NCO was estimated using following relation: 

0.5
2 2

hkl m i   = −  ,                                                                                                    (II.2) 

where m  is the measured FWHM from fitted diffraction peaks. 
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II.3.1 Scherrer equation 

Using Scherrer equation mentioned below, the crystallite size ( D ) is calculated and 

tabulated in Table 7.2: 

coshkl

D


 
= ,                                                                                                             (II.3) 

where    0.9, is the dimensionless shape factor. It has to be noted that the strain 

induced peak broadening is neglected in Scherrer equation and this leads to decrease in 

crystallite size, which is an error of estimation. 

II.3.2 Williamson-Hall plot 

The crystal imperfections and distortion give rise to the strain induced peak broadening, 

which can be calculated using Williamson-Hall method. 

II.3.2.1 Isotropic strain model 

In this model, uniform deformation strain was assumed without considering the 

anisotropic nature of the crystal. That is, the microstrain ( ), in the crystal lattice was 

considered to be uniform in all directions of a crystal.  The Williamson-Hall equation 

with isotropic lattice strain is given by: 

cos (4sin )hkl
D


   

 
= +  

 
                                                                                            (II.4) 

Equation II.4 is in the form of a straight line y mx C= +  with slope m  and 

intercept C . Hence, we calculated the microstrain using the slope of the linear fit to the 

plot of coshkl   against 4sin  as shown in Figure II.4a-c, and the crystallite size from 

the y-axis intercept of linear fit (Table 7.2). 

II.3.2.2 Anisotropic strain model 

Young’s modulus ( hklE ) of the crystal structure is anisotropic in nature and this aspect 

is considered in the anisotropic model. A uniform deformation stress was assumed and 

hence, it is a more realistic representation of the system. Williamson-Hall equation for 

this approach is given by: 
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Table II.1: Average lattice parameter of NCO nanofibers synthesized at different t, calculated from XRD analysis. 

t 

(h) 

Crystal 

planes 

(h k l) 

XRD peak fit 

position 

( 2 ) 

d-spacing 

(Å) 

FWHM, 
hkl
β  

( 2 ) 

Lattice parameter, a  

(Å) 

[Theoretical value = 8.1140] 

2 

2 2 0 31.34365 2.8524 0.57531 8.0678 

Average calculated value = 

8.0987 

3 1 1 36.7766 2.4425 0.58263 8.1009 

4 0 0 44.57589 2.0316 0.06064 8.1264 

5 1 1 59.17453 1.5605 0.76407 8.1086 

4 4 0 65.20073 1.4301 0.79876 8.0899 

4 

2 2 0 31.35722 2.8512 0.57078 8.0644 

Average calculated value = 

8.0944 

3 1 1 36.88354 2.4357 0.42493 8.0783 

2 2 2 38.40112 2.3428 0.54922 8.1157 

5 1 1 59.11764 1.5619 0.538 8.1159 

4 4 0 65.1266 1.4315 0.70914 8.0978 



 

 

 

2
2
1
 

A
P

P
E

N
D

IX
 II 

6 

2 2 0 31.1022 2.874 0.46592 8.1289 

Average calculated value = 

8.1167 

3 1 1 36.73746 2.445 0.52497 8.1092 

2 2 2 38.4346 2.3409 0.38146 8.1091 

4 0 0 44.69194 2.0266 0.41799 8.1064 

5 1 1 58.98703 1.565 0.49075 8.132 

4 4 0 64.97561 1.4345 0.60494 8.1148 
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4sin
coshkl

hklE D

 
  

   
= +   

  
,                                                                                  (II.5) 

where the microstrain ( ) in Equation II.4 is replaced by hkl hklE =  and   is the 

uniform deformation stress. Young’s modulus, hklE , whose direction is perpendicular 

to the crystal planes ( h k l ) is given by: 

2 2 2 2 2 2

11 11 12 44 2 2 2 2

( )
(2 2 )

( )
hkl

k l l h h k
E s s s s

h k l

 + +
= − − −  

+ + 
,                                                           (II.6) 

where elastic compliances 11s , 12s , and 44s  have their values for NCO crystal as 4.5662, 

-1.4064, and 11.9474 TPa-1, respectively, by appropriate assumption as per literature 

(Fritsch and Ederer 2010; Zhang et al. 2015). Equation II.5 is also in the form of 

y mx C= + . Therefore, the slope of linear fit to the plot coshkl   versus (4sin ) hklE

, yields uniform deformation stress and the y-axis intercept of the linear fit measures 

the crystallite size (Figure II.4d-f, Table 7.2 and 7.3). 

II.3.3 Size-Strain plot (SSP) 

The isotropic model of Williamson-Hall plot did not provide a convincing analysis of 

crystallite size measurements. However, in case of isotropic strain situations, crystallite 

size and lattice strain could be better quantified by opting an average crystallite size-

strain plot (Tagliente and Massaro 2008; Zak et al. 2011). SSP has a major significance 

since least weightage is considered for the diffraction data from the reflections at high 

Bragg’s angles, which has a poor precision. 

In this model, it is assumed that Lorentzian function describes the profile of 

crystallite size related peak broadening and Gaussian function describes the 

microstrain. According to this approximation, the relation follows: 

( ) ( )
2

2 20cos cos
2

hkl hkl hkl hkld d
D

 
   

 
= +  

 
,                                                                       (II.7) 

where 0  is a constant and for spherical crystallites it is equal to 4/3. The corresponding 

SSP are shown in Figure II.4g-i, and the crystallite sizes are tabulated in Table 7.2.  
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Fig. II.4 Williamson-Hall and size-strain plots of NCO nanofibers synthesized at 

different t. 

II.3.4 Crystallite growth kinetics 

The crystallite growth exponent ( n ) was estimated (Fig. II.5) by neglecting initial 

crystallite size ( 0D ) in Equation 7.1 of Section 7.1.1.2 (Table II.2), for the above-

mentioned models using the formula (Park et al. 2011; Xia et al. 2012): 

1 1
ln( ) ln( ) ln(A)D t

n n

   
= +   
   

,                                                                                              (II.8) 

where A  is the temperature dependent rate constant.  

From the standard model for conventional crystallite growth and crystallite 

boundary migration, the n  value is ~2 and hence, the activation energy ( aE ) for the 

crystallite growth and initial crystallite size ( 0D ) were calculated assuming n  = 2 in 

Equation 7.1 as shown in Figure II.6 and tabulated in Table II.2. 
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Table II.2: Crystallite growth exponent ( n ), initial crystallite size ( 0D ) and activation 

energy for crystallite growth for different models assumed. 

Model 

Crystallite 

growth 

exponent, 

n  

Initial 

crystallite 

size, 
0

D  

(nm) 

Activation 

energy for 

crystallite 

growth, 
a

E  

(kJ·mol-1) 

Scherrer equation 2.93 8.45 -28.2 

Williamson-

Hall plot 

Isotropic strain 8.45 16.22 -31.3 

Anisotropic strain 1.85 1.74 -27.7 

Size-Strain 

plot 

Pyrolysis soaking time, 

t = 2 to 4 h 
5.95 17.78 31.4 

Pyrolysis soaking time, 

t = 4 to 6 h 
2.73 7.98 -29.6 

 

Fig. II.5 ln( )D  versus ln( )t  plots of NCO nanofibers for different models assumed. 
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Fig. II.6 2D  versus t  plots of NCO nanofibers for different models assumed. 

II.4 BET ISOTHERMS 

 

Fig. II.7 Adsorption-desorption isotherms of NCO nanofibers synthesized at different 

t. 
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Figure II.7a-c shows the nitrogen gas adsorption-desorption isotherms of NCO 

nanofibers with different pyrolysis soaking times, t = 2, 4, and 6 h; respectively.  

II.5 XPS SURVEY ANALYSIS 

Figure II.8 shows the survey spectrum of the prepared nanofibers at different t. NCO 

nanofibers is akin to that of NCO material, where the peaks corresponding to different 

oxidation state of Ni, Co, O, and C were observed. 

 

Fig. II.8 XPS survey spectra of NCO nanofibers synthesized at different t. 

II.6 TAUC PLOT 

II.6.1 Band gap energy 

UV-vis-NIR absorption spectrum was converted to Tauc plot, as shown in the Figure 

7.9b, to obtain the optical band gap energy of the material. In general, the absorption 

band gap energy ( bgE ) of a semiconducting material can be determined using following 

equation (George and Anandhan 2015b; George et al. 2015): 

2( ) ( )gh h E  =  − ,                                                                                                      (II.9) 

where   is the absorption coefficient,   is the proportionality coefficient, and h  is 

the photon energy. 
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II.6.2 Urbach energy 

The non-stoichiometry of constituent compounds gives rise to differences in band gap 

energies in the material. Urbach energy is the modification in the band gap owing to 

the defects present in the material. In Figure 7.9c, the reciprocal of the slope obtained 

for the linear portion of the plot ln( )  versus h , quantifies Urbach energy (George et 

al. 2015). 

II.7 ANOMALOUS HALL EFFECT  

Anomalous Hall effect (AHE) is the change in sign of Hall voltage found in 

ferromagnetic materials as a consequence of spin orbital coupling. Hall measurements 

of thin film fiber mesh (porosity around 70%) were calculated and tabulated in Table 

II.3. AHE can occur due to the morphology, non-stoichiometry, magnetoresistance of 

the sample, and the impurities present in the sample such as graphene-like structure 

(McCloy et al. 2015). The sheet resistance (RS) per cm2 of the thin film mesh of the 

NCO nanofibers increase significantly for pyrolysis soaking time, t = 6 h, this could be 

attributed to the change in NCO particle morphology to discontinuous rod-like shape. 

Further, the least charge carrier density for t = 4 h could be due to the crystallite 

splitting, which increases the number of defects (holes) in the system. It has to be noted 

that the carrier density measured in this study is for electronic charge, e. And, this might 

also be reason for p-type semiconductor behavior for NCO nanofibers pyrolyzed at t = 

4 h. 

Table II.3: Hall measurements of thin film NCO nanofibers mesh synthesized at 

different t. 

t 

(h) 

Sheet 

resistance, 

RS 

(MΩ·cm-2) 

Type of 

semiconductor 

Sheet 

carrier 

density 

(cm-2 109) 

Bulk 

carrier 

density 

(cm-3 1014) 

Mobility, 

µM 

(cm2·V-1s-1) 

2 2.85 n-type 1.15 5.79 1901.70 

4 2.76 p-type 0.18 0.85 12909.36 

6 10.24 n-type 0.82 4.64 743.93 
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The electrical conduction in NCO is usually by small polaron hopping and this 

might be the reason for not having a significant change in sheet resistance per cm2 of 

the NCO nanofiber mesh from t = 2 h to 4 h, as there is no particle splitting occurring 

here. The samples showed both p and n-type behavior for NCO nanofibers having 

different pyrolysis soaking time, t. Such a behavior can also occur due to the variation 

in magnetism depending on the morphology of the nanoparticles, across the 

composition range as these oxides are highly magnetic (Windisch et al. 2001a, 2002). 

Some prior work reports that Ni3+ (the presence confirmed by XPS) doping into the 

spinel would also yield p-type semiconductor and increase in electrical conductivity at 

room temperature (Tareen et al. 1984). In this study, the presence of graphene-like 

structure should give rise to n-type behavior, as sp2 configuration is rich in electrons 

and defective NCO nanofibers being rich in holes. Besides, the crystallite splitting 

proposed for t = 4 h could lead to the formation of large number of vacancies and holes 

in the NCO nanofibers, which could render them p-type behavior. The mobility 

(apparent) measured is the effect of the competition between the contribution of number 

of holes and electrons from NCO particles (polaron hopping conduction) as well as the 

graphene-like structure (electronic conductivity) bridging these NCO particles. 

However, the large apparent mobility might be due to the over-estimation of dimensions 

of the highly porous NCO nanofiber film. Anomalous Hall effect behavior of NCO 

nanofibers could be beneficial for their use as Hall sensors. 

II.8 XPS DEPTH PROFILING SURVEY 

 

Fig. II.9 XPS depth profiling survey spectra of NCO-4. 
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XPS survey of depth profiling analysis of NCO-4 showed Ni, Co, O, and C elements. 

II.9 LSV IN PRESENCE OF ANALYTES 

LSV were recorded for NCO-4/GE in presence of 1 mM glucose and 100 µM H2O2. 

 

Fig. II.10 LSV of NCO-4/GE nanofibers in presence of analytes. 

II.10 NYQUIST PLOTS OF BARE GE AND NCO-4/GE IN ABSENCE OF 

ANALYTES 

EIS of bare graphite electrode and of NCO-4/GE in 0.1 M NaOH electrolyte. 

 

Fig. II.11 EIS spectra of bare and NCO-4 loaded GE. 
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II.11 BODE PHASE PLOTS OF NCO-4/GE IN PRESENCE OF ANALYTES 

Bode phase plots of NCO-4/GE in presence of 1 mM glucose and 100 µM H2O2, 

obtained at a slow scanning rate of 2 mV·s-1. From Figure II.12, the equivalent circuit 

assumed holds good fit and suggests that the conductivity of the H2O2 added electrolyte 

is more than that of the glucose. 

 

Fig. II.12 Bode phase plots of NCO-4/GE in presence of (a) 1 mM glucose and (b) 100 

µM H2O2.
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