
UNIVERSITY OF ZULULAND 

 

Solventless Synthesis of Nanostructured Spinel Ferrite 

Solid Solutions for Supercapacitance and Electrochemical 

Water Splitting Applications 

By: 

Nyemaga Masanje Malima  

201945446 

B.Ed.Sc. (UDOM); M.Sc. Chemistry (UDSM)  

THESIS 

Submitted in fulfilment of the requirements for the degree 

DOCTOR OF PHILOSOPHY 

In the field of  

CHEMISTRY 

Faculty of Science and Agriculture 

University of Zululand 

Supervisor: Prof. N. Revaprasadu  

Co-supervisor: Dr. M. D. Khan  

December 2021 



i 

 

DECLARATION 

I hereby declare that the work described in this thesis entitled “Solventless Synthesis of 

Nanostructured Spinel Ferrite Solid Solutions for Supercapacitance and 

Electrochemical Water Splitting Applications” is my own work and has not been 

submitted in any form for another degree or qualification of the University of Zululand or any 

other University/Institution for tertiary education. Information derived from the published or 

unpublished work of others has been acknowledged in the text and a list of references is 

given. 

Name: Nyemaga Masanje Malima 

Signature:        Date: 08
th

 December 2021 

  



ii 

 

CERTIFICATION BY SUPERVISOR 

This is to certify that this work was carried out by Mr. Nyemaga Masanje Malima in the 

Department of Chemistry, University of Zululand and is approved for submission in 

fulfilment of the requirements for the degree of Doctor of Philosophy in Chemistry. 

 

……................................ 

Supervisor 

N. Revaprasadu (Ph.D) 

Professor of Inorganic Chemistry 

Department of Chemistry, University of Zululand, 

Kwa-Dlangezwa, South Africa. 

 

……................................ 

Co-Supervisor 

M.D. Khan (Ph.D) 

Postdoctoral Researcher 

Department of Chemistry, University of Zululand, 

Kwa-Dlangezwa, South Africa. 

  



iii 

 

ACKNOWLEDGEMENT 

My profound gratitude goes first to Almighty God, for his abundant blessings and protection 

throughout my studies, without which this thesis would not have been possible. 

I owe a deep sense of gratitude to my supervisors, Prof. Neerish Revaprasadu and Dr. Malik 

Dilshad Khan for their constant support, guidance and mentorship throughout my Ph.D 

studies. It is through their expertise and unwavering enthusiasm for nanoscience that made 

this thesis gain the required standard and shape. A debt of gratitude is also owed to the late 

Prof. Egid Beatus Mubofu who introduced me to Prof. Revaprasadu, and hence playing a 

huge role in my academic life. 

The National Research Foundation (NRF-Grantholder-linked student support) is highly 

acknowledged for the financial support. The Kansas polymer research center and the polymer 

chemistry program of the Pittsburg State University, USA are also acknowledged for 

providing research support. 

Further, yet importantly, special thanks are extended to my doting parents, Mr. Malima 

Nyemaga and Ms. Moshi Masinde for their unconditional and unequivocal support, endless 

love and prayers. I am similarly grateful to my brothers, sisters and other relatives for their 

encouragement, love and support. I equally place on record my heartfelt gratitude to my 

fiancée, Rehema Elias, for her support, encouragement and prayers. I am also indebted to the 

members of Dodoma Central Seventh-Day Adventist Church for their spiritual support. 

I thank profusely the Chemistry Staff of the University of Zululand, my colleagues, and 

friends. A special mention goes to Dr. S. Mlowe, Dr. C. Masikane, Dr. Shesan J.O, Dr. E. 

Ayom, Dr. C. Gervas, Dr. G. Shombe, Mr. W. Zibane, Mr. S. Khoza, Mr. Z. Mzimela, Mr. Z. 

Ncanana, Mr. L. Nene, Mr. G. Tigwere, Mr. A. Koffee, Mr. M. Khumalo, Mr. M. Sifundo, 

Ms. A. Nhlapo, and Ms. J. Govender. Their personal generosity helped me in striking a 

balance with life outside the dark depths of the lab, and made my time at Unizulu enjoyable. 

My appreciation also extends to the academic and administrative personnel of the University 

of Dodoma, Tanzania, and my colleagues at both the College of Education, and College of 

Natural and Mathematical Sciences, for their constant cooperation. 

My joy knows no bounds in expressing my cordial gratitude to all my friends from Tanzania, 

and all people who directly or indirectly, have lent their hand in this venture. 



iv 

 

DEDICATION 

It is with genuine gratitude and warm regard that I dedicate this work to my parents whose 

value to me grows with age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

ABSTRACT 

Metal oxide nanocrystals that adopt the spinel crystal structure, such as spinel ferrites 

exhibit a variety of interesting electronic, magnetic, and optical properties, which render them 

suitable for numerous technologically relevant applications. Interestingly, tuning the 

composition of spinel nanoferrites via the design of solid solutions is recognized as an 

effective way to improve their electrochemical properties towards supercapacitance and water 

splitting. In this regard, achieving synthetic control over the composition is critical to tuning 

the properties of spinel ferrite nanocrystals. Efforts to find sustainable approaches to 

nanoparticle synthesis have focused on green chemistry principles, including reducing waste, 

improving yield and atom economy, and minimizing auxiliaries and reaction steps. The 

solventless approach, in which the synthesis of nanomaterials proceed by thermal 

decomposition of precursors has attracted considerable research interest and proven to be 

simple, economical, time-effective, scalable, and eco-friendly. The work described in this 

thesis demonstrates the suitability of the solventless thermolysis route for the fabrication of a 

series of nanostructured spinel ferrite solid solutions using metal acetylacetonate precursors. 

Investigation on the efficacy of the synthesized ferrite solid solutions for supercapacitance 

and water splitting applications is also described. The thesis is organized into seven chapters 

as described hereunder. 

The first chapter presents the introduction and literature review which are the 

foundations upon which the entire research work is based. This chapter gives insight into 

electrochemical energy systems with a special focus on the theory behind electrocatalytic 

water splitting and the mechanism of hydrogen production in both acidic and alkaline 

electrolytes. Similarly, the description, classification and working principles of 

supercapacitors are described. It also shades light into the concept and potential applications 

of spinel ferrites and their corresponding solid solutions. The first chapter is culminated by 

highlighting the research justification and establishes the working scope and objectives of the 

study. 

The work described in chapter two entails the scalable synthesis of nanostructured 

Ni1-xCoxFe2O4 solid solutions via a solventless thermolysis method. The physicochemical 

analysis of the as-prepared solid solutions is established by a suite of characterization 

techniques, while the procedures of materials fabrication and electrochemical analysis are 

also presented. The p-XRD analysis confirmed the formation of a series of monophasic cubic 

spinel ferrites with space group Fd3m. Investigation of the synthesized materials for 
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supercapacitance revealed that the nanospinel Ni0.4Co0.6Fe2O4 electrode demonstrated a 

longer charge-discharge time, signifying superior charge storage capacity. For efficient HER 

electrocatalysis, the Ni0.6Co0.4Fe2O4 electrode showed high performance manifested by low 

overpotential of 168 mV and Tafel slope of 120 mV/dec. Similarly, Ni0.8Co0.2Fe2O4  exhibited 

a lower overpotential of 320 mV with a low Tafel slope of 79 mV/dec, indicating enhanced 

OER activity. 

Chapter three describes scalable nanofabrication of composition-tuneable spinel Co1-

xZnxFe2O4 solid solutions via a solvent-free thermolysis approach. The discussion of the 

experimental results regarding the materials’ structural, compositional, morphological and 

optical properties is provided. Experimental results revealed that incorporation of 

diamagnetic Zn
2+

 in the crystal lattice of CoFe2O4 significantly enhanced both the 

physicochemical and electrochemical properties of the resultant material. Higher discharge 

time displayed by Co0.4Zn0.6Fe2O4 is indicative of higher specific capacitance of the material 

compared to the pristine CoFe2O4. For OER, the Co0.8Zn0.2Fe2O4 solid solution exhibited 

higher performance reflected by low overpotential of 317 mV along with a small Tafel slope 

of 56 mV/dec. As for HER in alkaline electrolyte, Co0.6Zn0.4Fe2O4 displayed decent 

performance with a low overpotential of 169 mV and Tafel slope of 136 mV/dec compared to 

other electrode compositions. 

Chapter four demonstrates that by regulating the molar composition of Mg and Ni in 

the preparation of Ni1-xMgxFe2O4 solid solutions, the physicochemical and the 

electrochemical performance of the material were tuned. The Ni1-xMgxFe2O4 (x = 0.6) 

nanoparticles exhibited the best electrocatalytic activity for HER with an overpotential of 

only 121 mV which is much smaller compared to its analogues, at current density of 10 

mA/cm
2
 and the electrode exhibits good stability during long-term electrolysis. Meanwhile, 

Ni0.2Mg0.8Fe2O4 showed the best OER activity, requiring an overpotential of 284 mV to 

deliver the same current density within the window of potential examined. 

In chapter five, a series of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions with varying 

amounts of zinc and nickel have been efficaciously fabricated via a solventless pyrolysis 

method. The p-XRD and EDX analyses confirmed the formation of homogeneous phase-pure 

Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. In comparison, the incorporation of zinc in the 

crystal lattices of nickel ferrite endowed a larger benefit on HER and OER than on 

supercapacitance. Specifically, the Ni1-xZnxFe2O4 (x = 0.8) nanocatalyst displays excellent 

HER performance with superior activity which is manifested by a small overpotential of 87 
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mV, whereas Ni1-xZnxFe2O4 (x = 1) catalyst exhibited superior OER performance with a 

small overpotential of 330 mV. 

The main aim of the sixth chapter was to employ the same solventless pyrolysis 

approach to afford uniform Co1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles using metal 

acetylacetonate precursors. Structural analysis showed that all samples exhibited a cubic 

spinel ferrite structure with space group Fd3m. All samples showed the same morphology 

irrespective of the amount of Mg being incorporated in the CoFe2O4 system. Considering the 

band gap value of pristine cobalt ferrite, a blue shift was observed for all compositions except 

for x = 0.2 and 1, which were red shifted. The results and findings of this chapter are of 

profound significance for the design of novel electronic and optoelectronic devices. 

Chapter 7 culminates the entire research project by presenting a brief summary of the 

work and possible areas to be considered for future work. 

Overall, it was observed in this study that compared to the parent spinel ferrites, their 

corresponding solid solutions demonstrated improved physicochemical and electrochemical 

activity, except for Ni1-xZnxFe2O4 where the parent ZnFe2O4 exhibited higher OER activity 

than the solid solutions. 
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1.1 14B14BGeneral introduction 

Energy security and environmental sustainability are fundamental inputs for sustainable 

social and economic development in the modern world. However, the development of 

modern society is confronting the conflict between the growing energy demand and realizing 

a low-carbon economy.
1
 Due to population and economic growth, the global energy demand 

is estimated to rise by 50% in 2030 and is likely to double by the year 2050.
2
 Ideally, this 

demand could be realized from fossil fuels, namely, natural gas, coal, and petroleum oil. 

However, growing concerns about their non-renewability, rapid depletion and the associated 

myriad of environmental problems cannot be ignored.
3
 In the move towards a sustainable 

world, renewable sources of energy, including wind, tidal solar, and hydro-powers are 

undoubtedly playing a pivotal role in overcoming fossil fuel exhaustion and global pollution 

and assure the generation of clean energy.
4
 However, these renewable energy sources suffer 

from seasonal and intermittent issues, making them difficult to satisfy the demands of daily 

life. If they are to be used as primary energy sources, they must be harvested, stored and 

dispatched on demand to the ultimate user.
5
 Therefore, to meet the future energy needs and 

low-carbon lifestyle, there is a dire need to develop efficient technologies for renewable 

energy harvesting and storage. 

Electrochemical energy storage (supercapacitors and batteries) and conversion (fuel 

and electrolytic cells) technologies play fundamental roles in the sustainable development of 

human society. They are essential components that facilitate electrification of transportation, 

proficient exploitation of renewable energies, and the rapid development of portable 

electronics.
6-11

 In recent decades, supercapacitors and rechargeable batteries have 

demonstrated great potential as dominant power sources for electric automobiles, portable 

electronics, and large-scale electric grids.
12-14

 Supercapacitors have continued to draw 

widespread promise owing to their fast charge-discharge rate, long cycling capability, and 

eco-friendliness. They, however, exhibit inferior energy density compared to batteries, 

necessitating intervention for improvement.
15

 Similarly, the production of hydrogen has been 

recognized as a highly efficient energy storage/conversion process to exploit renewable 

energy resources. Molecular hydrogen gas (H2) stands out as an exceptionally appealing fuel 

with the highest energy content, making it an excellent renewable energy carrier.
16

 However, 

most of the H2 is presently generated via steam reforming of fossil resources, a route which 

proceeds at a low conversion rate and emits pollutants, such as CO2 and CO. Thus, successful 

realization of a green hydrogen economy requires clean and efficient routes for H2 
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production. Electrochemical water splitting to yield hydrogen (H2) and oxygen (O2) is 

regarded as a clean and proficient solution for a sustainable energy system. It is viewed as a 

sustainable approach to substitute fossil fuels because, in the cycle of the hydrogen economy, 

water is used as both the starting precursor and by-product. The combustion of H2 

simultaneously liberates energy and reproduces pollution-free water as the only combustion 

by-product.
17

 The operational proficiency of water electrolysis is significantly influenced by 

the efficacy of electrocatalysts for the hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER). Principally, both HER and OER require catalysts to reduce the 

overpotentials, as well as electrical and transport-related resistances for effective H2 and O2 

generation. Traditionally, platinum, ruthenium, and palladium and their hybrid materials have 

long been utilized as ideal HER catalysts, owing to their optimal hydrogen binding energy 

and low overpotential.
18

 Similarly, Ir/ Ru-based compounds including RuO2 and IrO2 have 

been known for OER catalysis. Unfortunately, the high price, insufficient reserves and poor 

stability of these noble metal-based catalysts restrict their yield of H2 at a large scale 

equivalent to the global demand.
19

  

Although electrochemical energy systems have advanced considerably over recent 

years, further improvements are still needed to meet the ever-growing power demand, lower 

overall cost and expand commercialization. In this context, the type of electroactive material 

plays a decisive role in determining their performance, stability, and cost.
20, 21

 Thus, the focus 

of new interventions in energy storage is to design state-of-the-art electrode materials capable of 

delivering high energy density without compromising the power density and cycling capability.22 

Equally important, inexpensive, inexhaustible, efficient, and stable electrocatalysts operating at 

low overpotentials are needed for efficient energy conversion systems.
23, 24

 To date, low-cost 

materials based on transition metals, metal alloys, metal oxides, carbides, nitrides, phosphides, 

sulfides, borides, and metal-free composites have been explored for energy applications.
25-28

 

Benefiting from their low cost, abundance, as well as structural and chemical stability, spinel 

nanoferrites have demonstrated a promising potential compared to their corresponding simple 

metal oxides. They have been further shown to exhibit remarkable electrochemical activity 

towards water splitting and supercapacitance due to their rich chemical composition, redox 

reversibility, high intrinsic conductivity, and superior ion transport.
29-33

  

Beyond the nature of the material, effective tuning of its electronic property is a 

critical strategy for developing efficient energy devices as it provides additional opportunities 

to optimize electrochemical performance. Several approaches, including alloying, interfacing, 

doping, incorporating oxygen vacancies, and edge-defect engineering, have been selectively 
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used to tailor the electronic structure of diverse nanostructures.
23, 34

 Interestingly, the 

formation of solid solutions has recently been reported to induce substantial changes in the 

materials’ electrical transport, redox reaction sites and energy band gap. Rational fabrication 

of nanoscopic solid solutions represents a robust approach towards obtaining materials with 

comparably high electrochemical performance than their pristine counterparts due to 

increased electrochemical sites and electroconductivity.
35-38

 

To obtain homogeneous solid solutions, the rational design of a facile and efficient 

synthetic protocol is important.
39

 This is because their formation may proceed with 

unforeseen events such as a rapid increase in enthalpy, the limited solubility of species 

involved, and slight structural disorder arising from vacancies or stacking faults.
40

 These 

events, along with increased chemical complexity, may result in phase segregation and make 

the synthesis of these materials challenging. Recently, solventless thermolysis has been 

described as an alternative strategy for large-scale preparation of various nanomaterials 

because it is a self-capping, eco-friendly, scalable and straightforward protocol in which 

precursor(s) material undergo solid-state pyrolysis under thermal treatment.
41

 In comparison 

with the most frequently used wet-chemical synthesis and traditional solid-state techniques, 

this method guarantees a low-cost, efficient and low-temperature production of 

semiconductor materials with good control of crystallite size and stoichiometry, and it has not 

been utilized for the synthesis of nanostructured ferrite solid solutions from metal 

acetylacetonate precursors.
42, 43

 The choice of metal acetylacetonate precursors is based on 

their low melting points, eco-friendliness, cost-effectiveness, as well as low and clean 

decomposition.
44

 

1.2 155BLiterature review 

1.2.1 16B16BElectrochemical energy storage and conversion systems 

Electrochemical technologies play a crucial role in realizing a sustainable future 

driven by the production, transformation as well as storage of clean energy from renewable 

sources. However, the scope of this literature review is confined to supercapacitors and water 

splitting as energy storage and conversion systems, respectively. 

1.2.1.1 17B17BSupercapacitors  

Supercapacitors (SCs) refers to energy storage devices in which the storage and 

release of electrochemical energy is achieved via reversible adsorption and desorption of ions 

at the electrode-electrolytes interface. They have attracted considerable research attention in 
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both academia and industry owing to their rapid rate capability, superior power density, 

pollution free operation, and long life cycle compared to batteries.
45, 46

 Owing to these 

fascinating properties, supercapacitors are regarded as highly desirable candidates for 

adoption as energy storage systems to narrow the gap between batteries and the traditional 

capacitors.
47

 Presently, supercapacitors have found potential applications in transportation, 

grid balancing, consumer electronics, military and aerospace, and power backup by 

protecting, enhancing, and/or replacing batteries in these applications.
15

  

1.2.1.2  Design, classification and mechanism of energy storage in supercapacitors 

The design of a supercapacitor is composed of electrodes dipped in an electrolyte and 

separated by a permeable membrane, and their properties uniquely complement the overall 

device performance. In addition to non-toxicity and low-cost of the electroactive materials 

used in an electrode design, it should also be highly porous with higher electronic and ionic 

conductivity, higher specific surface area, and mechanical and thermal stability.
48

 Likewise, 

for efficient working of the supercapacitor, the separator’s shallow thickness, dielectric 

strength, permeability, and chemical inertness should be considered. On the basis of charge 

storage mechanism, electrochemical capacitors (supercapacitors) are classified into 

electrochemical double layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors 

(Fig. 1.1).
49
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Fig. 1.1 Diagrams of (a) two and three-electrode configurations, (b) types of supercapacitors 

(EDLC, pseudocapacitor and hybrid), and (c) mechanism of charge storage in EDLCs, ion 

adsorption and desorption on the surface.
55

 

The EDLC relies on electrostatic accumulation of charges at the electrode-electrolyte 

interface, and therefore charge storage is done via physical adsorption of the electrolytic ions 

at the surface of  electrode . When a potential is applied, an electric double layer consisting of 

cations and anions is formed at the interface between the electrodes and the electrolyte, and 

the charges get stored at the interface (Fig. 1.2(a & b)).  

 

Fig. 1.2. Mechanism of capacitive energy storage via double-layer capacitance established at 

electrodes containing (a) carbon particles and (b) porous carbon. Pseudocapacitive 

mechanisms, (c) redox pseudocapacitance, as in metal oxides, and (d) intercalation 

pseudocapacitance, where Li
+
 ions are intercalated into the host material. 

The formed bilayer is due to physisorption of positively charged ions from the 

electrolyte on a negatively charged electrode and vice versa, when the potential is applied. 

The rapid ion diffusion between the electrode surface and the electrolyte solution accounts 

for their superior power density. Unlike rechargeable batteries, the charge-discharge process 

in DLCs is non-Faradic and therefore it shows high cyclability, which is significantly higher 

compared to rechargeable batteries. Nevertheless, EDLCs shows comparatively low energy 

https://pubs.rsc.org/en/content/articlelanding/2019/na/c9na00374f#fig2
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density than batteries. Owing to their porous nature, large surface area as well as high 

conductivity, carbon-based materials are preferably used as common electrodes for EDLCs.
50, 

51
 In contrast, charge storage in pseudocapacitors rely not only on fast surface reversible 

redox reactions (Fig. 1.2(c)) which are Faradaic in nature but also on the creation of an 

electric double layer. Pseudocapacitive mechanisms deliver high capacitance compared to 

EDLC, and they arise from reversible reduction and oxidation processes like those occurring 

in metal oxides, adsorption or insertion of electrolytic ions at the electrode surface, and 

intercalation of ions, where Li
+
 ions are introduced into the pristine material as displayed in 

Fig. 1.2(d). Common pseudocapacitive materials include metal oxides and conducting 

polymers.
52

 In hybrid supercapacitors, charge is stored both electrostatically and 

electrochemically. This type of supercapacitor benefits synergistically from the influence of 

EDLC (which enhances conductivity and stability) and pseudocapacitor (which offers 

capacitance), thus, increasing the overall device performance.
53

 This can be realized through 

pairing a pseudocapacitor electrode with an EDLC electrode (forming asymmetric capacitor), 

incorporating metal oxides in carbon-based materials or conducting polymers in one 

electrode (composite capacitor), or coupling a supercapacitor electrode with a battery 

electrode (battery-type supercapacitor).
53, 54

 

1.2.1.3 Electrochemical water splitting 

Water splitting (water electrolysis) is generally pictured as an appealing strategy for 

the production of clean hydrogen (H2) and oxygen (O2) from renewable resource. 

Electrochemical water splitting involves the chemical breakdown of water into hydrogen (H2) 

and oxygen (O2) at the separate electrodes by applying an electric current.
56

 The water 

splitting process takes place in an electrolyzer consisting of anode and cathode electrode 

compartments immersed in an aqueous electrolyte (acidic, alkaline, or neutral) as displayed in 

Fig. 1.3. In order to mitigate the losses in charge transport in the course of electrochemical 

processes, conventional water electrolysis is commonly performed under either alkaline 

conditions with a diaphragm or acidic media with a proton exchange membrane.
57, 58

 

Cathodic HER and anodic OER are two fundamental half-cell reactions of electrocatalytic 

water splitting, and they can be expressed in distinct ways subject to the reaction conditions 

(Fig. 1.3 and Table 1.1). When an external voltage is applied between the two electrode 

compartments, the HER yields H2 at the cathode, whereas O2 is formed at the anode by the 

OER. 

https://pubs.rsc.org/en/content/articlelanding/2019/na/c9na00374f#fig2
https://pubs.rsc.org/en/content/articlelanding/2019/na/c9na00374f#fig2
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Fig. 1.3. Scheme of conventional water electrolyzer 

Table 1.1. Electrochemical water splitting reactions under alkaline and acidic electrolytes. 

Electrode 

reaction 

Acidic medium Alkaline medium 

Anode  2H2O → O2 + 4H
+
 + 4e

-
 E

θ
 = -1.23 V 4OH

-
 → O2 + 2H2O+ 4e

-
 E

θ
 = -0.40 V 

Cathode  4H
+
 + 4e

-
 → 2H2 E

θ
 = 0.00 V 4H2O + 4e

-
 → 2H2 + 4OH

−
 E

θ
 = -0.83 V 

Overall  2H2O → 2O2 + 2H2 E
θ
 = -1.23 V 2H2O → 2H2 + 2O2 E

θ
 = -1.23 V 

 

Under standard temperature (25 °C), and pressure (1 atm), the splitting of water into 

molecular H2 and O2 is not thermodynamically favourable, as it needs a thermodynamic 

potential of 1.23 V, equivalent to an energy supply of G = 237.1 kJ/mol to drive the process. 

Practically, during water electrolysis, a higher applied potential is needed to facilitate the 

intricate transfer of electrons and ions and overcome the slow kinetics and poor energy 

conversion efficiency.
59

 It is also well established that, during water electrolysis, some 

unfavorable factors of electrode materials, including ion and gas diffusion and activation 

energy, can contribute to extra potential over the standard one, which is called an 

overpotential. Similarly, other factors related to a device, including heat release, electrolyte 

diffusion blockage, solution concentration, bubble formation, and wire and electrodes 

resistances, can equally contribute to the same effect.
60, 61

 Attempts have been made to 

elucidate the reaction pathway and improve electrolyzers, lowering the energy loss. The use 
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of proper electrocatalysts could significantly lower the overpotential and consequently 

promote the reaction rate and total cell efficiency. This is manifested by enormous efforts 

devoted to developing non-noble metal electrocatalysts with enhanced HER and OER 

activity. For instance, among many materials, carbides, metal alloys, sulfides, nitrides, 

tellurides, phosphides, selenides, and borides have been investigated as HER electrocatalysts 

in acidic medium, while several non-noble metal OER catalysts like metal oxides and 

(oxy)hydroxides have demonstrated excellent performance in alkaline condition. 
58, 62, 63 

In order to gain insights into some issues, such as determining the reaction rates, and 

designing and synthesizing electrocatalysts, a clear understanding of the HER mechanism is 

indispensable. The mechanism of HER process is greatly dependent on the pH of the 

electrolyte, and it takes place according to either the Volmer-Heyrovsky or Volmer-Tafel 

reaction mechanisms. In acidic solutions, the HER mechanism proceeds according to the 

following steps: The process begins with the Volmer reaction in which a proton (H
+
) 

combines with an electron (e-) on the surface of the catalyst (T), resulting in adsorption of a 

hydrogen atom on the surface. This is followed by the Heyrovsky reaction, which involves 

the combination of the adsorbed hydrogen atom (THads) with a proton (H
+
) and an electron (e

-

) to produce a hydrogen molecule (H2). Finally, the two adsorbed hydrogen atoms are 

combined to form a hydrogen molecule in the Tafel reaction. The mechanism of HER in 

alkaline media proceeds through a distinct Volmer and Heyrovsky reaction pathway due to 

high pH in alkaline conditions, hence the low concentration of protons. Therefore, in these 

two steps, molecular H2O is used instead of H
+
. The HER mechanism in both acidic and 

alkaline electrolytes is described in Table 1.2.
63

 On the other hand, the OER mechanism is a 

bit complex compared to that observed in HER, and will not be discussed here. Generally, the 

catalytic activity of an electrocatalyst can be examined using different factors such as 

overpotential, Tafel slope, Faradaic efficiency, turnover number, and catalyst stability.
64

 

Table 1.2. The electrochemical mechanism for HER. 

HER step In acidic medium In alkaline medium 

Volmer reaction T + H
+
 + e

-
 → THads H2O + e

-
 + T→ THads + OH

−
  

Heyrovsky reaction THads + H
+
 + e

-
 → H2 + T THads + H2O + e

-
 → H2 + OH

−
 + T 

Tafel reaction THads + THads → H2 + 2T  THads + THads → H2 + 2T 
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1.2.2 20B20BIntroduction to ferrites 

Ferrites refer to a class of metal oxides consisting of iron as the main component in 

their structure. According to their structure, there are four broad ferrites categories: ortho-

ferrites, garnets, hexagonal, and spinel ferrites. Ortho-ferrites is a category of ferrites 

exhibiting an orthorhombic crystal system with space group Pbnm. They are generally weak 

ferromagnetic materials designated by RFeO3, where R is the rare-earth element. Common 

examples include LaFeO3 and DyFeO3. Garnets refer to a group of ferrites characterized by 

“hard magnetic” features and are represented by a general chemical formula R3(Fe5O12), 

where R stands for the rare-earth element. Their crystal structure possesses tetrahedral, 

octahedral and dodecahedral sites. A good example is Yttrium garnet, Y3Fe5O12. On the other 

hand, hexagonal ferrites or hexaferrites are ferrites with the chemical formula MFe12O19, 

where M can be barium, strontium, calcium or lead. They are an interrelated group of 

compounds having hexagonal and rhombohedral symmetry. These compounds exhibit 

complex crystal systems and are magnetically hard.
65, 66

 Spinel ferrites represent a large 

family of magnetic mixed-metal oxides having a stable crystal structure of the naturally 

occurring mineral spinel, MgAl2O4, and was determined for the first time by Bragg in 1915.
67

 

These semiconducting ferrites derive their name from their structural similarity with a 

naturally occurring mineral MgAl2O4. They are alternatively referred to as ferrospinels or 

cubic ferrites. Thus, spinel ferrites can simply be defined as closely packed cubic systems 

consisting of trivalent iron (Fe
3+

) and divalent cations M
2+

 resulting in formula MFe2O4 

(where M represents divalent metals including Mn, Ni, Fe, Co, Mg, Cu, Zn, Ca, etc., or their 

combinations). They are very stable compounds due to their stable crystal structure. Spinel 

ferrites provide important flexibility in modulating the materials’ electronic, magnetic and 

optical characteristics due to the proximal interaction between two distinct metal cations in 

the crystallographic sites, enabling synergistic effects not displayed in simple metal oxides.
68

 

1.2.2.1 21B21BThe ferrite’s spinel structure and cation site occupation  

Crystallographically, the ferrite spinel structure (Fig.1.4) is a cubic crystal system 

consisting of 32 closely packed oxygen atoms with 64 tetrahedral and 32 octahedral voids. 

The electrical neutrality of spinel ferrites formula, (M
2+

)[Fe
3+

]2O4 is maintained by the 

corresponding divalent cation, M
2+

 and trivalent cation, Fe
3+

 in 8 tetrahedral and 16 

octahedral positions, correspondingly.
69

 The arrangement of metal cations and oxygen anions 

in the crystal lattice of spinel ferrites generates a variety of geometric configurations. Based 
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on M
2+

 and Fe
3+

 cation distribution in the tetrahedral and octahedral voids, normal, inverse 

and mixed spinel structures can be obtained. The normal spinel structure comprises divalent 

cation M
2+

 in the tetrahedral voids and Fe
3+

 in octahedral holes of the cubic cell. In contrast, 

the inverse spinel structure has both tetrahedral and octahedral positions harbored by an equal 

population of trivalent Fe
3+

 ions while the divalent M
2+

 ions fill the octahedral spaces. The 

mixed spinel system have both M
2+

 and Fe
3+

 distributed randomly in tetrahedral and 

octahedral voids.
70-72

 The distribution of metal cations in the crystal structure depends on 

their affinity to occupy the crystallographic sites, which in turn is determined by the ionic size 

of metal cations, cation charge, crystal field stabilization energy, size of interstitial sites, 

fabrication route, and synthesis reaction parameters.
73-75

 It has also been established that, 

cation occupancy within the spinel system depends essentially on the elastic energy, which is 

the magnitude to which the crystal structure is deformed because of the differences in 

dimensions of different cations within the spinel. In general, trivalent metal ions should 

locate at the octahedral sites while divalent cations occupy the tetrahedral sites. Additionally, 

metal ion distribution in octahedral and tetrahedral sites also depends on electrostatic energy, 

which takes care of electrical charge distribution. Simply, metal ions with higher electrical 

charge occupy octahedral sites, while those with smaller charges are stable in the tetrahedral 

position.
66

 Table 1.3 shows the preference of different cations in both tetrahedral and 

octahedral holes for different types of spinel ferrite structures. The existing difference in 

geometry and bonding energy of the cations and the neighboring oxygen ions can be utilized 

to modulate the physical and chemical properties of spinel ferrites via changes in cation 

arrangement, composition and oxidation state.
76
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Fig. 1.4. (a) The crystal structure of spinel ferrite (AB2O4 = MFe2O4, where A or M = 

divalent metals and B = Fe) (b) tetrahedral sites (c) octahedral sites. 

Table 1.3. The preferred structure of spinel ferrites and its dependence on the type of cation. 

Spinel structure Normal Mixed Inverse 

Cation  Zn
2+

 Cd
2+

 Mn
2+

 Fe
2+

 Mg
2+

 Ni
2+

 Co
2+

 Cu
2+ 

Co-ordination Tetrahedral         

Octahedral         

Spinel ferrites have been at the core of materials research ever since their discovery 

because of their fascinating optical, magnetic, electrical and catalytic properties. They also 

exhibit admirable mechanical hardness, chemical and structural stability.
66

 Interestingly, 

these materials consist of highly abundant elements, and their low fabrication costs make 

them appealing for numerous use in different fields, including energy storage and conversion, 

gas sensors, photocatalysis, and magnetic drug delivery.
77-80

 It is worth noting that 

nanoengineering has given spinel ferrites a new lease of life, enabling them to unveil 

important properties that were still far from being realized in the bulk dimension. Moreover, 

their preparation by diverse synthetic routes and the possibility to fabricate a virtually infinite 

series of solid solutions unlock the means to tailor their properties for many advanced 

applications. 

1.2.3 22B22BSolid solutions 

The formation of crystalline solid solutions has long been considered an effective 

strategy for tailoring materials’ structural and physicochemical properties. A number of these 

crystalline phases have been selectively applied in everyday life for many years. 

Consequently, these phases have become significant components of materials science. 

Basically, a solid solution refers to a homogeneous crystalline phase with variable 

composition. Solid solutions are formed when foreign atoms occupy available interstitial 

voids or substitute for atoms or ions in the parent lattice. Practically, the material is referred 

to as a solid solution when the concentration of foreign species rises above 0.1 - 1%.
81

 The 

foreign chemical specie(s) being introduced in the host material may not result in a 

significant change in the crystal symmetry of the host material leading to the formation of a 

primary solid solution. When the foreign atom causes a change in the host crystal structure, 

an intermediate solid solution is formed. The formation of solid solutions may sometimes 
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involve concurrent substitution of both cation and anion, yielding pseudobinary solid 

solutions. It is well established that slight distortions in the crystal lattice in the form of 

defects can be attributed to empty spaces or stacking faults, subject to the nature of the 

species being introduced and reaction parameters. These distortions in the crystal lattice may 

induce variation in lattice parameters, and hence causing the cell to shrink or expand. 

The main hurdles in forming crystalline solid solutions emanate from the limited 

solubility of different components in the solid-state. The host and the foreign components 

may exhibit a partial or complete solubility at different concentration ranges, thus generating 

solid solutions with variable properties. This phenomenon, therefore, offers the ability to 

modify or enhance the optical, electrical, magnetic, electrochemical, or mechanical properties 

of the host material for various applications. In a perfect crystal, the inclusion of foreign 

chemical components may cause a swift rise in enthalpy, necessitating recrystallization so as 

to efficiently purify the compound. In practice, if the change in energy associated with the 

introduction of the foreign heteroatom/element/molecule is reasonably small, the crystal acts 

like a solution, and its composition can be adjusted over a wide range. Generally, for the 

lowest formation energy and composition tuning over an entire range during the formation of 

solid solutions, crystallographic parameters, cationic/anionic radius, chemical valence, and 

quantum properties of the components should be considered.
82

 Basically, the formation of 

solid solutions is guided by a set of principles according to the following Hume-Rothery 

rules.
83, 84

 (i) the two components should possess similar crystallographic structures and very 

close lattice parameters; a decent match of the two components in structure and lattice 

constants can assure their alloying over the whole composition range and avert phase 

segregation, and (ii) The two components must have comparable chemical properties to 

encourage their amalgamation into a monophasic compound. The corresponding chemical 

species should have comparable cationic/anionic size, electronegativity and valence. It is 

recommended that the difference in size between the two species should be 15% or less to 

enable a random substitution. If the difference in size between the two component exceeds 

15%, then the size factor is said to be unfavorable, and the components’ solubility becomes 

limited. In homogeneous multicomponent phases such as solid solutions, stoichiometry 

influences the material’s physicochemical and structural properties in an incessant and 

predictable manner, the variation being often monotonic with composition. This behavior can 

be well demonstrated by Vegard’s law,
85

 which relates composition and unit cell dimensions. 

The law stresses that the sizes of the atoms, independent of the other parameters, have a 

considerable effect on the crystal structure. As a result, a linear relationship can be observed 
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between lattice constants and composition in systems of alloys or solid solutions.
86

 Besides 

the size, other features such as thermal stability, electronic and optical properties also vary 

regularly with composition. 

Nanostructuring of solid solutions is considered a promising strategy for realizing 

tailored properties and superior performance in numerous applications such as 

photodegradation of organic pollutants, clean energy harvesting and storage, optoelectronic 

nanodevices, and bio-related applications. Compared with the bulk materials, nanostructured 

solid solutions offers more advantages, which include large specific surface area, quantum 

confinement effect, and quantum size effect. A wide range of solid solutions both in bulk and 

nanoscale, including the selenides (PbS1-xSex,
87

 and SnS1-xSex,
88

 ), sulphides (Bi2-2xSb2xS3,
89

 

and NixCo3-xS4),
90

 oxides (Mn1-xCoxFe2O4,
91

 and Zn1-xMnxFe2O4),
92

 tellurides (ZnxCd1−xTe)
93

 

and phosphides (AlxGa1−xP),
94

 have been prepared. 

1.2.4 23B23BClassification of semiconductor solid solutions  

Solid solutions can be classified based on the number of component elements present 

in the system/compound and the nature of cation/anion occupancy in the host crystal 

structure. 

1.2.4.1 24B24BClassification of solid solutions based on the type of ion occupancy 

Depending on the type of cation/anion occupancy occurring in the host crystal system, 

there are two types of solid solutions namely, substitutional and interstitial solid solutions. 

Substitutional solid solutions are the most common type of solid solutions formed when two 

or more chemical species (cation/anion) with the same valence can mutually substitute each 

other within the same crystal system, hence taking up corresponding crystallographic sites.
95

 

Simply, it involves cationic and/or anionic substitutions in the same crystal. On the other 

hand, interstitial solid solutions are formed when the foreign atom/ion occupies an existing 

empty site/interstices/voids, and no species are left out in the crystal system.
96

 For this kind 

of solid solution to be formed, the atomic size of the foreign atoms should be smaller than 

that of the host atoms. As a result, most interstitial solid solutions incorporate solute/foreign 

atoms such as hydrogen, boron, lithium, carbon or nitrogen, with atomic size very much less 

than one nanometer. However, due to limited interstitial sites and the likelihood of forming 

lattice distortions/stresses, only a few solute atoms can be accommodated. In the two basic 

types, a significant variety of many complex solid solution mechanisms may be derived, 

through the simultaneous formation of substitution and interstitial processes, by incorporating 
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ions of different valence to those in the host structure or by creating empty spaces. Fig. 1.5 

illustrates the formation of both interstitial and substitutional solid solutions. 

 

Fig. 1.5. Representation of (a) substitutional solid solution, and (b) interstitial solid solution. 

1.2.4.2  Classification of solid solutions based on the number of component elements 

On the basis of the number of component elements (i.e. cations or anions), crystalline 

solid solutions can be classified as binary (two elements), ternary (three elements) or 

quaternary (four elements). Even though all these solid solutions share a similar formation 

principle, there is a great disparity in their properties. Solid solutions under this category can 

also be considered as being cationic or anionic, subject to the chemical identity of the species 

undergoing substitution. If the substitution process involves metallic ions (cations), the 

resulting solid solution is called cationic solid solution, whereas an anionic solid solution 

involves substitution between non-metallic ions (anions). 

1.2.5 26Progress on the synthesis of crystalline solid solutions 

With many years of research, the fabrication and applications of semiconductor solid 

solutions have achieved greater heights. With numerous synthetic strategies, a significant 

number of crystalline solid solutions of varying particle sizes, morphologies and composition 

have been rationally prepared in different material systems. Nevertheless, in all these years, 

there has been no systematic summary that covers diverse groups of solid solutions systems 

such as selenides, phosphides, sulfides, tellurides, oxides, and oxysulfides. Therefore, this 

work provides a systematic summary of the synthesis, characterization, properties, and 

possible applications of binary, ternary and quaternary solid solutions in various material 

systems such as selenides, sulfides, phosphides tellurides, oxides, nitrides, and oxysulfides. 
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1.2.5.1 27B27BBinary solid solutions 

In this category, the SixGe1−x system is the most popular and widely explored 

crystalline solid solution.
97

 Ideally, the similarity in crystallographic structure and 

comparable lattice parameters between germanium, Ge (cubic, a = 5.658 Å), and silicon Si 

(cubic, a = 5.431 Å) permit a wide range of composition tuning and bandgap control from 

0.66 to 1.12 eV. Based on nanostructured SixGe1−x solid solution, numerous microelectronic 

and optoelectronic devices can be achieved via the accurate regulation of their 

physicochemical properties. The synthesis of Si1−xGex nanoparticles having Ge concentration 

in the span of 0 ≤ x ≤ 0.31, has been reportedly achieved by Takeoka et al. by depositing Si, 

Ge, and SiO2 followed by annealing at 1100 °C.
97

 However, another study by Yang et al. 

employing SiH4 and GeH4 precursors in the chemical vapor deposition (CVD) process was 

found to extend the amount of Ge within the composition range of 0 ≤ x ≤ 1.
98

 The resulting 

nanosized Si1−xGex displayed tuneable thermal conductivity, energy band-gaps, and good 

crystallinity. Further rational control of the starting materials (SiH4 and GeH4) in the course 

of the CVD process could yield composition programmed Si1−xGex nanowires.
99, 100

 Selective 

and continuous adjustment of the ratio of Si and Ge in the precursor mixture permitted 

complete modification of the single nanowire’s energy band-gap and optoelectronic 

behaviour. The fabrication of such individual Si1−xGex nanowires with composition 

engineered energy-band gap paved new horizons in realizing high-performance 

photodetectors for selective wavelength detection over a wide range.
101

 

Binary CoxCu(100-x) (x = 10, 25, 50, 60, 75, and 90) systems have been successfully 

prepared via mechanical alloying. XRD measurements showed that after 20 h of mechanical 

alloying, all the samples displayed an entirely face-centered cubic phase. HRTEM images 

demonstrated the formation of ultrafine-grained materials containing a high density of 

defects. The EDX studies revealed a homogeneous distribution of Co and Cu in the solid 

solutions at the nanometer scale.
102

 

1.2.5.2  Ternary solid solutions 

Ternary solid solutions can be formed by combining two separate binary compounds, 

having an identical crystallographic system. The two compounds must be composed of either 

similar cation or anion. For example, alloying of A′B and A′′B yields (A′B)x(A′′B)1-x or 

simply A′xA′′1-xB, where A′ and A′′ are two unlike metallic ions, and B is the common non-

metallic ion. Similarly, alloying AB' and ABʺ gives (AB')x(ABʺ)1-x or simply AB'xBʺ1-x. 
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Notable examples include ZnxCd1-xSe obtained from ZnSe and CdSe, and CdSxSe1-x obtained 

by alloying CdS and CdSe. Alternatively, ternary solid solutions can be obtained from 

elemental doping process, wherein the cation or anion in the binary host compound is 

replaced by another cation or anion from the same group.
103

 The presence of a large number 

of material systems able to form ternary solid solutions offer more opportunities to fine-tune 

their properties and more prospects to realize their potential uses in various fields. 

1.2.5.2.1 29B29BTernary cationic solid solutions 

Ternary cationic solid solutions can be formed by combining two isostructural binary 

semiconductors having identical anions but different cations. On the other hand, ternary 

cationic solid solutions can be formed from elemental doping process, where a specific cation 

in the binary host compound is substituted by another cation of the same charge. A number of 

ternary cationic alloys or solid solutions have been reportedly prepared. 

The use of xanthate complexes in the fabrication of ternary metal sulfide solid 

solutions has been reported. Alqahtani et al. reported the use of tris(O-

ethylxanthate)bismuth(III) and tris(O-ethylxanthate)antimony(III) complexes for the 

preparation of Bi2−2xSb2xS3 (0 ≤ x ≤ 1) solid solutions by employing a facile melt method.
89

 

The synthesis was carried out by decomposition of stoichiometric mixtures of Bi[S2COEt]3 

and Sb[S2COEt]3 complexes at 200, 250, and 300 °C under nitrogen for 1 h. The p-XRD 

peaks of the resulting solid solutions over the whole composition corroborated well with the 

orthorhombic crystal system. The inclusion of Sb into the Bi2S3 system led to a change in the 

materials’ optical properties with an obvious rise in the band gap energy from 1.66 eV to 2.19 

eV for x = 0 to x = 1, correspondingly. 

Similarly, Kun et al. achieved the fabrication of (Bi1-xSbx)₂S₃ ( 0 ≤ x ≤ 1) solid 

solutions via thermolysis of Bi and Sb piperidine dithiocarbamate complexes.
104

 The typical 

hot injection procedure was carried out by dispersing a known amount of the two complexes 

in a mixture of 1-dodecanethiol and oleylamine and consequently injected into hot 

oleylamine at 230 °C under nitrogen supply. The amount of bismuth and antimony was 

varied throughout the synthesis process. The results indicated a near-linear expansion of the 

lattice constants as a function of antimony content in the precursor feed. A comparison 

between the particle composition and the lattice constants showed a slight deviation from 

Vegard's law. The HRTEM images and their SAED patterns showed the formation of highly 

polycrystalline powders exhibiting two-dimensional lattice fringes (Fig. 1.6). Additionally, 

TEM results showed the formation of nanorods over the whole composition range (Fig. 1.7). 
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Fig. 1.6. HRTEM images of the synthesized (Bi₁-ₓSbₓ)₂S₃ ( 0 ≤ x ≤ 1) nanorods (Reproduced 

from ref. 104). 

 

Fig. 1.7. TEM images showing the as synthesized (Bi₁-ₓSbₓ)₂S₃ ( 0 ≤ x ≤ 1) nanorods 

(Reproduced from ref. 104). 

Likewise, Alqahtani et al. described the synthesis of M2-2xIn2xS3 (M = Bi/Sb) solid 

solutions by solventless thermolysis of a mixture of tris(O-ethylxanthato) bismuth (III), 



19 

 

tris(O-ethylxanthato) antimony (III) and tris(O-ethylxanthato) indium (III) complexes at 300 

°C.
105

 In the precursor mixture (In(S2COEt)3 and M(S2COEt)3 ), the mole fraction of indium 

was varied in the range of 0 ≤ x ≤ 1. Structural analysis of the alloyed films by p-XRD 

revealed that the inclusion of In up to x 0 ≤ 0.4 into M2S3 system could not change the 

orthorhombic crystal system of the parent material. The SEM micrographs of the Bi2-2xIn2xS3 

samples showed that their morphology changed considerably with variation in the amount of 

indium in the precursor mixture. In addition, the computed band gap of Bi2-2xIn2xS3 and Sb2-

2xIn2xS3 films varied from 1.66 to 2.39 eV and 2.19 to 2.9 eV, respectively, and could still be 

modulated by changing the amount of indium. 

Substitutional solid solutions of ternary sulfides containing cadmium and zinc have 

been reportedly prepared from thermolysis of xanthate complexes by using different methods. 

The study by Li et al. has successfully fabricated uniform CdxZn1-xS (0.13 ≤ x ≤ 1) 

nanocrystals by thermal decomposition of cadmium (II) and zinc (II) ethylxanthate 

complexes.
106

 The choice of ethyl xanthate precursors was due to their response to thermal 

decomposition at a fairly low-temperature range (180-210 °C) under the presence of hot 

coordinating solvents. The composition of the solid solutions was precisely attuned by 

regulating the molar ratio of Cd(II) and Zn(II) ethylxanthate complexes in the precursor feed. 

The alloyed CdxZn1-xS nanoparticles prepared in coordinating solvents exhibited 

composition-dependent properties. With the decreasing amount of Zn in the mixture, the 

morphology of CdxZn1-xS nanoparticles was observed to change from dot to single-armed rod 

and then to multi-armed rod. They also showed good optical properties with PL peak shift 

from 368 to 472 nm. 

Wang et al. have synthesized nanoparticulate ZnxCd1-xS (0.1 ≤ x ≤ 0.95) solid 

solutions via a chemical reduction technique at ambient temperature.
107

 In the typical 

synthesis, an appropriate amount of elemental sulfur was dissolved in 50 mL of 

tetrahydrofuran, agitated for 5 min at ambient temperature, followed by the addition of 

stoichiometric amounts of anhydrous ZnCl2, CdCl2 salts, and KBH4 powders for 12 h. After 

washing the precipitates using ethanol and water, the product was consequently dried to yield 

the highest quality monophasic CdxZn1-xS nanoparticles. The size of the particles ranging 

from 4 to 8 nm was obtained. A gradual change of lattice structure from cubic to hexagonal 

was noted at a higher amount of zinc in the CdxZn1-xS system. Moreover, the nanoparticles 

prepared by the chemical reduction method showed very broad emission peaks that shifted to 

lower wavelengths due to Zn content in CdxZn1-xS. 
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Zhong’s group reported the synthesis of uniform wurtzite ZnxCd1-xS (0.1≤x≤0.53) 

quantum dots with good emission properties by employing a hot injection method.
108

 The 

preparation procedure was carried out by reacting ZnO- and CdO-oleic acid precursors with 

sulfur at 300 °C in a non-coordinating octadecene solvent. The p-XRD analysis revealed the 

shift of diffraction patterns to higher diffraction angles with increasing zinc concentration. 

Additionally, the estimated lattice constant measured from p-XRD data showed a decreasing 

linear trend with respect to Zn concentration. This behavior was in line with Vegard's law and 

further proved the successful preparation of uniform solid solution nanoparticles. Moreover, 

increasing the amount of Zn in the solid solution resulted in systematic blue-shifting of the 

photoluminescence spectra from 474 to 391 nm, signifying the formation of the 

nanostructured alloyed crystals. 

Thin films of ZnxCd1-xS (0.1 ≤ x ≤ 0.53) have been reportedly prepared by Barman et 

al. via the vacuum thermal evaporation method and the physicochemical properties evaluated 

as a function of zinc composition.
109

 p-XRD studies showed that the prepared films exhibit 

diffraction patterns from both pristine CdS and ZnS systems. Investigation of optical 

properties of ZnxCd1−xS thin films confirmed the non-linearity of the optical band gap 

spanning from 2.42 to 3.49 eV with respect to zinc content from 0 to 1. Another study 

reported a novel ultrasonication-assisted hydrothermal route for the fabrication of ZnxCd1−xS 

(0 ≤ x ≥ 1) solid solution under visible light.
110

 XPS analysis confirmed the presence of Zn, 

Cd, and S in the samples. Also, the shift of the binding energies demonstrated the successful 

synthesis of solid solutions at different dopant levels. When the amount of Zn was increased, 

the UV-visible absorption spectra of ZnxCd1−xS solid solutions displayed a clear blue-shift 

from 576 to 343 nm, accompanied by changes in the color of samples from dark-orange to 

gray-white. Additionally, a gradual increase of the optical band gap of the solid solutions was 

noticed from 2.15 to 3.61 eV with respect to Zn content. The study demonstrated that x = 0.3 

to x = 0.5 was the optimum composition of ZnxCd1−xS, with x = 0.3 exhibiting superior 

photocatalytic activity for the degradation of a methyl orange solution under visible light. 

More reports are available on the synthesis of ZnxCd1−xS solid solutions from diverse 

precursors and by different synthetic methods.
111-119

 

Lehmann reported that solid solutions of Ca1−xCdxS existed over a mole ratio ranging 

from x = 0 to 0.55. The synthesis was achieved by firing the raw materials at temperatures up 

to 1525 K in sulfur-rich conditions. The resulting solid solutions displayed a linear 

relationship between the lattice constant and cadmium content.
120, 121

 Interestingly, the 

findings of Lehmann’s work regarding the intense white cathodoluminescence for 
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composition x in the range of 0.05 - 0.10 triggered more interest in the Ca1−xCdxS system. 

Investigations conducted by Susa et al.
122

 and Kobayashi et al.
123

 reported the possibility of 

extending the solid solubility range of Ca1−xCdxS at high pressures up to 2 GPa, to the extent 

that only a fairly slight miscibility gap in the range of x = 0.8 to 0.95 exist. The work by 

Ray,
124

 and Viney,
125

 reported the study of the photoluminescence of Ca1−xCdxS solid 

solution for composition (x) in the range of 0 - 0.40. Under 298 nm excitation at ambient 

temperature, their findings confirmed the occurrence of short wavelength luminescence 

extending into the ultraviolet region. Building on the work of Ray et al.,
124

 solid solutions of 

Ca1−xCdxS with mole ratios ranging from 0.001 to 0.20 have also been synthesized by Barrett 

et al.
126

 via sintering of the mixture of microcrystalline particles of CaS, CdS, and sulfur. In a 

study by Kobayashi et al., rock salt type solid solution systems of Cd1−xSnxS, Cd1−xPbxS, 

Cd1−xCaxS, Cd1−xSrxS, and Cd1−xMgxS were also synthesized at high pressures by utilizing 

appropriate quantities of pure binary sulfides.
127

 Measurements of their semiconductive 

properties revealed that Cd1−xCaxS solid solution exhibited a high electrical resistivity of 

more than 3 × 10
10

Ω-cm, compared to that of Cd1−xPbxS system, which was found in the span 

of 1 - 10Ω-cm, and decreased with the increasing amount of substituent. 

Thin films of Zn1−xMgxS (0.1 ≤ x ≤ 0.9) were prepared by Bashar et al. using 

radiofrequency (RF) magnetron co-sputtering from ZnS and MgS binary target materials 

under different applied RF power.
128

 Variation of stoichiometric ratio of Zn1−xMgxS films 

was done by altering the RF power at 200 °C. Crystallographic studies showed that the as-

prepared Zn1−xMgxS thin films exhibited a cubic phase corresponding to a zinc blende 

structure. The estimated optical bandgaps were obtained in the range of 4.39 to 3.25 eV, and 

they are appropriate for buffer or window layers of thin film photovoltaics. 

Novel Cu1-xZnxS (x = 0.01, 0.05, 0.1) nanoparticles have been hydrothermally 

fabricated from pyrolysis of tris(thiourea)copper(I) sulphate and Zn(NO3)2.6H2O precursors 

at 140 °C for 8 hours.
129

 The p-XRD pattern of Cu1-xZnxS nanoparticles showed a well-

ordered pure covellite phase exhibiting hexagonal crystal structure. FESEM showed that Cu1-

xZnxS nanoparticles exhibited polyhedral shape with their size increasing with dopant 

concentration. Measurements of optical properties by diffuse reflectance spectra and 

photoluminescence showed that nanostructured samples with high zinc content (Cu0.9Zn0.1S) 

exhibited a small band gap value of 2.89 eV compared to 2.96 eV of CuS and 2.92 eV of 

Cu0.99Zn0.01S. Photocatalytic studies indicated that Cu1-xZnxS (x = 0.1) was able to remove 

95% methylene blue in the presence of H2O2 under UV light in 90 min. Moreover, evaluation 
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of the materials’ anticancer activity showed that the prepared nanoparticles (x = 0.01 – 0.1) 

had great capacity to remove of Hep G2 cancer cells.  

Kudo and Sekizawa described a precipitation reaction between a mixture of zinc and 

copper nitrates with an aqueous Na2S solution which resulted into the formation of Zn1-xCuxS 

solid solution.
130

 The p-XRD pattern of the synthesized material showed a cubic sphalerite 

(zinc blende) structure, indicating the successful incorporation of Cu in the ZnS lattice. 

Measurements of the ionic radii of Zn
2+ 

and Cu
2+

 were found to be 0.60 and 0.63 A°, 

respectively. Measurements of the optical property indicated absorption of ZnS in the UV 

region only, whereas Zn0.957Cu0.043S absorption edge extended to a visible light range of 

about 500 nm. The Zn0.957Cu0.043S solid solution exhibited an optical band gap of 2.5 eV and 

the color was pale yellow. Conversely, absorption of CuS was observed in the whole UV 

range and visible light and without a distinct absorption edge. This observation further 

confirmed that Zn0.957Cu0.043S solid solution was formed, ruling out the presence of a mixture 

of ZnS and CuS in the final product. 

Ternary NixRu1−xS2 with different metal contents in the range of 0 ≤ x ≤ 1 was 

reportedly prepared using step-by-step impregnation and sulfidation reactions.
131

 In the 

synthesis, RuCl3.3H2O, NiCl2 and H2S were used as Ru, Ni and S sources, respectively. 

Through p-XRD, XPS, TPR, and STEM analyses, a series of ternary NixRu1−xS2 materials 

exhibiting a pyrite-like structure was confirmed to have been obtained up to mole ratio of 

Ni/(Ni + Ru) close to 0.7. It was further demonstrated by STEM measurements that the 

synthesized phases were stable under all test conditions. Compared with the pure ruthenium 

sulfide supported on alumina, the solid solution series displayed enhanced catalytic activity 

showing a thirty-fold rise in hydrogenation activity. The enhanced catalytic activity was due 

to the synergetic effect of mixed NiRu sites with a distinct electronic character from those of 

the individual Ni/Ru sites. Other ruthenium-based systems such as FexRu1−xS2,
132

 CrxRu1−xS2 

and MnxRu1−xS2,
133

 have also been reported. 

In an effort to study the growth and optical behavior of ternary III-V nanowires, Berg 

et al. described the growth of metal-particle-free vertical pure wurtzite crystal InxGa1−xP (0.26 

≤ x ≤ 0.54) nanowire arrays synthesized by selective-area epitaxy.
134

 Analysis of optical 

behaviour of the synthesized nanowires by cathodoluminescence spectroscopy revealed an 

emission wavelength ranging from 870 - 800 nm. 

The synthesis of ternary Co1–xNixP3 (0 ≤ x ≤ 0.1) nanoneedle arrays has been reported 

by Fu et al. via a simple hydrothermal treatment of Co1xNix(OH)F precursors at 120 °C 
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followed by phosphidation reaction at 750 C.
135

 p-XRD studies showed that all samples 

exhibited the cubic system of the skutterudite-type CoP3, implying that the crystal structure 

was maintained upon incorporating Ni atoms in the range of 0 ≤ x ≤ 0.1. Investigation of 

electrochemical properties of the synthesized samples showed that the electronic structure 

was modified by doping a suitable concentration of Ni, and the resulting Co0.93Ni0.07P3 

exhibited good HER performance with an overpotential of 87 mV at 10 mA/cm
2
 in alkaline 

solution. Also, the Co0.93Ni0.07P3 demonstrated an OER overpotential of 221 mV at 20 

mA/cm
2
. The prepared skutterudite-based Co1–xNixP3 nanocatalysts revealed hopeful potential 

for overall electrochemical water splitting in alkaline electrolyte. 

Benefiting from the crystal structure similarity of both Ni2P and MoP, Xiao et al. 

prepared a series of Ni2-xMoxP (0 ≤ x ≤ 1) and NixMo2-xP2-x (0 ≤ x ≤ 1) solid solutions.
136

 The 

reaction involved thermolyzing a pre-prepared solution comprising a mixture of 

(NH4)6Mo7O24‚4H2O and (NH4)2HPO4 and Ni(NO3)2‚6H2O solution at 383 K with constant 

stirring, followed by annealing of the product at 773 K in the air for 5 h. A gradual change in 

the lattice constant c was observed with respect to Mo and Ni content in the two sets of solid 

solution. This trend agreed well with Vegard’s law, showing that Ni and Mo are likely to be 

uniformly substituted. HRTEM images of the two pristine members of solid solutions, Ni2P 

and NiMoP, exhibited an Fe2P crystal structure with unit cell constants comparable to those 

in the literature data. 

Another study explored effective ways of developing bimetallic phosphides with 

tunable catalytic properties by making use of the electronic and synergistic contributions of 

multiple metal combinations. Thermolysis of a precursor mixture comprising (NH4)2HPO4, 

FeNO3.9H2O and (NH4)6Mo7O24.4H2O afforded FexMo2−xP solid solutions via modulation of 

the composition of Fe and Mo in the range of 0.88 ≤x ≤ 1.55. Structural evaluation by p-XRD 

confirmed the formation of iso-structural series of FeMoP with orthorhombic structure at 

different compositions. Selected area electron diffraction (SAED) analysis showed a set of 

parallel lattice fringes corresponding to the [111] axis of FeMoP. In examining the influence 

of metal composition on the catalytic performance, it was generally revealed that catalysts 

containing a mole ratio of Fe in the range of 0.99 - 1.14 demonstrated high selectivity to C-O 

bond breaking of phenol with H2 to form benzene.
137

 

In the quest for stable, earth-abundant, and efficient catalysts to replace the noble 

metals, a series of Ni2−xCoxP (0 ≤ x ≤ 1.3) catalysts were prepared by Li et al. via solid-state 

phosphorization of Ni1−0.5xCo0.5x(OH)2 precursors by NaH2PO2 at elevated temperature.
138
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The stoichiometric ratio of the total metal (nickel and cobalt) to P being 1:5. Structural 

investigation of the Ni2−xCoxP catalysts by p-XRD showed the formation of monophasic 

hexagonal phosphide (Ni2P-type) materials. Increasing Co levels resulted in the slight shifting 

of p-XRD patterns toward the high 2θ values, which further proved the successful inclusion 

of cobalt into the crystal lattice of Ni2P. The HRTEM images of Ni2−xCoxP catalysts revealed 

high crystallinity of the samples with a lattice spacing of ≈1.68 Å, comparable to the inter-

planar spacing (1.69 Å) of (300) facet of the Ni2P. Elucidation of catalytic performance 

showed that increasing Co content in Ni2−xCoxP effectively augments the HER performance. 

Among all compositions, the NiCoP (x = 1) catalyst yielded the best catalytic activity, 

recording a low overpotential of 59 mV at 10 mA/cm
2
, which is considerably smaller 

compared to 130, 119, 98, and 80 mV for Ni2P, Ni1.8Co0.2P, Ni1.4Co0.6P, and Ni1.2Co0.8P, 

respectively, at the same current density. 

The high-temperature rapid injection method has been extensively employed and is 

considered the most effective in yielding highly monodisperse colloidal nanomaterials. This 

method was adopted by Zhong et al.
139

 in the fabrication of uniform ZnxCd1-xSe quantum 

dots. In the procedure, solutions composed of ZnEt2 and TOP-Se precursors were rapidly 

injected into a hot solution of pre-prepared CdSe quantum dots in the presence of capping 

agents. With the increase in Zn, a composition-dependent emission across a large portion of 

the visible spectrum was manifested by a systematic blue-shift in emission wavelength. The 

photoluminescence characteristics of the as-prepared ZnxCd1-xSe nanoparticles was found in 

the range of 70 - 85%, which is comparable to other previously reported CdSe-based 

quantum dots. HRTEM micrographs confirmed the synthesis of the high monodisperse and 

crystalline nature of the resulting nanocrystals. The systematic change in the position of the 

diffraction peaks toward higher angles with the increasing Zn content indicated the reduction 

in lattice constant and agreed well with Vegard’s law. This dismissed the possibility of phase 

segregation and served as proof for the formation of a uniform solid solution. 

Similarly, the formation of ZnxCd1-xSe quantum dots have reportedly been prepared 

from ZnSe seeds or pre-prepared ZnSe quantum dots.
140, 141

 Moreover, the use of capping 

agents such as aminothiols have been used in the colloidal preparation of ZnxCd1-xSe 

nanocrystals.
142, 143

 With this strategy, the experiment is conducted at fairly low temperatures 

(<100 °C) by employing less harmful/less toxic starting materials of Zn salts such as ZnCl2. 

This approach can be easily extended to afford large-scale synthesis of biocompatible 

nanoalloys. Meanwhile, the use of stabilizing or capping agents has yielded nanocrystalline 

ZnxCd1-xSe with improved stability.
144

 Apart from nanoparticles, thin films of Cd1-xZnxSe (0 
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< x ≤ 0.8) have been synthesized by Bagade et al. via a self-organized arrested precipitation 

method.
145

 p-XRD studies revealed the formation of nanocrystalline films exhibiting a cubic 

crystal structure and crystallite size in the range of 36.5 - 66.3 nm. Investigations on the 

effect of the mole ratio of Zn on the optical characteristics revealed an estimated direct band 

gap spanning from 1.77 - 1.98 eV corresponding to zinc concentration from x = 0.0 - 0.8. 

Reports are also available on the fabrication of Cd1-xZnxSe thin films via different methods, 

including chemo-mechanical synthesis,
146

 thermal evaporation,
147, 148

 successive ionic layer 

adsorption and reaction,
149

 closed space sublimation,
150

 chemical bath deposition,
151

 and 

vacuum evaporation techniques.
152, 153

 

A single-step solvothermal procedure was used for the in-situ growth of 

(NixCo1−x)9Se8 solid solutions on nickel foam by varying nickel content from x = 0 to 1.
154

 

Thermolysis of stoichiometric amounts of SeO2, Co(Ac)2.4H2O, and Ni(Ac)2.4H2O at 180 °C 

for 15 h in the presence of benzyl alcohol yielded cubic solid solutions in the range of 0 < x ≤ 

0.2. However, increasing Ni content beyond x = 0.2 resulted in impurity peaks corresponding 

to an intermediate phase of hexagonal CoSe. This indicated x = 0.2 as the maximum limit 

beyond which the formation of (NixCo1−x)9Se8 could not be realized. When the amount of Ni 

was increased further, mixed cubic and hexagonal phases were observed, indicating that 

structure transformation from cubic to hexagonal phase occurs at higher nickel content. SEM 

images showed that all samples demonstrated a high coverage of several nanodendrites on the 

surface of nickel foam. Also, with the exception of pristine NiSe@NF, the SEM micrographs 

of the remaining samples displayed ordered morphology and fractal feature comprising 

various nanobranches and nanostems. The HRTEM images showed lattice fringes exhibiting 

interplanar spacing of 3.0 and 3.1 Å, corresponding to (222) and (311) planes of 

(NixCo1−x)9Se8, respectively. Electrochemical studies showed that the optimized 

(NixCo1−x)9Se8 nanodendrites produced a specific capacitance of 3762 F/g at 5 A/g and 

retained 94.8% of the initial capacitance after 5000 cycles. 

The fabrication of uniform solid solution nanoparticles based on Pb chalcogenides 

have been reported. Arachchige and Kanatzidis have synthesized a set of Pb1-xSnxTe (0.14 ≤x 

≤ 0.86) nanoparticles via a low-temperature colloidal synthetic approach by reacting a 

mixture composed of [(Me3Si)2N]2Sn, Pb(II) oleate, and TOP-Te at 150 °C.
155

 The reaction 

employed oleylamine as a stabilizing agent to assist the integration of Sn into the crystal 

lattice of PbTe. The as-prepared nanocrystals were found to be solid solutions crystallizing in 

a cubic rock salt structure that are virtually spherical in shape, and exhibiting band gap 

energy in the mid-IR range. EDX elemental mapping confirmed uniform dispersion of Sn in 
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the whole PbTe lattice, signaling the structural uniformity of the synthesized solid solutions. 

Contrary to the bulk counterpart, the band gap of the prepared solid solutions was not found 

to disappear at any Sn content but attains a lowest value of 0.28 eV for x = 0.67. 

Ternary solid solutions of (BixSb1-x)2Te3 have also been prepared via the traveling 

heater method.
156

 While the polycrystalline ingot was prepared via melting of Bi, Sb, and Te 

in a closed quartz ampoule, extra pure samples were obtained from single crystalline ingots 

by employing an annealing saturation method at temperatures in the range of 510 - 570°C. 

Thermoelectric measurements of these p-type solid solution samples was performed with 

respect to stoichiometric variations, and a maximum in the plot of merit value of Z = 3.2 x 10
-

3
 K

-1
 was recorded for the Bi9Sb31Te60 solid solution. Zhang et al. demonstrated the 

controlled preparation of BixSb2−xTe3 (0 ≤x ≤ 2) nanoplatelets by employing a modified 

solvothermal method. By means of the spark plasma sintering process, the synthesized 

nanoplatelets were successfully sintered into nanometric bulk pellets. P-XRD and raman 

spectroscopy studies revealed the synthesis of highly crystalline and phase-pure 

nanoplatelets. It was demonstrated from the composition dependent thermoelectric property 

of p-type BixSb2−xTe3 pellets that the optimized Bi0.5Sb1.5Te3 sample exhibited ZT ~0.51 at 

375K.
157

 The synthesis and thermoelectric property of BixSb2−xTe3 have also been reported by 

Hong et al.
158

 

Acetate precursors have been employed in the solution based synthesis of oxide solid 

solutions. Naveen and Selladurai reported the synthesis and physicochemical properties of 

MnxCo3-xO4 (0 ≤x ≤ 0.2) nanoparticles.
159

 The typical synthesis was carried out by dissolving 

stoichiometric amounts of cobalt and manganese acetates in extra pure de-ionized water. The 

solution mixture was precipitated by using ammonia solution followed by calcination at 400 

°C for 4 h, affording a mixed metal oxide. Structural and compositional analysis by p-XRD, 

FTIR and XPS techniques ruled out secondary phase formation, signifying successful 

inclusion of Mn ions into the crystal lattice of spinel cobalt oxide. It was also found that, with 

Mn addition, the crystallite size of the materials was reduced and was found in the range of 

15.1-22.3 nm. Observation from SEM analysis revealed that compact agglomerates in pristine 

cubic cobalt oxide changed to loosely packed coalesced nanoparticles on Mn inclusion. 

Results from electrochemical tests demonstrated the improved performance of the Mn doped 

samples over the pristine cobalt oxide. Evidently, the electrode with 20% Mn showed the 

superior specific capacitance of 440 F/g compared to 343 F/g of pure cobalt oxide. 

Additionally, the addition of Mn improved the current density, columbic efficiency 

reversibility, and capacitance retention of MnxCo3-xO4 electrodes. In another study, Mn3-

https://www.sciencedirect.com/topics/engineering/nanoplatelets
https://www.sciencedirect.com/topics/engineering/synthesis-method
https://www.sciencedirect.com/topics/engineering/nanoplatelets
https://www.sciencedirect.com/science/article/pii/S0013468614002941#!
https://www.sciencedirect.com/science/article/pii/S0013468614002941#!
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xCoxO4 nanoparticles with composition in the range of 0 ≤ x < 1 were obtained from the 

reaction of Mn(CH3COO)2.4H2O and Co(CH3COO)2.4H2O precursors at room 

temperature.
160

 p-XRD measurements indicated that the prepared Mn3-xCoxO4 solid solutions 

were monophasic and their peaks corresponded to the distorted spinel structure with the 

tetragonal structure. Analysis of particle morphology by TEM revealed the formation of 

isotropic nanoparticles exhibiting average particle sizes ranging from 15 - 17 nm. 

Investigation of the electrochemical property revealed a dramatic improvement of OER 

performance with an increase in the amount of Co in the precursor feed. Notably, higher 

specific OER activity (1700% of Mn3O4 at 1.76 V vs. RHE) was observed for Mn2.1Co0.9O4 

along with prolonged stability over 100 cycles.  

A series of NixFe3-xO4 (0 ≤ x ≤ 1.5) solid solution have been prepared using the co-

precipitation method and their electrochemical activity were evaluated in an alkaline 

medium.
161

 The substituted ferries were prepared by precipitation of analytical grade 

Fe(NO3).9H2O and Ni(NO3).6H2O at 80 °C under NaOH solution as a precipitating agent. P-

XRD and IR analyses showed the formation of phase-pure NixFe3-xO4 solid solution 

crystallizing in a cubic spinel system. The inclusion of Ni in the Fe3O4 crystal lattice 

enhanced the electrochemical activity, with Ni1.5Fe1.5O4 exhibiting significantly higher 

current density (158.0 mA/cm
2
) than that of pristine iron oxide (23.7 mA/cm

2
), NiFe2O4 

(107.0 mA/cm
2
), and Ni0.5Fe2.5O4 (89.4 mA/cm

2
). 

Pyrolysis of Mn(II) oleate and Co(II) stearate precursors at 578 K in the presence of 

1-octadecene afforded the formation of CoyMn1−yO (0 ≤ x ≤ 0.4) solid solutions with tuneable 

composition.
162

 Structural studies by p-XRD analysis proved the formation of solid solutions 

crystallizing in a cubic rock salt crystal structure analogous to that of pristine MnO or CoO. 

The structural cell constants of the as-prepared CoyMn1−yO solid solutions were found to 

decrease linearly with the increasing amount of Co, satisfying Vegard's law. Examination of 

the catalytic performance of CoxMn3−xO4 nanoparticles towards O2 evolution by linear sweep 

voltammetry showed an increase in the current density of CoxMn3−xO4 nanoparticles as a 

function of Co content. Notably, the CoxMn3−xO4 nanoparticles with 40 % Co demonstrated a 

high current density of 2.8 mA/cm
2
 at 1.9 V (vs.RHE), which is relatively 3.9 times larger 

than that of pure Mn3O4 nanoparticles. 

Since their discovery, the utility of most metal peroxides has been largely hampered 

by the corresponding pyrolytic temperatures, which are difficult to be tuned to fit the 

necessary reaction conditions. One approach to overcome this would have been to synthesize 

solid solutions between the two peroxides with different thermolytic temperatures (Tdec). To 
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address this, Lingampalli et al. demonstrated the formation of ZnxMg1−xO2 (1 > x > 0) solid 

solution in the entire solubility range by pyrolysis of peroxides of ZnO2 and MgO2 with 

decomposition temperatures, Tdec of ∼ 200 °C and 300 °C, respectively.
163

 The choice of 

using MgO2 and ZnO2 was due to their similarity in lattice constants, which is a prerequisite 

for forming a homogeneous solid solution exhibiting minimum lattice stress. The typical 

synthesis involved themolyzing a mixture of MgO and Zn-(CH3COO)2.2H2O in ultrapure 

water 80 °C utilizing H2O2 as peroxidation reagent. The p-XRD diffractogram for the solid 

solution matched well with the parent MgO2 and ZnO2, and their cubic structure was retained. 

Interestingly, decomposition temperatures of the resulting solid solutions were found between 

the parent phases and varied steadily with the composition. 

Alloyed films of spinel γ-(AlxGa1-x)2O3 (0 ≤ x ≤ 1) were effectively stabilized on 

MgAl2O4 substrates by employing the molecular beam epitaxy method. The crystalline nature 

of the alloy films was significantly better compared with that of the parent γ-Ga2O3 film, 

showing more flexibility and sensitivity of the Al2O3 lattice to the epitaxial force exerted by 

the substrate than Ga2O3 crystal lattice. Deep-UV spectroscopy measurements showed direct 

and indirect energy gaps in the range of 4.96 - 6.97 and 4.80 - 6.86 eV, respectively.
164

 

Nanostructured Ce1-xYxO2-x/2 (x ≤0.35) solid solutions were prepared via a novel 

carbonate co-precipitation of metal nitrate precursors utilizing ammonium carbonate as a 

precipitating agent.
165

 In the typical procedure, carbonate solid solutions were directly formed 

during precipitation, enabling the direct formation of Ce1-xYxO2-x/2 solid solution at a low 

calcination temperature of ~301 °C for 2 h. p-XRD analysis showed that YO1.5 could be 

soluble in CeO2 in the composition range of 27 - 35 mol%, with Y2O3-related type-C phase 

appearing in the final material. The results further indicated that the inclusion of Y3+ in the 

pristine CeO2 materials facilitated the formation of nanospheres and slowed down the 

decomposition of the starting materials, which suppressed crystallite coarsening during 

calcination. A gradual increase in the activation energy for crystallite coarsening was 

observed from 68.7 to 138.6 kJ/mol for parent CeO2 and CeO2 doped with 35 mol% YO1.5, 

respectively. 

Owing to their special properties and chemical stability, nitride semiconductors are 

considered appealing materials for electronic applications. To further modulate their property 

and enhance their performance, composition-programmed synthesis of nitrides has been 

reported as a promising strategy. Bauers et al. described the fabrication of thin films of 

MgxZr2−xN2 (0.5 ≤ x ≤ 1.8) by employing combinatorial co-sputtering in a nitrogen plasma.
166

 

Compositional analysis demonstrated that the formation of nitride solid solutions exhibiting 
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low oxygen content (<1%) could be achieved with magnesium content ≤ 1.0, above which a 

higher oxygen content was detected. When magnesium content reached x = 1.6, the 

MgxZr2−xN2 thin films crystallized in a rocksalt-derived crystal system, as disclosed by p-

XRD results. With Mg content > 1.6 the films swiftly oxidized, making x = 1.6 the optimum 

mole ratio needed to yield a solid solution. The electrical conductivity of the as-synthesized 

films decreased with increasing Mg concentration. On the other hand, the conductivity of 

Mg-rich (x ≥ 1) films increased with an increase in temperature, demonstrating the 

semiconducting property of Mg-rich MgxZr2−xN2. Interestingly, evaluation of optical 

behaviour showed a clear absorption onset of the Mg-rich series at 1.8 eV, which is 

suggestive of semiconducting character. 

Alloyed AlxSc1−xN films have been deposited directly on MgO substrates and were 

found stabilize in a uniform monophasic rock salt when x < 0.51.
167

 The p-XRD pattern of the 

films grown straight on (100) MgO having mole ratio up to x = 0.51 were found to match 

well with a uniform monophasic rocksalt alloy. The uniformity range of the rocksalt phase 

was extended up to aluminum composition, x = 0.82 for a 120 nm thick film after introducing 

a 20 nm buffer layer of TiN between the MgO substrate and the AlxSc1−xN film. In the same 

range of homogeneity, the prepared material showed a modest direct bandgap bowing 

parameter of 1.41 ± 0.19 eV. On the other hand, the metastable rocksalt aluminium nitride 

recorded a direct bandgap of 4.70 ± 0.20 eV. 

The decrease of carrier concentration in ScN and thin film alloys of p-type ScxMn1-xN 

was described by Saha et al.
168

 Nevertheless, a relatively large amount of manganese of about 

11% Mn on Sc sites was needed to transform ScN into a p-type semiconductor. Also, very 

small hole mobility of 2 cm
2
/Vs was observed in p-type Sc0.89Mn0.11N, and in depth analyses 

of electronic character with respect to temperature were missing. Inspired by the desire to 

fabricate ScN based energy conversion devices, Saha et al.
169

 conducted another study in 

which MgxNy was incorporated in ScN to form Sc1-xMgxN solid solution alloys, diminishing 

its carrier concentration and transforming ScN into a p-type semiconductor at high amount of 

dopant. Evaluation of room temperature optical properties revealed a direct band gap of 

2.21 eV for pristine ScN while that of Sc1-xMgxN thin-film alloys were found in the range of 

2.21 - 2.24 eV at 0 < x < 0.04. Notably, comparably higher absorption coefficients were 

displayed by the p-type than the n-type Sc1-xMgxN alloy films. Moreover, the pristine n-type 

ScN and the alloyed p-type Sc0.962Mg0.038N thin films exhibited large thermoelectric power 

factors of ∼3.0 × 10
-3

 and ∼0.8 × 10
-3

 W/m-K
2
, correspondingly, at elevated temperatures in 

the range of 600 - 850 K. 
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Wang et al. reported the deposition of epitaxial Ti1−xMgxN(001) (0 ≤ x ≤ 0.49) layers 

on MgO(001) by employing reactive magnetron co-sputtering using Ti and Mg targets under 

pure N2 supply at 600 °C.
170

 The substitution of Ti by Mg caused a red shift in the reflection 

edge from 2.0 to 0.8 eV where as the unscreened plasma energy varied in the range of 7.6 - 

4.7 eV, indicating a linear decrease in the free carrier density with respect to composition, x. 

These results corroborated with XPS analysis, which showed a reduction of the density of 

filled conduction band states and about 0.9 eV reduction in the Fermi level with respect to 

Mg from 0 to 0.49. The screened plasma energy was successfully tuned from visible to 

infrared, exhibiting energy in the range of 2.64 - 1.33 eV for Mg composition in the range of 

0 - 0.39, which is equivalent to wavelength in the range of 470 - 930 nm, indicating a tunable 

plasmonic activity. 

In an attempt to modulate the band gap of molybdenum disulfide, Zhang et al. 

employed a chemical vapour deposition method to synthesize Mo(1−x)WxS2 and MoS2(1−x)Se2x 

alloy monolayers with good homogeneity and tunable composition. During the synthesis 

process, S powder was used as a chalcogenide source, while MoO3 and WO3 were used as 

Mo and W sources, respectively. The mixture of MoO3 and WO3 was heated at 750 °C while 

S powder was subjected to 150 °C. The morphological analysis confirmed the formation of 

triangular single-crystals. A composition-dependent band gap was obtained in the range of 

1.83 (MoS2) - 1.97 eV (WS2).
171

 In another study, novel MoxW1−xS2 (0≤ x ≤ 1) inorganic 

fullerenes were synthesized via MOCVD setup using H2S as a sulfur source. The particles 

exhibited an average size of 20.45 nm. Evaluation of the tribological performance of the 

prepared samples showed the best performance for samples with composition range 0.5 < x ≤ 

0.8.
172

 Other MoxW1−xS2 alloyed systems have also been prepared via different approaches 

and investigated for their potential in energy conversion and storage applications.
173-176

 

1.2.5.2.2 30BTernary anionic solid solutions 

Ternary anionic solid solutions or alloyed compounds are formed by combining two 

pristine binary systems composed of a common metallic ion. A good example is the alloying 

of AB′ and AB′′ to form (AB′)x(AB′′)1-x or simply AB'xB′′1-x in which B′ and B′′ are two 

distinct anions and A is the common cation. A notable example is the alloying of binary CdS 

and CdSe to form CdSxSe1-x solid solution. Alternatively, the ternary anionic solid solution 

can be obtained from the elemental doping process, where a particular anion in the binary 

host compound is replaced by another anion from the same group. Numerous studies have 
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reported the synthesis of ternary anionic solid solutions by employing different precursors 

and synthetic methods. 

The growth of MoS2(1-x)Se2x (x = 0 - 1) alloys with controlled morphology has been 

achieved by Feng et al. via physical vapor deposition.
177

 The synthesis was achieved via 

evaporation of MoSe2 powders and MoS2 powders in addition to Se powders which were 

introduced upstream of the furnace at 300 °C. While representative TEM micrograph of 

MoS0.78Se1.22 showed the formation of triangle-shaped materials, SEM images indicated 

diverse shapes such as triangles, hexagons depending on the deposition temperature. The 

SAED pattern revealed only a single set of hexagon spots, signifying single-crystal nature of 

the MoS0.78Se1.22. The band gap photoluminescence was observed to be constantly tuned from 

1.86 eV at x = 0 to 1.55 eV at x = 1. 

Another report by Zhang et al. demonstrated the use of the chemical vapour 

deposition method to prepare uniform MoS2(1−x)Se2x alloy monolayers exhibiting triangular 

single-crystalline shape. During the synthesis process, selenium and sulfur powders were 

utilized as chalcogenide sources, while the source of molybdenum was MoO3. The MoO3 

precursor was subjected at 680 °C, while the concoction of S and Se powders was placed at 

280 °C because of the difference in the melting points of the precursors. Measurements of 

optical properties demonstrated that the bandgap could be extended from 1.55 (MoS2) - 1.97 

eV (MoSe2).
171

 

The fabrication of nanostructured CdE′xE′′1-x (in which E′ and E′′ are two dissimilar 

chalcogens) solid solutions have largely been dependent on similar synthetic protocols 

employed for binary cadmium chalcogenide nanoparticles. Mostly, the preparation protocol 

proceeds by the quick injection of a solution mixture comprising stoichiometric quantities of 

the chalcogen starting materials into a solution of cadmium (II) precursor in high boiling 

solvents at ∼300 °C, followed by the growth stage. By employing this method, Swafford et 

al. produced uniform CdSxSe1-x (0 ≤x ≤ 1) solid solution nanocrystals in all proportions.
178

 

Typically, a mixture composed of known amounts of CdO, OA, and ODE in a 100 mL three-

neck flask was thermally treated at 315 °C under an inert environment. A colourless solution 

was observed at a temperature range of 275 - 280 °C, representing the formation of cadmium 

oleate. To obtain CdSxSe1-x nanocrystals, a solution consisting of stoichiometric proportions 

of sulfur and selenium was quickly injected into the flask by means of a needle after reaching 

315 °C. The temperature was then reduced to 275 °C, leaving the nanoparticles to grow until 

the preferred size was obtained in less than 15 min. Elucidation of the relationship between 

the band gap and nanoparticle size and mole fraction revealed a bowing constant of 0.29, 
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which was consistent with bulk values. The same approach was successfully used by Bailey 

and Nie
179

 in obtaining alloyed CdSexTe1-x quantum dots by varying the amount of selenium 

and sulfur in the reaction mixture. Another study by Al-Salim et al. has reportedly utilized 

organic solvents having distinct coordinating behavior in the fabrication of nanoscopic 

CdSxSe1-x solid solutions.
180

 Thermolysis of a mixture of cadmium acetate, selenium and 

sulfur powders at 230 - 300 °C in coordinating solvents slowed down the crystal growth, 

affording hexagonal phase. In contrast, non-coordinating solvents lead to faster crystal 

growth, enabling the formation of the cubic phase. It was observed that by choosing proper 

solvents, CdSxSe1-x solid solutions could be selectively fabricated at temperatures as high as 

300 °C. Studies on evolution of optical behavior revealed high photoluminescence properties 

of the nanocrystals which was modulated across the visible region by tuning the mole ratios 

of Se to S or changing the solvent. Aqueous synthesis of crystalline CdSexTe1-x nanoparticles 

has been reported by Piven et al. via concurrent injection of NaHSe and NaHTe in a solution 

of Cd-thiolate under the alkaline condition at ambient temperature.
181

 The growth of solid 

solution nanoparticles was observed to be faster compared to those of pristine CdSe and 

CdTe nanoparticles, yielding larger nanoparticles at particular reaction times. Also, the 

reactivity of the selenium source was comparably higher than that for the tellurium source, 

enabling adequate incorporation of Se content into the solid solution, in relation to the ratio of 

moles of Se and Te sources employed. Structural studies of the prepared solid solutions by p-

XRD confirmed the successful synthesis of crystalline nanoparticles crystallizing in cubic 

zinc-blend structure, which is typical of thiol-capped water-soluble CdSe and CdTe 

nanomaterials. Monodisperse nanoparticles having sizes in the range of 3.6-4.9 nm were 

confirmed from TEM analysis. The shape of the nanoparticles was described to be edged 

within a truncated tetrahedral model. By varying the composition of CdSexTe1-x 

nanoparticles, the optical absorption spectra were tuned in the range of 550 - 690 nm. The 

solid solution nanoparticles demonstrated band-edge emission with relatively low intensity 

compared to the pristine CdTe nanoparticles. Similarly, Ouyang and co-workers synthesized 

uniformly CdSxSe1-x nanoalloys via a scalable and reproducible non-injection approach.
182

 

The formation of photoluminescent CdSxSe1-x quantum dots was achieved by allowing air-

stable precursors cadmium acetate dihydrate (Cd(OAc)2·2H2O), elemental Se and S to react 

at 240 °C under the presence of myristic acid, 2,2′-dithiobisbenzothiazole, and ODE. The p-

XRD results showed that the fabricated CdSxSe1-x nanocrystals assume a cubic crystal 

system. Additionally, their diffraction peaks shifted to large 2θ values with an increasing 

amount of S, serving as evidence of its successful inclusion into the CdSe lattice and 
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affording the formation of CdSxSe1-x solid solution. Insights about the particle morphology 

and size revealed the formation of spherical shaped nanocrystals exhibiting high crystallinity 

and with a narrow size distribution in the range of 3.05 - 3.70 nm. It was further demonstrated 

that as the S content in the precursor feed increased, the particle size also increased. 

Moreover, the resultant ternary CdSxSe1-x solid solutions could easily be tailored to emit in 

the visible region showing wavelength in the range of 470 - 550 nm, an emission window 

which is difficult to achieve with binary CdS and CdSe quantum dots. 

Large scale synthesis of composition-tunable tetrapodal CdSexTe1-x nanocrystals were 

reported.
183

 These alloyed tetrapods were prepared via thermolysis of a mixture of the 

organometallic Cd source and the pre-mixed (Se + Te) precursor in a mixed-ligand solution. 

The p-XRD diffractogram of the parent CdTe and CdSe as well as that of CdSexTe1-x 

tetrapods matched well with the wurtzite-phase structure, and the gradual peak shifting to 

larger diffraction angles rules out phase segregation or separated nucleation of CdTe/CdSe in 

the CdSexTe1-x system. Analysis of optical band properties revealed that the CdSexTe1-x 

tetrapodal nanoparticles display composition dependent absorption and emission 

characteristics, and exhibit a wide absorption spectra window of up to 100 nm and near-

infrared emission. 

The formation of CdSxSel-x (0 ≤ x ≤ 1) solid solutions via vacuum fusion of CdS and 

CdSe was reported by El-Nahass.
184

 p-XRD results showed that the solid solution exhibited 

hexagonal wurtzite structure. A close structural investigation revealed a linear variation of the 

unit cell parameters with the sulfur mole ratio, corresponding to Vegard's law. In the same 

study, the deposition of thin films of CdSxSe1-x (0 ≤ x ≤ 1) on glass substrates via 

conventional thermal evaporation of pre-prepared solid solution ingots was reported. 

Structural studies confirmed the formation of polycrystalline films with hexagonal structure, 

conforming to those of the solid solution ingots. 

The preparation of solid solutions is considered a practical approach for tuning free 

carrier concentration in semiconductors. As a result, several researchers have synthesized 

solid solutions of IV-VI semiconductors, including lead chalcogenides, exhibiting a range of 

unusual properties that are not found in the parent materials. Building on the work of Kumar 

et al.
185

 in which PbS1−xSex, PbSe1−xTex and PbTe1−xSx solid solutions with composition x = 

0.2 and 0.8 was successfully prepared. Similar series of solid solutions with composition x = 

0.4 and 0.6 were synthesized and investigated for their structural, optical and electrical 

properties.
186

 The p-XRD measurements confirmed the formation of polycrystalline solid 

solutions exhibiting a rock salt (NaCl) structure. All samples displayed semiconducting 
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nature, which increased with an increase in temperature. The samples demonstrated a high 

absorption coefficient of about 10
4
 cm

−1
 which increased abruptly below a particular 

wavelength. Analysis of optical band gap showed a linear variation of (αhν)
2
 versus hν over a 

broad spectrum of photon energies demonstrating the direct type of transitions. 

Likewise, monodisperse PbSxSe1-x nanoparticles have been obtained by rapid 

injection of a mixture of trioctylphosphine (TOP) and selenium (Se) solution, 

bis(trimethylsilyl) sulfide (TMS2S), diphenylphosphine (DPP), ODE into a hot solution 

containing a mixture of PbO, ODE and oleic acid under inert atmosphere.
187

 The well-

regulated absorbance and reasonably fine PL peaks showed that the solid solution 

nanocrystals were monodisperse, ruling out the probability of the coexistence of separate 

phases of PbSe and PbS in PbSxSe1-x system. Investigating the potential of ternary PbSxSe1-x 

nanocrystals for application in photovoltaic devices demonstrated higher efficiency than 

binary PbSe and PbS based nanocrystal devices. 

Bis(N,N-diethyl-N′-naphthoylthioureato)lead(II) and bis(N,N-diethyl-N′-

naphthoylselenoureato)lead (II) complexes were successfully employed as single source 

precursors to afford the synthesis of nanocrystalline PbS1−xSex (0 ≤ x ≤ 1) solid solution via a 

hot injection method. The p-XRD analysis of the PbS1−xSex series showed that the diffraction 

peaks of the solid solutions were intermediate between the pristine PbS and PbSe. The solid 

solution nanoparticles displayed cubic shapes analogous to the parent binary materials (Fig. 

1.8 (a-e)). The absorption band gap for the alloyed systems showed a linear shift from PbS to 

PbSe with respect to the mole fraction of Se (Fig. 1.8 (f)), and is attributed to the change in 

the lattice parameters.
87
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Fig. 1.8. TEM images of PbSxSe(1−x) obtained at xSe values of (a) 0, (b) 0.3, (c) 0.5, (d) 0.8, (e) 

1. (f).UV-Vis-NIR spectra of PbS1−xSex (0 ≤ x ≤ 1) nanoparticles. (Reproduced from ref. 67). 

The synthesis of polycrystalline thin films of ZnSxSe1−x with composition in the range 

of 0 ≤ x ≤ 1 have been achieved from pure ZnSe and ZnS powders by employing a close-

spaced evaporation technique.
188

 The deposition of the films onto glass substrates was 

performed at different substrate temperatures ranging from 200 - 400 °C. p-XRD 

measurements showed that the deposition of ZnSxSe1−x films was achieved at a temperature 

range of 275 - 300 °C, and the films exhibited a cubic structure. Compositional analysis 

revealed the formation of nearly stoichiometric films at a deposition temperature range of 275 

- 325 °C. The ZnSxSe1−x films obtained at 300 °C exhibited an average surface roughness 

between 2 and 6 nm. The obtained optical transmittance of >85% suggested high 

transparency of the films. The films recorded energy band gaps in the range of 2.61 - 3.60 eV, 

which increased with respect to sulfur content. Another study by Nandkishor et al. 

demonstrated the preparation of zinc sulphoselenide, ZnSxSe1-x (0 ≤ x ≤ 1) thin films 

crystallizing in a cubic zinc blende crystal system. A computerized chemical spray pyrolysis 

method was employed to grow the films on glass substrates. Changing the precursor 

composition in terms of varying the amount of S and Se in the ZnSxSe1-x system resulted in 

the energy band gap from 2.84 eV to 3.57 eV. Overall, the prepared thin films exhibited 

semiconducting properties.
189

 The synthesis of ZnSxSe1−x films has also been reported by 

other researchers.
190-195

 

The synthesis of SnS1−xSex (0  x  1) solid solution from chalcogeno-(thio/seleno) 

benzoate complexes of organotin, by both colloidal hot injection and solventless method, has 

been described.
88

 Both methods afforded the formation of crystalline SnS1−xSex solid 

solutions over the whole composition range (Fig. 1.9 (i &ii)). The EDX results showed that 

the colloidal hot injection route offered better control over composition and a continuous 

change in lattice constants. In comparison, the change in lattice constants was not smooth for 

the product obtained by the solventless method and EDX analysis also demonstrated a 

broader deviation from the expected percentage. The morphology was independent of the 

method used, and a similar trend in size and shape was observed for both approaches (Fig. 

1.10 (i & ii)). The band gap shows an increase in moving from SnSe to SnS. 

https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/topics/materials-science/spray-pyrolysis
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Fig. 1.9. p-XRD pattern of SnS1−xSex (0  x  1) prepared by (i) hot injection method in 

OLA at 200 °C, (ii) the solvent-less route at 330 °C (Reproduced from ref. 88). 

 

Fig.1.10. SEM images of SnS1−xSex (0  x  1) (i) synthesized by the hot injection method, 

(ii) synthesized by solventless method (Reproduced from ref. 88). 

The preparation of ZnSxTe1-x thin films has also been achieved by implanting sulfur 

into ZnTe obtained via molecular beam epitaxy, followed by pulsed laser melting. Optical 

analysis showed that after pulsed laser melting treatment with a laser fluence of 0.15 J/cm
2
, 

sulfur-induced states were formed above the valence band at 2.22 eV inside the bandgap of 

ZnTe for the ZnSxTe1-x (x = 3.2%).
196

 

https://www.sciencedirect.com/topics/physics-and-astronomy/fluence
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A complete Sb2S3-xSex (0  x  3) solid solution has been reportedly formed between 

Sb2S3 and Sb2Se3 by using elemental Sb, S and Se as precursors. The single-XRD 

measurements indicate that no phase change occurs throughout the solid solution range.
197

 

1.2.5.3  Quaternary solid solutions 

In contrast to binary and ternary solid solutions, quaternary crystalline solid solutions 

with composition A′xA′′1-xB′yB′′1-y, are formed by alloying of two binary compounds that are 

composed of distinct cations and anions. Notable example involves the formation of ZnxCd1-

xSySe1-y (0 ≤ x,y ≤ 1) by alloying ZnS and CdSe. Combining ternary and binary compounds 

can also produce a quaternary alloyed system as revealed by the formation of 

(CuInS2)x(ZnS)1-x.
198

 Quaternary solid solutions can alternatively be formed via concurrent 

doping or partial substitution of cations and anions in binary host compounds. For example, 

partial substitution of Co with Ni in CuCo2S4 by Ni yields a quaternary substitutional solid 

solution of CuCo2-xNiXS4 (0 ≤ x ≤ 1).
37

 Compared to binary and ternary semiconductor solid-

solutions, quaternary solid solutions provide a more powerful pathway to modify their 

properties. Nevertheless, despite all efforts, the formation of such materials remains 

challenging because their fabrication involves two individual spontaneous substitution or 

doping processes where anions and cations can be concurrently incorporated in the host 

system. During the nucleation and crystallization process, the anions and cations of the 

dopant substitute anions and cations of the host compound to afford a completely new solid 

phase. Unfortunately, the nucleation and crystallization dynamics in quaternary solid 

solutions are more complicated and the substitution takes place randomly and often 

incompletely. The growth conditions of a homogeneous crystallization of such solid solutions 

are strictly confined to local equilibrium.
83

 Consequently, phase segregation and local 

elemental aggregation are difficult to avoid, along with the uniform composition regulation. 

Slight deviations in composition or temperature will result in a phase separation or might 

cause the formation of core-shell structures.
199

 For that reason, quaternary solid solution 

nanostructures require rather critical growth conditions and elegant reaction procedures to 

guarantee phase purity. It is also crucial to authenticate the phase purity and composition 

uniformity by utilizing several characterization techniques. 

Even though the synthesis of these multicomponent nanostructures presents a 

considerable challenge, numerous systems of anionic and cationic quaternary solid solutions 

have been reported. Above all, the growth conditions for forming pseudobinary solid 
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solutions proposed in different studies have been adopted and used as a general guideline in 

preparing diverse quaternary semiconductor systems. 

1.2.5.3.1 32B32BQuaternary cationic solid solutions 

Intentional doping or partial substitution of the parent material by foreign elements 

has been considered as an effective strategy to prepare quaternary cationic solid solutions 

with improved properties for numerous applications. In an attempt to improve the 

supercapacitive performance of the pristine CuCo2S4, Gao et al. demonstrated the synthesis 

of monophasic CuCo2−xNixS4 solid solution by a simple hydrothermal technique, where Ni 

partially replaced Co in CuCo2S4.
37

 The synthesis was carried out by the thermolysis of 

Ni(NO3)2.6H2O, Co(NO3)2.6H2O and Cu(NO3)2.3H2O precursors at 150 °C for 2 h, with 

subsequent washing and calcination at 80 °C for 12 h. The p-XRD results demonstrated that 

Co could be simply replaced with Ni in the composition range of x = 0, 0.25, 0.5, 0.75 and 1 

without changing the crystalline phase and without the formation of a multi-phase composite 

at high content of Ni. The EDX elemental mappings confirmed homogeneous dispersion of 

Cu, Co, Ni and S in the solid solutions. SEM images showed the formation of spherical 

clusters consisting of a large number of nanorods which were observed to be much thinner 

and denser at higher nickel content. Further studies by TEM disclosed that the nanorods are 

made up of several small nanoparticulate crystals with sizes varying from 20 to 40 nm. 

Compared to the pristine CuCo2S4 and NiCo2S4, the solid solution with composition 

CuCo1.25Ni0.75S4 displayed a considerably high specific capacitance of 647 F/g at 1  A /g. 

Furthermore, asymmetric capacitors assembled by employing CuCo1.25Ni0.75S4 and activated 

carbon as anode and cathode respectively produced a high energy density of 31.8  Wh/ kg at 

the power density of 412.5  W/kg. These findings revealed that quaternary CuCo2−xNixS4 

solid solutions are hopeful electrode materials for high-performance electrochemical 

capacitors.  

Similarly, Chen et al. prepared a set of NixCu1−xCo2S4 solid solutions by a 

hydrothermal approach using Ni(NO3)2.6H2O, Cu(NO3)2.4H2O and Co(NO3)2.6H2O 

precursors and evaluated their potential for supercapacitor applications. These substitutional 

solid solutions were produced owing to similar atom occupation and comparable crystal size 

of Ni (0.69 Å) and Cu (0.71 Å) in the crystal lattice of metal sulfides. As inferred by p-XRD 

data, the crystal structures of all the samples conformed to the cubic NiCo2S4 and CuCo2S4 

phases with the same Fd3m space group. Among all solid solution series, Ni0.67Cu0.33Co2S4 

https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/physics-and-astronomy/nanocrystals
https://www.sciencedirect.com/topics/chemistry/hydrothermal-method
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displayed excellent electrochemical activity recording the highest specific capacitance of 

1340.48 F/g at 1 A/g, demonstrating an excellent rate capability.
36

 

Polycrystalline CoxZn1−xIn2S4 (0 ≤ x ≤ 0.6) solid solution has been prepared by 

heating stoichiometric mixture of the corresponding sulfides in a sealed quartz tube at 900°C. 

X-ray and spectroscopic investigations showed that the ZnIn2S4-type structure existed up to x 

= 0.6, and the Co
2+

 ions were distributed in the tetrahedral and octahedral voids of the 

lattice.
200

 Spinel CdCr2xIn2-2xS4 (0 ≤ x ≤ 1) solid solutions were reportedly synthetized by 

mixing and annealing of the Cd, In and Cr sulfides. The spinel phase was found in the whole 

range of compositions. P-XRD analysis proved the formation of phase-pure spinels, and the 

lattice constants varied linearly as a function of substituent concentration.
201

  

Quaternary alloys have also been reportedly formed via alloying of ternary I-III-VI2 

semiconductors, famously known as chalcopyrites. The most prominent example includes the 

tetragonal CuInxGa1-xSe2, which was synthesized by Tang et al. by alloying CuInSe2 and 

CuGaSe2.
202

 The solid solution was obtained from the high-temperature thermolysis reaction 

of analytical grade gallium, copper and indium salts, and Se powder in oleylamine. The 

resulting CuInxGa1-xSe2 nanoparticles displayed strong UV-vis-NIR absorption around 1000 

nm, conforming to band gap of 1.2 eV, which is the ideal value for single-junction solar cells.  

Thermal decomposition of diisopropyldiselenophosphinato complexes of Ga(III), 

Cu(I) and In(III) in HDA/TOP at 250 °C has been employed by Malik et al. to afford CuIn(1-

x)GaxSe2 solid solutions. The p-XRD patterns showed the formation of the tetragonal 

chalcopyrite crystallographic phase. The linear increase in the lattice parameters with the 

increasing indium composition confirmed the formation of a homogeneous alloy structure. 

TEM analysis of the tetragonal nanoparticles showed an average diameter of 14 nm.
203

  

Arrested precipitation of chloride salts and elemental selenium as the metal and 

selenium sources, respectively, was employed by Panthani et al. to produce crystalline 

CuInxGa1-xSe2 nanoparticles.
204

 In the quaternary CuInxGa1-xSe2 solid solution, the In to Ga 

ratio could be monitored by changing the amount of their starting materials in the course of 

the reaction. Meanwhile, Guo et al. have successfully prepared a nanocrystal ink consisting 

of CuInxGa1-xS2 through the rapid introduction of S solution into a solution composed of 

oleylamine and the metal chloride precursors at 225 °C.
205

 Evaluation of the photovoltaic 

performance revealed that a power conversion efficacy of 4.76% was exhibited by the solar 

cells fabricated by utilizing the CuInxGa1-xSe2 absorber films. 

Pan et al. prepared homogeneous nanocrystalline (CuInS2)x(ZnS)1−x solid solutions by 

thermolysis of Zn, Cu and In dithiocarbamates in the presence of octadecene, oleic acid and 
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oleylamine as non-coordinating, capping and activation agents, respectively. TEM images 

showed nearly monodisperse nanoparticles having cubic and hexagonal structures of mean 

size in the range of 32.4 and 5.7 nm. The alloyed nanoparticles exhibited band gap tunability 

from 1.5 to 3.7 eV by varying the mole ratio of CuInS2 and ZnS.
198

 Similarly, solid solutions 

of CuGaxIn2−xS3.5 (0 ≤ x ≤ 2) and CuInxTl2−xS3.5 (0 ≤ x ≤ 2) have also been obtained by Pan 

and co-workers via a wet chemical synthesis method by utilizing air-stable metal 

dithiocarbamate precursors.
206

 Thermal decomposition of the Cu, Ga and In dithiocarbamate 

complexes at 180 °C for 90 min in oleic acid, oleylamine and toluene led to the formation of 

CuGaxIn2−xS3.5 solid solutions. On the other hand, the formation of CuInxTl2−xS3.5 was made 

possible by the injection of oleylamine into a hot solution of Cu, In, and TI dithiocarbamates 

in oleic acid and octadecene at 200 °C. TEM analysis indicated that the as-prepared quasi-

spherical solid solution nanoparticles exhibited an average size of approximately 6.2 nm. It 

was also observed that the inclusion of Ga and TI permitted accurate regulation of the band 

gap energy in the range of 1.37 - 2.42 eV with respect to composition. Such bandgap 

tuneability in these materials may provide accurate control over the optical properties, which 

is of interest for optoelectronic applications.  

Colloidal synthesis of rod-like (ZnS)x(CuInS2)1-x nanoalloys was performed by 

employing a simple non-injection method. The preparation procedure involved thermolysis of 

metal dithiocarbamate precursors in a solution containing OA, DDT and ODE at 250 8C 

under argon atmosphere. p-XRD results showed that the prepared nanorods crystallize in the 

hexagonal wurtzite structure. Also, diffraction peaks were slightly shifted toward higher 2θ 

values, indicating the formation of a uniform solid solution. The bandgap of the quarternary 

alloyed nanorods was expediently adjusted by changing the stoichiometric amounts of ZnS 

and CuInS2 in the alloyed system.
207

 

Pyrolysis of a mixture of [Fe(S2CNEt2)3], [Zn(S2CNEt2)2], [
n
Bu2Sn(S2CNEt2)2] and 

[Cu(S2CNEt2)2] precursors in oleylamine was reported to afford the formation of 

nanostructured Cu2Zn1−xFexSnS4 (0 ≤ x ≤ 1) semiconductor alloys.
208

 In depth structural 

studies according to p-XRD pattern indicated that the synthesized Cu2Zn1−xFexSnS4 material 

preserved a stannite structure. The morphology of Cu2Zn1−xFexSnS4 nanoparticles was 

identified to be rhombohedral as opposed to oblate spheroids of Cu2FeSnS4 nanostructures. 

This smooth evolution of morphology was evident through hexagonal crystals with 

composition, x = 0.5. TEM analysis showed smaller nanoparticles exhibiting particle sizes of 

about 9 ± 2 nm. Magnetic studies showed that the solid solutions were ferromagnetic at low 

temperatures. The photoluminescence properties using hexane as a dispersing solvent were 
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obvious in the range of 500 - 800 nm after excitation at 400 nm. The materials’ band gap was 

found to be engineered within the visible region by adjusting the amount of Fe in the solid 

solution. 

The formation of solid solutions from solvents with a small cation to anion ratio has 

also been confirmed as an effective approach to improve the thermoelectric properties of 

materials via the creation of vacancies. Owing to their smaller cation to anion ratio, binary 

compounds of In2Te3 and Ga2Te3 were reportedly used as molecular solvents for CuGaTe2 to 

afford solid solutions of (CuGaTe2)1−x(In2Te3)x and (CuGaTe2)1−x(Ga2Te3)x. The reactions 

were conducted by melting the stoichiometric quantity of highly pure precursors at 1183 K 

for 10 h, and subsequently quenched in cold water and annealed at 900 K for 72 h.
209

 High 

concentration vacancies exhibited by the solid solutions on the cation positions can serve as 

the phonon scattering hubs, enabling considerable decrease of the lattice thermal conductivity 

and consequently improving the thermoelectric activity to about ∼75% in the whole 

temperature range. 

In the search for active photocatalysts for hydrogen HER, Kato et al. reported the 

preparation of (CuGa)1−xZn2xS2 (0 ≤ x ≤ 1) solid solution. The typical synthesis employed 

solid state reaction in which stoichiometric quantities of Cu2S, Ga2S3 and ZnS were mixed 

and sealed in a quartz ampule after evacuation, followed by calcination at 1073 K for 10 h.
210

 

Structural analysis by p-XRD measurements indicated the formation of a monophasic 

chalcopyrite structure for all (CuGa)1−xZn2xS2 solid solutions irrespective of zinc 

composition, x. Also, slight shifting of the p-XRD peaks to lower diffraction angles 

confirmed the successful formation of solid solutions between ZnS and CuGaS2. They also 

reported a slightly small band gap of 2.2 eV for (CuGa)1−xZn2xS2 compared to 2.3 eV of 

CuGaS2. Moreover, the alloyed (CuGa)1−xZn2xS2 displayed enhanced photocatalytic activity 

compared to CuGaS2, confirming the contribution of Zn in modifying the band structure of 

the pristine material. 

Another solid solution of (CuIn)xZn2(1-x)S2 with composition, x = 0.01 - 0.5 was 

reportedly synthesized by Tsuji et al, and employed as photocatalysts for H2 evolution under 

visible-light irradiation.
211

 The synthesis procedure involved precipitating a mixture of 

In(NO3)3.6H2O, Zn(NO3)2.6H2O and CuCl precursors under inert conditions. H2S gas was 

then bubbled through the aqueous solution and continuously agitated to yield the precipitates, 

which was then washed thoroughly and calcined at 1123 K for 5 h. The resulting solid 

solutions exhibited a zinc-blende structure, although some samples contained a negligible 

amount of a wurtzite phase. The photocatalytic properties were found to depend on the 
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energy structure with different compositions of the solid solutions. Notably, Pt (0.5 wt %)-

loaded (CuIn)0.09Zn1.82S2 exhibiting a band gap of a 2.3 eV demonstrated the highest H2 

evolution activity and the apparent quantum yield at 420 nm was 12.5%. 

Yuan et al. have successfully prepared (AgIn)xZn2(1−x)S2 quantum dots by thermolysis 

of metal acetates i.e., In(CH3COO)3, Ag(CH3COO), and Zn(CH3COO)2.2H2O in the presence 

of oleylamine and 1-dodecanthiol at 250 °C under N2 flow.
212

 It was evident from the p-XRD 

results that the diffraction patterns of (AgIn)xZn2(1−x)S2 quantum dots with composition, x > 

0.5 were similar to the pristine AgInS2 while some peaks for samples with x < 0.5 matched 

with those for the pure ZnS. Clearly, the shifting of diffraction peaks to lower angles with 

respect to x values was an indication of the realization of a complete solid solution between 

the parent AgInS2 and ZnS. Analysis of particle size and morphology by TEM revealed the 

formation of spherical quantum dots with an average diameter of 3.4 nm. However, the 

particle size was found to depend on the concentration of the metal acetates employed, and it 

changed from 3.4 nm with 20 mM metal acetate precursors to 2.1 and 4.4 nm when 10 and 60 

mM metal acetate precursors were used, respectively. HRTEM images showed well-resolved 

lattice fringes with high crystallinity. Continuous composition tuning for (AgIn)xZn2(1−x)S2 

from x = 0 (ZnS) to x = 1 (AgInS2) resulted to gradual modulation of bandgap from 3.55 eV 

to 1.80 eV. The highest photocatalytic performance of (AgIn)xZn2(1−x)S2 further demonstrated 

the contribution of bandgap tuning on the efficiency of photocatalytic H2 generation. With 

monochromatic irradiation at 450 nm, the photocatalytic system afforded a high apparent 

quantum yield of 8.2%. 

A series of Cd1–xMnxIn2S4 solid solution with composition in the range of 0.5 ≤ ≤ 1.0 

were reportedly prepared by the melt and annealing method, and grown by the chemical 

vapor transport method. p-XRD structure refinements employing the Rietveld method 

indicated the formation of a solid solution over an entire composition range, exhibiting a 

cubic structure and the space group of Fd3m. The linear relationship between the unit cell 

constants and composition revealed complete solid solubility in this system. All series of 

solid solution displayed a spinel structure with a random arrangement of Cd, Mn and In 

cations in the crystallographic positions.
213

 

With the use of iodine as a transport agent, single crystal of Cd1-xFexIn2S4 (x = 0.25, 

0.5, 0.75) systems were prepared via the chemical vapour transport method. In the typical 

synthesis, the growth of the crystals was done by introducing the ampoule in the furnace such 

that the source temperature was kept at 850 °C and the deposition temperature at 800 °C, 

respectively. The electron probe micro-analysis of the crystals showed that the actual Fe 
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content was lower compared to the nominal concentration. Room temperature XRD 

measurements revealed the formation of solid solutions exhibiting a cubic structure.
214

 

Khandale and Bhoga have synthesized Nd2−xCexCuO4 (x = 0 - 0.25) solid solution 

nanoparticles by means of the acetate combustion method. The method employed cerium, 

neodymium and copper acetates as precursor materials, and it proceeded with a significant 

reduction of sintering temperature and reaction time. The p-XRD results confirmed the 

optimal solid solubility up to x = 0.2, and all the diffraction peaks matched with the 

tetragonal Nd2CuO4 phase. Studies on the variation of d.c conductivity as a function of 

temperature showed a transition from positive to negative temperature coefficient at 625 °C 

for Nd2−xCexCuO4 within the solid solubility range.
215

 

Moussaoui et al. employed the co-precipitation method to carry out the synthesis of 

spinel Sn1-xMnxFe2O4 (0 ≤ x ≤ 1) nanoferrites from appropriate ratios of FeCl3, MnCl2 and 

SnCl2 salts.
216

 The mixed metal hydroxides formed during the reaction were precipitated by 

using ammonia hydroxide at 80 °C for 30 min, and the product was washed and dried at 80 

°C overnight to yield crystalline solid solutions. P-XRD confirmed the formation of 

monophasic cubic spinel structure for Sn1−xMnxFe2O4 solid solutions having crystallite sizes 

ranging from 3.91 - 4.61 nm. It was observed from TEM studies that the un-annealed ferrite 

nanoparticles exhibited ellipsoid morphology with particle sizes ranging from 9 - 10 nm. 

Also, for all Sn1-xMnxFe2O4 spinels over the entire composition range, the increase of 

magnetization and coercive fields as a function of manganese content was also obvious. 

Zhao et al. elucidated the electrocatalytic activity of quaternary NixCo1-xFe2O4 

(0≤x≤0.75) nanospheres prepared hydrothermally from metal sulfates.
217

 A stoichiometric 

mixture of (NH4)2Fe(SO4)2.6H2O, CoSO4.7H2O and NiSO4.6H2O in de-ionized water was 

thermolyzed at 160 °C in an autoclave for 24 h. Upon washing and annealing the product at 

550 °C for 4 h, spherical nanoparticles exhibiting an average crystallite size ranging from 9 - 

18 nm were produced. SEM studies show broken spherical nanoparticles with a characteristic 

hollow structure for all compositions. Their study found that partial replacement of Co by Ni 

in CoFe2O4 enhances the electrochemical activity toward ORR. In particular, the composition 

Ni0.5Co0.5Fe2O4 demonstrated more onset positive potential of −0.15 V compared to -0.18, -

0.17, and -0.20 V of CoFe2O4, Ni0.25Co0.75Fe2O4, and Ni0.75Co0.25Fe2O4, respectively. It also 

exhibited a diffusion-limited current density of -6.64 mA/cm
2
, comparably higher than other 

compositions. On the other hand, Ni0.75Co0.25Fe2O4 solid solutions exhibited excellent 

catalytic activity for OER, showing the highest current density of 36.0 mA/cm
2
, compared to 

https://www.sciencedirect.com/science/article/pii/S030488531530915X#!
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33.0, 29.2 and 30.7 mA/cm
2
 of CoFe2O4, Ni0.25Co0.75Fe2O4, and Ni0.5Co0.5Fe2O4, 

correspondingly. 

Maruthapandian et al. employed a sol-gel combustion method to synthesize nanoscale 

CoxNi1–xFe2O4 (0 < x < 1) solid solution from their corresponding metal nitrate precursors 

and studied their electrochemical performance toward OER.
218

 The nanoparticles exhibited 

crystallite size of 57.3, 57.3, 67.3, 72.9 and 69.4 nm for Co composition of x = 0, 0.25, 0.5, 

0.75 and 1, correspondingly. The electrochemical measurements demonstrated that the 

pristine NiFe2O4 has superior catalytic activity manifested by a lower overpotential of 381 

mV, surpassing CoxNi1-xFe2O4 solid solutions, which exhibited overpotentials in the range of 

450-470 mV at 10 mA/cm
2
 in alkaline solution. The inclusion of Co in the crystal lattices of 

nickel ferrite was observed to inhibit the catalytic activity. 

Our group recently synthesized homogeneous Ni1−xCoxFe2O4 (0 ≤ x ≤ 1) solid solution 

nanoparticles by solventless thermolysis of nickel, cobalt and iron acetylacetonates at 450 

°C.
219

 The p-XRD measurements revealed the formation of a series of monophasic cubic 

nanoferrites with space groupFd3m (Fig. 1.11(a)). The lattice parameters and band gap were 

observed to increase in a linear fashion with the increasing amount of cobalt, complying with 

Vegard’s law (Fig. 1.11(b)). TEM images showed cubic and octahedron-shaped nanoparticles 

exhibiting an average size around 14-23.2 nm. Evaluation of the synthesized nanoparticles for 

supercapacitance showed that the spinel Ni0.4Co0.6Fe2O4 electrode exhibited a longer charge-

discharge time (Fig. 1.12 (a)), suggesting excellent charge storage capacity compared to other 

samples. For efficient HER, the Ni0.6Co0.4Fe2O4 and CoFe2O4 electrodes demonstarted low 

overpotential of 168 and 169 mV (Fig. 1.12 (b)), correspondingly along with high stability, 

which suggests better catalytic activity. Likewise, Ni0.8Co0.2Fe2O4 showed a lower 

overpotential of 320 mV (Fig. 1.12(c)), indicative of improved OER activity. 
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Fig. 1.11 (a) p-XRD diffractogram of Ni1−xCoxFe2O4 (0 ≤ x ≤ 1) series, (b) variation of lattice 

constant (left y-axis) and the optical band gap (right y-axis) of Ni1xCoxFe2O4 (0 ≤ x ≤ 1) solid 

solutions (Reproduced from ref. 219). 

 

Fig.1.12 (a).GCD graphs of the x = 0.6 electrode for various current densities (1-20 Ag
−1

) (b) 

HER polarization curves, (c) OER polarization curves, for Ni1−xCoxFe2O4 (0 ≤ x ≤ 1) 

(Reproduced from ref. 219). 

The synthesis of spinel NiFe2−xCrxO4 (0 ≤ x ≤ 1) solid solutions have been achieved 

via the precipitation method, and their physicochemical and electrochemical properties 

evaluated.
220

 The NiFe2−xCrxO4 solid solutions were synthesized following hydroxide 

precipitation at 70 °C, monitoring the solution pH at 11 and continuous O2 bubbling. The 

SO4
2−

-free precipitate was then dried for 24 h at 100 °C and subsequently annealed at 400 °C 

for 24 h. Nickel sulfate, chromium chloride, and ferrous ammonium sulfate were used as 

precursors. p-XRD analysis showed that NiFe2−xCrxO4 nanoparticles crystallize in a cubic 

crystal and their crystal size was found in the range of 15-21 nm. The results showed the 

increased electrocatalytic activity towards OER upon Cr substitution in spinel matrix from x 

= 0.2 to 1.0. For example, for chromium composition x = 0.8 and 1, the overpotentials of 275, 

and 284 mV, respectively, were needed to yield a current density of 1.0 mA/cm
2
, while the 

base oxide demanded significantly higher overpotentials of 337 and 371 mV. 

Kambale et al. synthesized a series of Ni1−xCoxFe2O4 (0.2 ≤ x ≤ 0.8) solid solution via 

a standard ceramic route and examined their electric and magnetic properties.
221

 The method 

involved milling and calcining a mixture of NiCO3, CoCO3 and Fe2O3 at 1000 °C and finally 

sintering the product at 1200 °C. The method afforded highly crystalline monophasic ferrites 

crystallizing in the cubic structure. Measurements of resistivity at the ambient temperature 

indicated the reduction in resistivity with the increasing amount of cobalt in the spinel 

system. The studies further demonstrated that all the prepared polycrystalline solid solutions 
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over the entire range of cobalt concentration were characterized by semiconducting 

properties. 

The chemical precipitation route was also used to prepare ZnxCo1-xFe2O4 (0 ≤ x ≤1) 

ferrites by utilizing metal nitrate precursors.
222

 The resulting spherical crystalline 

nanoparticles exhibited a cubic spinel structure and small crystallite size in the range of 6 -12 

nm. Investigation of the magnetic behaviour of all ferrite samples at ambient temperature 

showed saturation magnetization ranging from 0.387 - 2.065, coercivity (60 - 1834 Oe), and 

remanence magnetization (0.057 - 1.282 emu/g). From the nature of the hysteresis loop, the 

solid solutions were considered to be soft magnetic materials. 

Singh et al. prepared nanospinel CuFe2-xCrxO4 (0 ≤ x ≤ 1) solid solutions and 

investigated their electrocatalytic activity towards OER. Hydroxide-assisted co-precipitation 

of copper sulfate, chromium chloride and ferrous ammonium sulfate at 70 °C for 24 h yielded 

cubic nanospinels with crystallite size in the range of 13-19 nm.
223

 The results indicated that 

partial replacement of Fe by Cr in the CuFe2O4 spinel lattice enhanced both the geometrical 

and electronic characteristics of the material, contributing significantly to the high OER 

activity of the spinel oxide. It was observed that the inclusion of Cr in the crystal lattice of 

CuFe2O4 significantly increased the electrocatalytic activity of the oxide materials enabling to 

produce a high current density of 48.7 mA/cm
2
 for CuFe1.2Cr0.8O4 compared to 3.3 mA/cm

2
 

of the base CuFe2O4. 

Co-precipitation of stoichiometric ratios of cobalt sulfate, nickel sulfate, ferrous 

sulfate and ferric chloride has been reportedly employed by Archana et al. to yield CoxNi(0.4-

x)Fe0.6
II
Fe2

III
O4 (x = 0, 0.1, 0.2, 0.3, and 0.4) nanoparticles.

224
 The p-XRD pattern of the spinel 

ferrites at different metal compositions confirmed the formation of monophasic, pure and co-

substituted ferrites, and the size of the particle was around 5 - 8 nm. Electrochemical 

investigation of the synthesized nanoparticles revealed that un-substituted Fe
II
Fe2

III
O4 

material showed a high overpotential of about 450 mV at 10 mA/cm
2
 compared to the 

substituted CoxNi(0.4-x)Fe0.6
II
Fe2

III
O4 (x = 0.1, 0.2, 0.3, and 0,4). In particular, Co0.2Ni0.2Fe0.6 

IIFe2
III

O4 demonstrated a low overpotential of 270 mV and 275 mV at 10 mA/cm
2
, 

corresponding to substantially higher OER and HER activities, respectively. It was presumed 

that the monophasic CoxNi(0.4-x)Fe0.6
II
Fe2

III
O4 displayed superior HER and OER due to the 

synergistic influence of Co, Ni and Fe in the oxide structure. 

Spinel CoxMg1-xFe2O4 (0 ≤ x ≤ 1) nanoferrites have been prepared from metal nitrates 

by using the sol-gel method.
225

 A cubic spinel system was authenticated from structural 

analysis by Raman spectroscopy, XRD, and the arrangement of cations and inversion degree 

https://www.powerthesaurus.org/authentic/synonyms
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hinged on the composition, x. The crystallite size was observed to increase with respect to 

composition, from 34 nm for MgFe2O4 to 48 nm for CoFe2O4. The SEM images showed 

multigrain coalesced nanoparticles in which the extent of agglomeration decreases with the 

substitution of the highly magnetic Co
2+

 with diamagnetic Mg
2+

 in the ferrite system. It was 

found that the magnitude of the maximal and remanent magnetization, and coercive field, 

increased with respect to the amount of diamagnetic Mg
2+

 replacing magnetic Co
2+

 ions. The 

coercive field augmented in the range of 74 - 1000 Oe corresponding to a transition between 

pure MgFe2O4 and CoFe2O4, whereas magnetization in the field 10 kOe increased in the 

range of 27.4 - 75.7 emu/g. Analysis of optical property from UV/Vis DRS studies displayed 

a strong reliance of the band gap on the amount of cation and the size of crystallites, 

exhibiting a decreasing trend in the range of 2.09 - 1.42 eV for a transition between MgFe2O4 

and CoFe2O4. 

Peng-peng et al. employed the sintering technique to prepare NixZn1-xFe2O4 (0.2 ≤ x ≤ 

0.8) and examined their magnetic property.
226

 Increasing the amount of zinc led to the initial 

increase in saturation magnetization, which was then observed to decrease, reaching a 

minimum value of 43.8 Am/kg for NixZn1-xFe2O4 (x = 0.6). The residual magnetic flux 

density of NixZn1-xFe2O4 started to increase when zinc was introduced and then decreased, 

reaching a minimum magnitude of 0.31 T for NixZn1-xFe2O4 (x = 0.2), while the coercive 

force increased reaching 3.9 kA/m for x = 0.6. 

An expedient and straightforward solvothermal method was adopted to synthesize Fe-

doped Co3V2O8, yielding a set of Co3(1−x)Fe3xV2O8 by varying the mole ratio of Fe in the 

system.
227

 Thermolysis of the mixture of FeCl3.6H2O and Co(CH3COO)2.4H2O in the 

presence of DMF and CH3OH, sodium metavanadate and water at 180 °C for 24 h, followed 

by post-synthetic procedures afforded Co3(1−x)Fe3xV2O8 nanoparticles crystalizing in the 

orthorhombic structure. SEM analysis showed relatively uniform nanoparticles at low iron 

content, while the irregular blocky structure was observed at high iron content. The size of 

Co1.5Fe1.5V2O8 nanoparticle was obtained to be ∼5 nm from a representative TEM image. 

HRTEM images showed lattice fringes with the spacing of 0.208 and 0.251 nm, which were 

assigned to (042) and (122) crystal planes, respectively. The electrochemical activity of 

Co3(1−x)Fe3xV2O8 towards OER was found to depend heavily on the amount of iron in the 

solid solution system, and among all, Co1.5Fe1.5V2O8 displayed a relatively low overpotential 

of 290 mV at 10 mA/cm
2
. Additionally, the Co1.5Fe1.5V2O8 catalyst demonstrated strong 

durability for 10 h during the long-term stability test. 
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Solid solution of Ce1-xGdx-yYyO2-0.5x with composition x = 0.15 and 0.2, where 0 ≤ y ≤ 

x, have been reportedly synthesized via glycine-nitrate strategy by employing metal nitrates 

as precursors.
228

 The p-XRD measurements indicated that the resulting ceria-based solid 

solutions exhibited fluorite-type structure with particle size ranging from 10 - 20 nm as 

estimated by TEM analysis. Compared with singly doped ceria, the doping of two cations 

resulted in significant improvement of the conductivity with the co-doped ceria exhibiting 

significantly higher ionic conductivities ranging from 673 - 973 K. Remarkably, the ionic 

conductivity of Ce0.8Gd0.05Y0.15O1.9 at 773 K increased threefold (0.013 S/cm) surpassing that 

of Ce0.8Gd0.2O1.9. This indicated that Ce1-xGdx-yYyO2-0.5x could serve as perfect electrolyte 

materials of intermediate temperature solid oxide fuel cells. 

A novel solid solution of CdxZn2-xGeO4 (0 ≤ x ≤ 2) have been synthesized via 

hydrothermal technique and its structural, morphological and photocatalytic activity was 

studied. The resulting product matched perfectly to the rhombohedral structure, as confirmed 

by p-XRD analysis. The solid solution exhibited a mixture of nanorods and nanosheets 

morphologies. Compared with pristine Zn2GeO4, the CdxZn2-xGeO4 solid solutions exhibited 

a narrower band gap and responded to a broad spectrum of sunlight. In addition, the hydrogen 

evolution activities of CdxZn2-xGeO4 solid solutions were significantly higher than that of the 

pure Zn2GeO4. Specifically, the highest H2 production rate (15.00 mmol/gh) was obtained 

over the Cd1.0Zn1.0GeO4, which was about 24.2 times higher than that of pure Zn2GeO4 (0.62 

mmol/gh).
229

 

A pulsed laser deposition approach has been utilized to deposit BaSn1-xTixO3 (0 ≤ x ≤ 

1) epitaxial films on LaAlO3(001) substrates. Prior to deposition, BaSn1-xTixO3 targets were 

synthesized via a high-temperature pyrolysis of a mixture of pure BaCO3, SnO2, and TiO2 

precursors. High resolution XRD analysis showed a linear decrease in the film lattice 

constants with respect to Ti content, following Vegard’s law. Assessment of optical property 

indicated that all films exhibit optical transmittance of >70% in the visible and infrared 

wavelength range. Remarkably, the bandgap nonlinearity of BaSn1-xTixO3 films was noticed, 

and the film with Ti content of x = 0.25 exhibited the largest bandgap value of 4.04 eV.
230

 

To study the change of magnetic behavior from ferromagnetic LaCo2P2 to 

paramagnetic LaFe2P2, Kovnir et al.
231

 synthesized a series of LaFexCo2–xP2 (0 ≤ x ≤ 1) solid 

solutions by adopting the tin flux synthetic method described by Reehuis and Jeitschko.
232

 

Stoichiometric amounts of finely dispersed cobalt, lanthanum, red phosphorus, iron powders 

and tin shots were mixed in 10 mm silica tubes enclosed under vacuum. The precursor 

mixture was heated at 1155 K for 10 days, allowed to cool to 875 K at 10 K/min. To remove 
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tin flux, the samples were soaked in dil. HCl, leaving behind single crystals which were 

selected from the final product for analysis. Powder XRD measurements confirmed the 

formation of phase pure LaFexCo2–xP2 solid solutions exhibiting a ThCr2Si2 type structure. 

The increase in the unit cell volume with respect to the amount of Fe, ratifies the bulk 

replacement of Fe for Co. Magnetic studies confirmed the presence of paramagnetic behavior 

in both LaFe0.3Co1.7P2 and LaFe0.5Co1.5P2 samples. 

Jia et al. reported the fabrication, magnetic and structural characteristics of 

Ca(Fe1−xCox)2P2 (0 ≤x ≤ 1) and Ca(Ni1−xCox)2P2 (0 ≤x ≤ 1) solid solutions.
233

 The synthesis 

of these polycrystalline materials was carried out using elemental P, red, Ca, Fe, Co, and Ni 

powder. The process started by preparing FeP, CoP, and Ni5P4 according to the protocol 

described by McQueen et al.
234

 Then, CaFe2P2 and CaCo2P2 were prepared by mixing 

stoichiometric quantities of Ca, FeP, CoP, and P powders. On the other hand, the parent 

CaNi2P2 was synthesized from a mixture of stoichiometric amounts of Ca, Ni5P4 and P 

powders. The next step involved placing sample mixtures in alumina crucibles which were 

then introduced in silica tubes and annealed at 900 °C for 1 h. The resulting products were 

ground, mixed, pressed into pellets and sintered at 1000 °C to obtain Ca(Fe1−xCox)2P2 (0 ≤x ≤ 

1) and Ca(Ni1−xCox)2P2 (0 ≤x ≤ 1). Magnetic results shows that both sets of solid solutions 

evolve from a Pauli paramagnetic CaFe2P2 and CaNi2P2 to antiferromagnetic CaCo2P2 as a 

function of Co content, through changes in the band structures. 

The synthesis of TlCo2-xNixSe2 solid solutions over entire range of compositions i.e., 0 

≤ x ≤ 2 has also been described.
235

 p-XRD revealed that the as-prepared materials exist in 

ThCr2Si2 type tetragonal crystal structure. The synthesized materials were found to possess a 

high metallic character (δ ∼ 10
-4

-10
-5

 Ω-cm). While the parent TlCo2Se2 shows Curie-Weiss 

characteristics from ∼100-300 K and behaves as antiferromagnetic material at TN = 97 K, the 

TlNi2Se2 counterpart is paramagnetic. Also, the solid solutions TlCo2-xNixSe2 with 

composition (0.25 ≤ x ≤ 1.5) show antiferromagnetic behavior. The Neel temperature, TN as 

a function of nickel composition, is maximum at x = 0.5, suggesting that incorporation of Ni 

at x ≤ 0.5 improves antiferromagnetic interactions in these alloys. 

Nanostructured alloys of (ZnSe)x(CuInSe2)1-x and CuInSexS2-x have been reportedly 

prepared over the entire composition range using a hot injection approach. During the 

synthesis, CuCl, ZnCl2, InCl3.4H2O, S powder, and Se powder were used as precursors, while 

oleylamine and oleic acid were respectively employed as dispersing solvent and capping 

agents. The p-XRD data showed that the zinc blende structure was conserved throughout the 

composition range. The alloyed nanostructures displayed narrow size distribution. The 
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average size of (ZnSe)0.5(CuInSe2)0.5 and CuInSe1.0S1.0 estimated from TEM was 17.1 and 

15.0 nm, respectively. Modulation of the materials’ band gaps was achieved in the range of 

2.82 - 0.96 eV and 1.43 - 0.98 eV, for (ZnSe)x(CuInSe2)1-x and CuInSexS2-x, respectively. 

This broad band gap tunability in these alloyed nanocrystals renders them a high potential for 

photovoltaic and photocatalytic applications.
236

 

CdCr2–xInxSe4 and Cd1–yInyCr2Se4 solid solutions were synthesized by Shabunina et al. 

using pure CdSe, Cr powder, OSCh 22-4 Se and In2Se3 precursors, and their composition 

ranges were explored. The solid solutions was prepared by pyrolysis of their respective 

precursors at 600°C in quartz tubes set at 10
–2

 Pa for one week, followed by re-grinding and 

re-firing the samples at 550 - 600°C for equilibration. P-XRD studies showed that the 

increase in the mole ratio of In in the solid solution system augmented the lattice constant 

while the Curie temperature decreased. Analysis of magnetic property revealed the existence 

of paramagnetic-ferromagnetic-spin-glass phase transition in both solid solution systems.
237

 

1.2.5.3.2 33B33BQuaternary anionic solid solutions 

Zhang and co-workers have declared large-scale fabrication of CuSb(SxSe1−x)2 

nanosheets in a one-pot colloidal route.
238

 The synthesis was performed by reacting 

stoichiometric amounts of Cu(NO3)2.3H2O, SbCl3 and SeO2 precursors in a mixture of 

oleylamine and dodecanethiol at 200 °C. It was observed that when the temperature was 

increased, more S from the dodecanethiol was incorporated, yielding CuSb(SxSe1−x)2 

nanosheets with high sulfur content. Morphological analysis by SEM indicated rectangle-

shaped nanosheets. The resultant CuSb(SxSe1−x)2 solid solutions displayed composition-

tunable band gaps in the range of 0.9 - 1.1 eV. 

A facile hot-injection route towards the preparation of Cu2Ge(S3−xSex) (0 ≤ x ≤ 3) 

nanocrystals was described by Yang et al..
239

 The preparation of Cu2Ge(S3−xSex) was 

performed by injecting GeCl4 in a solution of Cu(acac)2 in OLA at 125 °C under inert 

conditions. This was followed by injection a solution mixture of elemental S and Se pre-

dissolved in OLA, at 160 °C, followed by heating the mixture to 280 °C for 2 h to produce 

Cu2Ge(S3−xSex) nanocrystals. TEM results showed a narrow size distribution of 11 – 19 nm 

of the Cu2Ge(S3−xSex) (0 ≤ x ≤ 3) solid solutions, and their size enlarged with increasing the 

amount of Se to some extent. The increase in Se contents in the Cu2Ge(S3−xSex) (0 ≤ x ≤ 3) 

system was also found to cause a monotonous reduction of the band gaps. 
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1.2.5.3.3  Pseudobinary quaternary solid solutions 

As mentioned earlier in this work, sometimes the formation of quarternary solid 

solutions may involve concurrent substitution of both cation and anion, pseudobinary solid 

solutions. For example, to obtain materials with enhanced insulating behavior, Ren et al. 

fabricated Bi2-xSbxTe3-ySey solid solutions and studied the transport properties for a wide 

composition range and temperature. The synthesis of single crystals of Bi2-xSbxTe3-ySey was 

achieved by melting stoichiometric quantities of pure Bi, Sb, Te and Se elements in closed 

quartz tubes at 850 °C for 48 h with occasional shaking to ensure uniformity of the melt. The 

melts were then cooled gradually to 550 °C and consequently annealed at the same 

temperature for 96 h. The p-XRD diffractogram of all the samples were similar and could be 

indexed with the rhombohedral structure, indicating that the solid solutions preserved the 

same crystal structure as their parent materials of Bi2Te3, Bi2Se3, and Sb2Te3. Except for 

Bi0.75Sb1.25Te0.5Se2.5, all the Bi2-xSbxTe3-ySey samples at the optimized mole ratios displayed 

large resistivity values beyond 1 Ωcm at low temperatures along with an activated behavior at 

elevated temperatures.
240

 Similar Bi2-xSbxTe3-ySey system with a highly insulating bulk and 

tunable Dirac carrier was reported by Arakane et al.
241

 

Composition-tunable quantum dots of ZnxCd1-xSySe1-y (0 ≤ x ≤ 1, 0 ≤ y ≤ 1) exhibiting 

size tunability in the range of 4.0 - 10.0 nm have been reportedly prepared in paraffin liquid 

by Deng et al. via a colloidal route.
242

 p-XRD results showed that all the ZnxCd1-xSySe1-y 

alloyed compounds over the whole composition corresponded to a face-centered cubic phase. 

The gradual shifting of the diffraction peak positions toward smaller values was noted, 

inferring an increase in lattice parameters with steady replacement of Zn and S with the 

slightly large Cd and Se, respectively, and was found in compliance with Vegard’s law. The 

band gap of the synthesized quantum solid solutions could also be tailored by adjusting either 

the material’s composition or particle size. 

Apart from the simultaneous substitution of both anions and cations in the host 

material, pseudobinary solid solutions can also be formed via alloying of two different binary 

compounds with distinct cations and anions. Studies have been conducted on the solid 

solubilities and physicochemical properties of a large number of pseudobinary systems. For 

example, investigations on the solid solubility and bandgap energy of several (III-V)-(II-VI) 

systems revealed the quaternary alloy systems of GaAs-ZnSe, GaP-ZnSe, and GaP-ZnS 

exhibited a wide spectrum of solid solubilities, enabling the formation of solid solutions 

across the whole system. For the GaAs-ZnSe system, the lattice parameters varied sublinearly 

https://www.nature.com/articles/ncomms1639#auth-T_-Arakane
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with composition, whereas an approximately linear variation was found in GaP-ZnSe and 

GaP-ZnS systems. Moreover, a sublinear reliance of optical bandgap on composition was 

revealed for the GaAs-ZnSe system. Likewise, the GaP-ZnSe and GaP-ZnS systems showed 

an anomalously sublinear relationship between composition and band gap, with the large 

variation occurring near the II-VI end component.
243

 

Likewise, a pseudobinary solid solution of (GaP)1–x(ZnS)x, (ZnS)1–x(GaP)x and 

(GaN)1–x(ZnO)x, were synthesized by Liu et al. by employing a vapor-liquid-solid process in 

the presence of Au nanoparticles as catalysts. The resulting nanowires exhibited a single 

phase with all four elements merged mutually and entirely in the studied composition range. 

With the aid of HRTEM and EDS analyses, it was revealed that the structural homogeneity 

and a lattice match between the two parent binary compounds were crucial in obtaining 

quaternary solid solution nanostructures. Studies of electrical transport on both GaP and 

(GaP)1–x(ZnS)x systems showed that a small invasion of ZnS in the GaP host could result in a 

rapid increase in resistance, causing a transition between semiconductor and insulator.
83

 

Table 1.4 presents a list of quaternary (III-V)1−x(II-VI)x solid solutions reported in the 

literature. 

Table 1.4. Pseudobinary quaternary solid solutions of (III-V)1−x(II-VI)x systems 

Pseudobinary system (III-V) 

compound 

(II-VI) 

compound 

Solubility (x) Reference 

(AlP)1-x(ZnS)x AlP ZnS x < 0.01 
244

 

(AlSb)1-x(CdTe)x AlSb CdTe 0 ≤ x ≤ 1 
245

 

(AlSb)1-x(ZnTe)x AlSb ZnTe x < 0.18 
244

 

(GaN)1-x(ZnO)x GaN ZnO 0.05 < x < 0.22  
246, 247

 

(GaP)1-x( ZnS)x GaP ZnS 0 ≤ x ≤ 1 
83, 243, 248, 249

 

(GaP)1-x(ZnSe)x GaP ZnSe 0 ≤ x ≤1 
243, 249-251

 

(GaAs)1-x(ZnS)x GaAs ZnS 0 < x < 1 
245

 

(GaAs)1-x(ZnSe)x GaAs ZnSe 0 ≤ x ≤ 1 
243, 252
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(GaAs)1-x(ZnTe)x GaAs ZnTe x ≤ 0.9 
245

 

(InP)1-x(CdS)x InP CdS 0 < x < 1 
245, 253

 

(InP)1-x(ZnS)x InP ZnS x < 0.1, x > 0.94 
253

 

(InP)1-x(ZnSe)x InP ZnSe x < 0.06, x > 0.94 
253

 

(InAs)1-x(CdTe)x InAs CdTe x < 0.33, x > 0.7 
245, 253

 

(InAs)1-x(HgTe)x InAs HgTe 0 ≤ x < 1 
253

 

(InSb)1-x(CdTe)x InSb CdTe x < 0.05 
245, 253

 

Numerous pseudobinary solid solutions of rare-earth oxysulfides have been 

documented in the literature as appropriate phosphor materials. The oxysulfide phosphors are 

composed of a host compound (e.g., Y2O2S, La2O2S) and an activator (e.g., Eu2O2S, Tb2O2S) 

which together form a solid solution. Motivated by a desire to study new phosphors and 

unlock the subsolidus phase relations in the isostructural rare-earth oxysulfide series, Leskela 

and Niinisto investigated the solid solubility on the pseudobinary systems Ln2O2S-La2O2S 

(where Ln = Nd, Sm, Eu, Gd, Dy, Yb, Lu, and Y). From the results, only Nd2O2S-La2O2S and 

Sm2O2S-La2O2S showed complete solid solubility, while the remaining systems exhibited 

two phases. The solid solubility in the isostructural oxysulfide series could be explained by 

comparable ionic radii of the two rare-earth elements.
254

 

The successful formation of diverse solid solutions from different groups and various 

systems offers compelling evidence for the pervasiveness of the solid solution nanosystems 

that are made of quaternary multicomponent. Therefore a vast array of multicomponent solid 

solution nanostructures are expected in diverse groups and systems as long as they have 

similar crystal structures and comparable lattice parameters. Basically, a set of requirements 

must be fulfilled to afford the formation of such complex nanostructures from two or more 

binary systems whose constituent elements belong to different groups: 

(1) Structure compatibility: Crystallographically, in order to form a stable compound, 

the internal strains and higher long-range atomic ordering must be as few as possible. The 

formation of a single crystal requires the two components in a quaternary system to exhibit 

similar crystal structures and the same space group. Specifically, the lattice parameters of the 

two components should be fairly close to each other and their mismatch should be below 
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some threshold value. Consequently, the partial replacement of one component by another 

(substitution of cations/anions in the host material by the respective doped minor 

components) at the predefined sites becomes possible. It should be noted that such 

substitution is done without exceeding the solubility limit in favor of structural stability and 

avoiding phase separation.
255

 So far, it has been pointed out that sequential composition 

tuning has been a challenge in both bulk and nanostructured pseudobinary systems.
249

 The 

lower solubility in nanoscale quaternary compounds can be attributed to the self-generated 

processes in a confined space. It can also be caused by possible mismatches in lattice 

constants for each specific pseudobinary system. Nevertheless, it is also expected that the 

composition ratio in the quaternary nanosystems can be finely adjusted under some critical 

conditions.
243

 

(2) Chemical similarity: As in the case of elemental doping, the solubility of a 

dopant/foreign component in the host matrix depends not only on the lattice matching but 

also the chemical similarity.
256

 The anions or cations of the host and foreign components are 

expected to be reasonably close and must display identical physical and chemical behavior to 

account for their complete solubility. As a result, the character of the new covalent bonds 

formed in a quaternary system is close to the character of those in the starting binary 

components. If the difference in their chemical behavior is too huge, the process of forming 

quaternary compounds becomes energetically costly and consequently implausible. 

Moreover, when more chemical elements are involved in the process, it results to the 

formation of more complex and new chemical bonds. This makes it challenging to obtain a 

phase-pure product and increases the chance of phase separation. In contrast to quaternary 

solid solution nanosystems, the preparation of both binary and ternary solid solutions is more 

favorable and has been reportedly achieved via different methods, as discussed in previous 

sections of this work. 

(3) Proper growth conditions. A wide array of reaction conditions such as substrate 

type, growth temperature, nature of the catalyst, as well as pressure and flow rate of the gas 

may strongly determine the morphology, phase purity, size, and growth direction of the 

nanostructure. Thus, the synthesis of particular nanostructures exhibiting versatile properties 

and functions can be achieved via precise control of these variables during the reaction 

process. As an example, the preparation of quaternary (GaP)1−x(ZnS)x nanowires was 

achieved on Au-coated Si substrate by employing a self-assembled protocol, during which 

the GaP substrate and elevated growth temperature were essential for in situ lattice 

penetration.
83
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1.2.6 35B35BFabrication approaches of crystalline solid solutions 

Principally, the formation of crystalline solid solutions can simply be realized on the 

basis of the crystal structure and lattice parameter matching between the chemical 

components involved. Nevertheless, their nucleation and stoichiometry control, especially at 

nano regime, is quite difficult and challenging. In particular, the dynamics of nanoparticles 

growth and crystallization process varies vastly from one component to another, especially in 

multielement compounds.
83, 257

 Therefore, to get rid of probable phase separation and obtain 

uniform solid solution nanoparticles, a well-designed synthetic protocol along with accurate 

control of the reaction conditions is required. Virtually all strategies encompassing physical 

and chemical transformation can be employed to synthesize solid solutions. They are grouped 

into three general sets, namely, solution phase, solid-phase, and vapor-phase synthetic 

approaches. The solid-phase techniques include mechanochemical processing of precursors 

via traditional ball-milling (high-temperature solid phase) and thermochemical or thermal 

decomposition methods. On the other hand, the solution-based strategies comprise sol-gel, 

coprecipitation, heat-up, hot-injection, hydrothermal/ solvothermal, microwave-assisted 

heating, microemulsion methods, etc. Moreover, the vapor-phase transport methods include 

both chemical and physical vapour deposition techniques. In some cases, a modified 

technique or a blend of several reaction protocols is employed to obtain nanoparticulate solid-

solutions having unique properties.
39

 Although enormous efforts have been devoted towards 

developing robust and versatile synthetic protocols for the rational fabrication of a diverse 

range of nanoscale solid solutions, in this literature review only the solventless thermolysis 

approach will be briefly discussed. 

1.2.6.1 36B36BSolventless thermolysis (Melt) method 

Generally, solvent-free approaches are grouped into mechanochemical and 

thermochemical methods. Mechanochemical methods (e.g., ball milling and mortar-pestle 

grinding) are characterized by chemical changes caused by mechanical forces such as shear, 

compression, and friction. The thermochemical technique, on the other hand, involves 

thermolysis or decomposition of precursor(s) using microwave or traditional heating.
258

 In 

recent years, the solventless thermolysis or melt method has gained substantial interest.
88, 89, 

259-265
 This method has been reportedly used to fabricate bulk and nanoscopic materials. In 

the solventless thermolysis method, fabrication of materials is achieved via thermal 

decomposition of organometallic precursors in the absence of any solvent. Thermolysis of 
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precursors takes place in a furnace either under oxygen or inert condition, subject to the 

nature of the material being synthesized. The reaction starts by melting the reactants to form 

reactive precursor melts, which then undergo thermolysis to yield the corresponding 

compound materials. A great deal of research conducted over the years has aided the 

fabrication of a wide array of metallic and compound (metal oxides, sulfides, tellurides) 

materials displaying diverse properties. The fascinating feature of the solventless thermolysis 

method is that the synthesis of materials is carried out in the absence of surfactants or capping 

agents because the stabilization of the resulting particles is done by the ligands produced in 

the course of precursor decomposition.
259, 266, 267

 Therefore, the approach is often referred to 

as the self-capping method. The level of surface stabilization and hence the size and/or 

morphology of the particles are largely influenced by the type of the precursor, mostly the 

length of the alkyl chain in organometallic precursors.
263

 There are, nevertheless, a few 

studies in which the fabrication of the nanomaterials has been conducted in the presence of 

capping agents.
268-270

 In some instances, catalysts are also utilized to permit reactions to 

proceed under mild conditions.
271

 

In the traditional solid-state methods, solid state reactions are carried out by heating a 

mixture of pure elements or simpler compounds at elevated temperatures. Consequently, the 

reactions take a very long time to complete, and because of the precursors’ volatility at 

elevated temperatures, upscaling of the product and composition preservation becomes 

challenging. On the other hand, solventless thermolysis has proven to be a simple, 

economical, time-effective, and scalable approach.
41

 Moreover, the fabrication of 

nanomaterials in the absence of surface passivating ligands maximizes the probability of 

obtaining nanomaterials with copious exposed active sites for improved electrochemical 

performance.
259, 267, 272

 The selection of suitable precursors for the solventless synthesis of 

nanomaterials is guided by a set of general requirements: the precursor should possess a low 

melting point and decomposition temperature; the formed decomposition by-products should 

be highly volatile to ensure the synthesis of high purity materials; for industrial realization, 

the precursor should be stable, non-toxic, and cost-effective.
273

 

1.2.7 37B37BStatement of the research problem 

There have been significant developments of robust and reproducible methods for the 

synthesis of homogeneous inorganic nanomaterials over the past years. In the case of 

semiconductor spinel ferrites and their corresponding solid solutions, their synthesis has been 

predominantly based on wet-chemical syntheses, which offer versatile and robust routes of 
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obtaining nanomaterials with exceptional control of their properties. Notwithstanding the 

versatility and success of the wet-chemical synthetic protocols, their over-reliance on toxic 

and/or expensive chemicals and capping agents and the technical hitches causing hindrance in 

large-scale production, remain a challenge. Likewise, the presence of the bulky surfactants on 

the surface of the nanomaterials acts as insulating shells and impede the charge transfer 

behaviour of resulting nanomaterials. Therefore, there is a pressing need for the development 

of green, economical and scalable fabrication routes that avoid the use of expensive and/or 

injurious chemicals and insulating surface passivating ligands. 

As a sustainable alternative to the solution-based routes, the solventless thermolysis route 

has recently been proven as a straightforward, cost-effective, self-capping and highly 

effective technique for the fabrication of nanoscale materials. It is worth noting that under the 

solventless thermolysis method, the synthesis proceeds in the absence of coordinating ligands 

because the ligands produced in the course of precursor thermolysis can then stabilize the 

synthesized nanoparticles. Notably, performing the synthesis in the absence of capping agents 

further increases the probability of obtaining nanomaterials with copious exposed active sites 

for improved electrochemical properties. Another advantage of the solventless thermolysis 

method is the absence of post-synthetic annealing procedures which are common in solution-

based techniques. Moreover, in contrast to conventional solid-state strategies in which the 

syntheses are carried out under harsh conditions at high temperature and prolonged time, the 

solvent-free thermolysis method is time-efficient, requires low/mild temperature, and permits 

precise control over the stoichiometry of the precursors. Different organometallic precursor 

materials such as metal oleates, metal acetylacetonates, metal acetate, metal carbonyls, and 

metal oxalate, as well as metal salts such as nitrates, chlorides and sulfates, have been utilized 

in the synthesis of nanoparticulate ferrite materials of diverse morphologies and properties. 

Inspired by the above rationale, in this work, we describe the rational synthesis of 

nanostructured Ni1-xCoxFe2O4, Co1-xZnxFe2O4, Ni1-xMgxFe2O4, Ni1-xZnxFe2O4, and Co1-

xMgxFe2O4 solid solutions by solventless thermolysis of metal acaetylacetonates. 

Investigation of the efficacy of the synthesized solid solution nanoparticles for 

supercapacitance, HER and OER is also presented. In comparison to other precursors 

available for the synthesis of spinel metal ferrites, the selection of metal acetylacetonates is 

based on their low melting points, eco-friendliness, affordability, and their clean 

decomposition. They also have low moisture sensitivity, making them less susceptible to 

hydrolysis, which is a common limitation of metal halides and alkoxides. 
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1.2.8 38B38BAim and objectives 

The aim of this research work is to employ the solventless thermolysis approach to synthesize 

nanostructured spinel ferrite solid solutions and investigate their performance for 

electrochemical energy conversion and storage. 

The research objectives are: 

i. To employ solventless thermolysis method to synthesize nanostructured Ni1-

xCoxFe2O4, Co1-xZnxFe2O4, Ni1-xMgxFe2O4, Ni1-xZnxFe2O4, and Co1-xMgxFe2O4 solid 

solutions from their corresponding metal acetylacetonate precursors. 

ii. To characterize the synthesized nanoferrite solid solutions for their structural, 

compositional, morphological and optical properties.  

iii. To investigate the effect of substituent and the stoichiometric variation on the 

properties of the synthesized spinel ferrite solid solution nanoparticles. 

iv. To test the electrochemical performance of the synthesized nanospinel ferrite solid 

solutions towards supercapacitance, hydrogen evolution reaction and oxygen 

evolution reaction. 
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2B2BCHAPTER 2 

3B3BSolventless synthesis of nanospinel Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) 

solid solutions for efficient electrochemical water splitting and 

supercapacitance 
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2.1 40B40BIntroduction  

In the wake of the increasing demand for clean and renewable energy supply coupled 

with rapid depletion and non-renewability of fossil fuels, innovative energy generation and 

storage technologies are highly desired.
1, 2

 Electrocatalytic water splitting represents an 

efficient and flexible pathway for hydrogen production, a non-carbon-based alternative 

energy source. However, water splitting reactions have sluggish kinetics, large overpotential, 

and poor energy efficiency resulting from intricate processes of electrons/ions transfer in 

oxygen evolution (OER) and hydrogen evolution (HER) reactions.
3
 Although precious-metal-

based catalysts have reportedly been employed to overcome these hurdles, their scarcity and 

substantial cost restrict their use in large-scale industrial applications.
4, 5

 On the other hand, 

electrochemical capacitors are regarded as promising candidates for energy storage due to 

their long life cycle and high power density compared to rechargeable batteries.
6
 However, 

their relatively low energy density has prevented their widespread use in high-energy 

applications. In this regard, research endeavours are focused on developing earth-abundant, 

low-cost, and stable noble metal-free electrocatalysts for water splitting and supercapacitors.
7
 

Spinel ferrites with a general formula AFe2O4 (where A is a divalent transition metal) 

are a fundamentally important class of semiconductor materials, primarily due to their 

attractive properties. They display superior ion transport, rapid electrode kinetics and high 

electrochemical behaviour towards water splitting and supercapacitance.
8, 9

 Additionally, 

owing to their complex and elegant chemical composition, low band gap, valence states and 

stability, spinel ferrites have demonstrated interesting electrical, magnetic, optical, and 

catalytic properties.
10-15

 Spinel ferrites, such as NiFe2O4 and CoFe2O4, are composed of 

inexpensive, environmentally benign and easily accessible materials.
16-18

 Studies have 

indicated their applicability as electrode material in supercapacitors,
19, 20

 lithium-ion 

batteries,
21, 22

 as well as catalysts for electrochemical water splitting.
23, 24

 Their 

electrochemical performance is ascribed to the presence of electrochemically active 

multivalent cations of Ni
3+

/Ni
2+

, Co
3+

/Co
2+

 and Fe
3+

/Fe
2+

. Despite all the appealing 

properties, the practical applications of these spinels for supercapacitors and water splitting 

are still relatively limited. This is due to unsatisfactory capacitance and a significant amount 

of energy would be inevitably lost due to internal resistances.
6, 17

 Likewise, their use as 

bifunctional catalysts for overall water splitting is hampered by their limited activity,
25

 and 

the electrochemical performance of these materials still necessitates further improvement. 
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A promising approach for the improvement of these spinel ferrite’s electrochemical 

performance is to design a nanostructured solid solution. Consequently, the resultant solid 

solutions possess the additional composition-dependent synergistic effect of different 

elements, apart from properties emanating from the quantum confinement effects.
26

 In 

preparation of the solid solution, the chemical valence, crystallographic parameters, and 

radius of the component ions should be greatly considered for minimum formation energy 

and composition tuning in continuum.
27

 Interestingly, both NiFe2O4 and CoFe2O4 are 

isostructural and consist of isovalent Ni
2+

 and Co
2+

, thus they are characterized by the ability 

to form a highly diverse range of substitutional solid solutions following Hume-Rothery 

rules.
28

 The resultant effect is an enhancement of the overall properties as the mixed nickel-

cobalt ferrite solid solution is an electrochemically efficient material compared to the pristine 

NiFe2O4 and CoFe2O4.  

Likewise, controlled preparation of solid solutions is likely to augment the number of 

exposed atoms, surface area, number of active sites and electrical conductivity,
1
 which permit 

facile ion-diffusion and increased electrode-electrolyte interfacial interaction.
18, 29, 30

 This 

approach affords the fabrication of more sophisticated electrode materials for 

supercapacitors, HER and OER with enhanced activity.
31

 For example, nanospinel 

NiFe2−xCrxO4 (0 ≤ x ≤ 1), prepared by a simple precipitation approach, showed an increase in 

OER activity when Cr content was increased from 0.2 to 1.0 mol in the spinel lattice of 

NiFe2O4.
32

 In addition, the synthesis of CuFe2−xCrxO4 (0 ≤ x ≤ 1) has been achieved by 

employing a precipitation route, and the improvement in electronic properties was found in 

favour of OER catalysis in basic media.
33

 

Nevertheless, for solid solutions, the composition control and nucleation in the nano 

regime are quite challenging. Particularly, the growth dynamics, solubility and crystallization 

process vary vastly when the component elements increase. In this regard, a well-designed 

reaction protocol and accurate control of the growth parameters are indispensable for 

obtaining homogeneous solid solution nanostructures and avoiding any probable phase 

segregation.
34

 Recently, solventless thermolysis has emerged as an alternative method for the 

large-scale fabrication of diverse homogeneous nanostructures. It is an environmentally 

benign, scalable and straightforward approach in which precursor materials undergo solid-

state decomposition by thermal treatment.
35, 36

 Compared with the most frequently used 

solution-based techniques, this approach ensures an inexpensive synthesis of nanoscopic 

oxide materials with surfaces free of any insulating surfactants. The surfactants adhere to the 

active surfaces of the catalyst and block/reduce the interaction of reactant molecules with the 
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active sites. Therefore, the synthesis of bare surface nanoparticles may show much enhanced 

catalytic activity due to exposed active sites. Moreover, it has not been extensively utilized to 

synthesize nanoferrite solid solutions from metal-organic precursors. 

In this study, we have utilized the solventless thermolysis method to prepare uncapped 

solid solutions of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) from the respective metal acetylacetonate 

precursors and examined their potential for electrochemical water splitting and 

supercapacitance. With reference to the review of existing published works, there is no report 

on the solventless synthesis of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions from metal 

acetylacetonates.  

2.2  Experimental  

2.2.1 42B42BChemicals 

Nickel (II) acetylacetonate (98%, Merck-Schuchardt), cobalt (II) acetylacetonate 

(98%, Merck-Schuchardt),and  iron (III) acetylacetonate (97%, Sigma-Aldrich). All metal 

acetylacetonate complexes were used as received. 

2.2.2 43B43BSolventless synthesis of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions 

The Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions of different stoichiometric compositions 

were prepared by solventless thermolysis of metal acetylacetonates. For the typical synthesis 

of ternary NiFe2O4 nanoparticles, 0.10 g (0.39 mmol) of nickel acetylacetonate and 0.27 g 

(0.78 mmol) of iron acetylacetonate were mixed and the solid mixture was grounded using 

pestle and mortar for ≈ 20 minutes to obtain a homogeneous mixture. The precursor mixture 

was then placed into a ceramic boat, which was placed in a reactor tube. The reactor tube was 

then introduced inside the carbolite tube furnace in such a way that the ceramic boat must be 

placed almost in the middle of the heating zone, followed by thermal treatment at 450 °C, at a 

heating rate of 20 °C per minute for 1 h. After 1 h of annealing, the heating was switched off, 

and the furnace was left to cool naturally to ambient temperature. The reactor tube was taken 

out of the furnace upon cooling, and the product was collected for analysis without any post-

treatment. Likewise, the synthesis of CoFe2O4 nanoparticles was achieved by employing 

similar procedures except that cobalt acetylacetonate was used instead of nickel 

acetylacetonate and the amount of cobalt and iron complexes were maintained in the same 

mole ratio of 1:2. 
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For the synthesis of quaternary Ni1-xCoxFe2O4 (x = 0.2, 0.4, 0.6, 0.8) solid solutions, a 

known quantity of nickel acetylacetonate was partially substituted by appropriate amounts of 

cobalt acetylacetonate by adjusting the mole ratios of Co and Ni in the intervals of 0.2, 0.4, 

0.6, and 0.8, while keeping the amount of iron acetylacetonate unchanged in the reaction 

mixture. The reaction procedures for the entire series of solid solutions were similar to those 

employed to synthesize the ternary nickel and cobalt ferrites. 

2.3  Characterization techniques for Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions 

2.3.1 45B45BPowder X-ray diffraction analysis  

The crystalline phase of the spinel Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions was 

ascertained by powder X-ray diffraction (p-XRD) analysis employing a Bruker AXS D8 

Advance X-ray diffractometer. The instrument uses nickel-filtered Cu Kα radiation 

(λ=1.5418Å) at 40 kV, 40 mA. The analysis was performed in the values of 2θ ranging from 

10 to 80º
 
and the data obtained were also utilized to compute the structural parameters such as 

cell volume, lattice
 
constants and crystallite size.  

2.3.2 46B46BScanning electron microscopy and energy dispersive X-ray analyses 

46B46BScanning electron microscopy (SEM) analysis was performed on a ZEISS-Auriga 

Cobra SEM while energy dispersive X-ray (EDX) elemental analysis was carried out on a 

Zeiss Ultra Plus Field Emission Gun Scanning Electron Microscope (FEG SEM). 

2.3.3 47B47BX-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) analysis was conducted using Kratos Axis 

Ultra DLD X-ray Photoelectron spectrophotometer. For the experimental setup the emission 

was set at 10 mA, the anode (HT) at 15 kV, the pressure for the analysis chamber was 5 x10
-9

 

Torr, hybrid lens, and resolution to acquire survey scans was at 80 eV pass energy in slot 

mode centred at 597.5 with the width of 1205 eV, and steps at 1 eV and dwell time at 100 ms. 

High resolution core-level spectra were acquired at 40 eV pass energy in slot mode centred at 

285 eV for C 1s, and the step size was 0.05 eV and dwell time at 500 ms. 

2.3.4 48B48BTransmission electron microscopy (TEM) and High resolution TEM (HRTEM) 

analyses 

The TEM and HRTEM imaging techniques were collectively used to determine the 

morphological and microstructural features of the Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions. 
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TEM imaging was performed on a JEOL 1400 TEM while HRTEM images were captured on 

a JEOL 2100 HRTEM, at accelerating voltages of 120 kV and 200 kV, respectively. 

2.3.5 49B49BUltraviolet-visible (UV-Vis) spectroscopy 

The optical absorbance measurements were conducted in the UV-Vis spectral range 

on a Varian Cary 50 UV/Vis spectrophotometer. 

2.4  Electrochemical studies  

The electrochemical behaviour of the synthesized Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid 

solutions was investigated by Gamry Potentiostat using a three-electrode system. A paste 

comprising Ni1-xCoxFe2O4 sample (80 wt.%), polyvinylidene difluoride (PVDF, 10 wt.%) and 

acetylene black (10 wt.%) was prepared using N-methyl pyrrolidinone (NMP) as a solvent. 

This paste was then applied to pre-cleaned and weighted nickel foam. The paste was then 

dried under vacuum at 60 °C for 10 hours and used as a working electrode. A platinum wire 

and Hg/HgO were used as counter and reference electrodes, respectively. In all 

supercapacitance and water splitting experiments, 3M and 1M KOH were employed as the 

electrolyte, respectively. Measurements of charge storage capacity were performed by cyclic 

voltammetry (CV) at various scan rates as well as galvanostatic charge-discharge (GCD) at 

different current densities. Studies on the electrocatalytic activity of Ni1-xCoxFe2O4 electrodes 

were carried out by linear sweep voltammetry (LSV), chronoamperometry (CA) and cyclic 

voltammetry. For both OER and HER measurements, LSV was carried out at a scan rate of 2 

mV/s. Electrochemical impedance spectroscopy (EIS) was done in the frequency range of 

0.05 Hz to 10 kHz with an applied AC amplitude of 10 mV. 

2.5 51B51BResults and discussion 

2.5.1 52B52BPowder X-ray diffraction analysis 

Among different precursors for the preparation of metal oxides, the choice of metal 

acetylacetonate precursors is based on their low melting points, environmental benignity, 

commercial availability at affordable cost and their clean decomposition.
37

 Although they 

have been used to prepare spinel ferrites, Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solution has not 

been prepared from metal acetylacetonates. 

The crystalline phase of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions was investigated 

using powder X-ray diffraction (p-XRD) analysis. Fig. 2.1 (a) indicates the p-XRD pattern of 

Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions whose diffraction peaks are indexed to the (220), 
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(311), (222), (400), (422), (511) and (440) planes, confirming the formation of a single-phase 

cubic spinels with Fd3m space group. The diffraction peaks of the pristine NiFe2O4 (x = 0) 

and CoFe2O4 (x = 1) were found to match well with the standard diffraction peaks of pure 

NiFe2O4 (ICDD # 00-044-1485) and CoFe2O4 ((ICDD # 00-001-1121), respectively. Also, the 

diffraction peaks of the Ni1-xCoxFe2O4 solid solutions with cobalt composition from x = 0.2 to 

x = 0.8 were consistent with those of the pristine materials and were found to lie in between 

the two pure ferrite systems of nickel and cobalt. Interestingly, no extra peaks associated with 

any impurity were present, suggesting the formation of a series of crystalline, monophasic 

solid solutions between pure NiFe2O4 and CoFe2O4. The diffraction pattern was similar for 

pristine and the alloyed compositions, which indicates that the lattice symmetry was retained 

during the substitution of Ni
2+

 by Co
2+

 ions. It also indicates the successful inclusion of Co
2+

 

into the NiFe2O4 lattice system. Additionally, the observed differences in peak intensities 

between the parent ferrites and the solid solutions are ascribed to the internal stresses and 

planar faults caused by different amount of Co
2+

 or uneven cation distribution at the 

tetrahedral and octahedral positions, respectively.
38

 Furthermore, slight peak broadening is 

observed in alloyed compositions which could probably be caused by reduction in crystallite 

size or/and the increase in lattice strain arising from the presence of lattice defects or 

microstresses upon cobalt substitution in the pristine NiFe2O4.
38, 39

  

 

Fig. 2.1. (a) p-XRD patterns of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) series. (b) variation of lattice 

constant (left y-axis) and the optical band gap (right y-axis) with cobalt content. 

The lattice constants (a = b = c) of the synthesized nanospinels were calculated from 

the p-XRD data and their values presented in Table 2.1. The estimation of the average values 

was achieved by considering the mean values of a computed for each diffraction peak by 

employing the equation: 𝑎 = d√ℎ2 + 𝑘2 + 𝑙2 , where d is the inter-planer spacing obtained 
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from Bragg’s law while h, k and l represents Miller indices.
40

 The lattice parameters are 

observed to increase almost in a linear fashion with the increasing amount of cobalt. The 

linear increase in lattice parameters can be explained by the difference in the ionic sizes of 

the substituting cations. The small Ni
2+

 ions (0.69 Å) is replaced by slightly larger Co
2+

 ions 

(0.74 Å) in Ni1-xCoxFe2O4 system, introducing strain and gradual expansion of the ferrite unit 

cell which in turn contributes to the observed increase in the lattice parameters while the 

lattice symmetry remains intact. The values of lattice parameters for the alloyed samples were 

found to lie within the range of the lattice parameters of the two pristine cubic phases.
41

 The 

experimental values for lattice constant (8.313Å) for pure NiFe2O4 are consistent with the 

standard values (8.337 Å, ICDD #: 00-044-1485). However, a slight discrepancy between the 

standard and experimental lattice constant values is noted, which is due to the stresses and/or 

approximation which regards all ions to be rigid spheres spread in a rigid fashion.
42

 A plot of 

the lattice constants with respect to Co
2+

 content used in precursor mixture shows a linear 

relationship (Fig. 2.1(b)). In general, the observed linear dependence existing between the 

values of lattice constant is in compliance with Vegard's law.
43

 

The crystallite sizes of Ni1-xCoxFe2O4 solid solutions were estimated from p-XRD data 

using Debye Scherrer’s formula.
44

 The estimation was done by considering the line 

broadening of the most intense peak (311) and the crystallite sizes of Ni1-xCoxFe2O4 were 

found to be in the range of 8-19 nm (Table 2.1). In addition, the crystallite sizes were 

observed to decrease with increasing amount of cobalt from x = 0 to x = 1 due to slight peak 

broadening and micro-strain in the lattice structure. However, a non-uniform trend in the 

changes of crystallite sizes with respect to Co
2+

 content was noted.  

2.5.2 53B53BEDX composition analysis 

EDX analysis was performed to provide both qualitative and quantitative description of 

elemental composition in the synthesized Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions (Fig. 2.2). 

The EDX spectra of pristine NiFe2O4 (x = 0) authenticated the presence of Ni, Fe and O 

while that of pure CoFe2O4 (x = 1) confirmed the presence of Co, Fe and O. The EDX 

patterns of Ni1-xCoxFe2O4 solid solutions from x = 0.2 to x = 0.8 confirmed the presence of 

Ni, Co, Fe and O. Again, no impurity was observed in the EDX spectra of all samples, and 

hence these results corroborate well with the p-XRD results which shows the formation of a 

series of phase-pure spinel ferrites. The experimental elemental composition in terms of 

normalized atomic percentage confirmed the presence of all atoms in a good stoichiometric 

ratio as expected. This infers that the nominal stoichiometric ratio of different metal 
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components mixed at the time of preparation is consistent with the amount obtained in the 

final product (Table 2.1), suggesting that there is no unexpected chemical reaction or any 

significant loss of ingredients. EDX elemental mapping displayed in Figs. 2.3 and 2.4  

indicate uniform distribution of the respective elements in all Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) 

nanospinel ferrites. 

 

Fig. 2.2. EDX spectra for the prepared Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

 

Fig. 2.3. EDX elemental mapping of NiFe2O4 (x = 0) and CoFe2O4 (x = 1) showing a uniform 

distribution of elements. 
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Fig. 2.4. EDX elemental mapping of Ni1-xCoxFe2O4 (0.2 ≤ x ≤ 0.8) solid solutions showing a 

uniform distribution of elements. 

Table 2.1. Lattice parameter (a), crystallite size (d), unit cell volume (V), band gap (Eg), and 

EDX compositions of Ni1-xCoxFe2O4 solid solutions at different cobalt contents (x). 

 

(x) 

Target ferrite 

composition 

Stoichiometry 

obtained from EDX 

a (Ȧ) d (nm) V (Ȧ
3
) Eg (eV) 

0 NiFe204 Ni1.01Fe1.7304.26 8.313 19.40 574.48 1.99 

0.2 Ni0.8Co0.2Fe2O4 Ni0.74Co0.21Fe1.80O4.25 8.317 8.91 575.31 1.95 

0.4 Ni0.6Co0.4Fe2O4 Ni0.58Co0.39Fe1.96O4.06 8.321 14.43 576.14 1.95 

0.6 Ni0.4Co0.6Fe2O4 Ni0.39Co0.64Fe1.99O3.96 8.334 10.73 578.84 1.81 

0.8 Ni0.2Co0.8Fe2O4 Ni0.29Co0.79Fe2.0O3.91 8.349 12.90 581.97 1.75 

1 CoFe2O4 Co1.05Fe2.07O3.88 8.351 9.68 582.39 1.67 

2.5.3 54B54BXPS Analysis 

The XPS was used to investigate the chemical states and to determine quantitative 

surface composition of Ni1-xCoxFe2O4 nanoparticles. The analysis was performed on three 

representative samples with cobalt content, x = 0.2, 0.4 and 0.6. The survey spectra shown in 

in Fig. 2.5(a) depict the presence of Ni 2p (854 eV), Co (783 eV), Fe 2p (710 eV), and O 1s 

(529 eV) as expected from the prepared samples for (i) x = 0.2, (ii) x = 0.4 and (iii) x = 0.6.  
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Fig. 2.5: (a) Survey spectra for Ni1-xCoxFe2O4: (i) x = 0.2, (ii) x = 0.4, (iii) x = 0.6. (b) High 

resolution core-level spectra of Fe 2p for x = 0.6. XPS high resolution core-level spectra of 

(c) O 1s and (d) C 1s of the ternary Ni1-xCoxFe2O4 (x = 0.4). 

The presence of C 1s (284 eV) is probably ascribed to the surface ligands produced 

during decomposition of metal acetylacetonate precursors.
35

 Additionally, carbon is the 

material which is always present in atmosphere, so it is likely to find some monolayers of 

contamination from environmental air, especially the ubiquitous 284eV signal. Also, 

although it is possible to minimize it under very restrictive circumstances during analysis, but 

CO will desorb from the walls of a steel ultra high vacuum chamber and there is potential 

backstreaming contamination from hydrocarbon pump oil depending on the system as well. 

Furthermore, the signal strength of C1s shows the possibility of adsorbed CO or CO2 in 

which O1s contains C-O, C=O, O-C=O, O-C-O related binding energies between 532-536eV. 

The elemental composition of each sample is shown in the inset of Fig. 2.5(a). The XPS 

results further shows that the composition of Ni to Co designated by a subscript x for all 

samples was equivalent to the predicted values during the preparation. Evidently, the 

stoichiometric ratio was found to be 0.86 (Ni) vs 0.2 (Co), 0.61 (Ni) vs 0.4 (Co), and 0.42 

(Ni) vs 0.6 (Co) for x = 0.2, 0.4 and 0.6, respectively. The results confirmed the increase in 

the amount of Co with the decreasing Ni content. The high resolution core-level spectra of Fe 

2p in Fig. 2.5(b) is similar to the samples prepared. The fitting shows multiple oxidation 

states of Fe
0
, Fe

2+
 and Fe

3+
. The high resolution of core-level spectra of Co 2p and Ni 2p 

could not be deconvoluted due to very small signals. The high resolution core-level spectra of 
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O 1s and C 1s shown Fig. 2.5 (c) and (d), respectively, for the ternary Ni1-xCoxFe2O4 (x = 0.4) 

was similar for other samples (x = 0.2 and 0.4). The spectra were deconvoluted and multiple 

peaks were identified, corresponding to the material used for the synthesis of Ni1-xCoxFe2O4 

at 450 ºC. 

2.5.4 55B55BSEM, TEM and HRTEM analyses 

The analysis of surface morphology, microstructure and particle size is crucial since 

these parameters control the overall properties and hence the application of spinel 

nanoferrites. The SEM micrographs presented in Fig. 2.6 show the surface morphologies of 

Ni1-xCoxFe2O4 solid solutions prepared from molecular precursors of metal acetylacetonates 

by using solventless thermolysis method. It is apparent from the SEM images that the 

formation of octahedron and cubic shaped particles, with some truncated edges, of 

monophasic Ni1-xCoxFe2O4 solid solutions was achieved at different Co
2+

 stoichiometries. It 

can also be inferred from the SEM images that the uniformity of particles vary with different 

quantities of cobalt, incorporated in the crystal lattice of nickel ferrite. This variation in 

particle uniformity is due to the difference between the driving force responsible for particle 

boundary movement and the retarding force exerted by the pores during particle 

growth/formation.
45

 The appearance of somewhat agglomerated Ni1-xCoxFe2O4 nanoparticles 

is a result of interaction arising from the magnetic nature of the nanoparticles, which make 

them to be held together due to intensive Van der Waals attractive forces.
46

 Particle 

agglomeration can also be ascribed to the absence of capping agents during thermolysis, as 

the method proceeds without the use of solvents or passivating agents. The average particle 

size estimated from SEM micrographs (47.8 nm) was larger than the value of crystallite size 

computed according to Scherrer formula from p-XRD data (12.7 nm). However, SEM 

analysis has its limitations in image magnifications and in addition, this disparity in particle 

size between p-XRD and SEM could probably be attributable to the aggregation of the 

nanoparticles.
46
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Fig. 2.6. SEM images of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions.  

In order to have a better understanding of the size and morphology, the Ni1-xCoxFe2O4 

(0 ≤ x ≤ 1) solid solutions were also analysed by TEM analysis (Fig. 2.7). Well-separated 

cubic and octahedron-shaped nanoparticles are observed, having average size around 14 - 

23.2 nm. Some particles are agglomerated possibly due to interfacial forces. Such 

aggregation of particles has also been reported in the literature.
47

 The average particle sizes of 

Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions observed in the TEM images are consistent with 

those estimated from p-XRD. 

 

Fig. 2.7. TEM images of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions. 
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The HRTEM images presented in Fig. 2.8 clearly display the lattice interplanar spacing, 

which shows that extremely fine particles are properly crystallized into single crystals. The 

average d-spacing of 0.21, 0.25, 0.26, 0.29 and 0.30 nm were computed by profile of frame at 

different regions of image. The interplanar distances are in compliance with (400), (311) and 

(220) planes of the spinel NiFe2O4 and CoFe2O4 nanospinels.
48, 49

 The absence of secondary 

phase in HRTEM analysis suggests a good agreement with the p-XRD results. 

 

Fig. 2.8. HRTEM images of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

2.5.5 56B56BAnalysis of optical properties 

The optical properties of the synthesized Ni1-xCoxFe2O4 solid solutions were studied by 

UV-Vis spectroscopy and the results obtained are displayed in Fig. 2.9. The absorption 

spectra of the prepared solid solution series show an absorption in the range of 400-800 nm. 

The values of band gap were computed from the Tauc plots of (αhυ)
2
 vs photon energy, hυ 

(Fig. 2.10), where α stands for absorption coefficient, ν represents frequency of UV-Vis 

radiation and h is Planck's constant.
50

 The estimated values of band gap were found to 

decrease slightly from 1.98 to 1.67 eV with the increase in cobalt content (Table 2.1 and Fig. 

2.1(b)), and is related to the inclusion of slightly larger Co
2+ 

ions in NiFe2O4 which creates 

less deep Co
2+

 states due to weaker electrostatic interaction, hence shortening the energy 

band gap. To a certain degree, the change in energy band gap might also be affected by 
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localized electronic states present in the material. In the present case, the red shift is 

attributed to the sp-d exchange interactions occurring between the band electrons and the 

localized d electrons of Co
2+

 replacing Ni
2+

 ions.
51

 A similar observation in the absorption 

edge was previously reported in copper substituted nickel ferrite.
52

 In general, it is worth 

noting that the range of band gap values obtained in this study suggests the applicability of 

the synthesized Ni1-xCoxFe2O4 solid solutions in photocatalysis and optoelectronics. 

 

Fig. 2.9. UV-Vis absorption spectrum of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

 

Fig. 2.10. Tauc plots of (αhυ)
2
 versus energy for Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions. 
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2.5.6 57B57BElectrochemical performance of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions 

2.5.6.1 Supercapacitance 

The supercapacitor characteristics of the Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) electrodes were 

evaluated using cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves 

in 3M KOH electrolyte within a potential range (0 – 0.6 V vs. Hg/HgO). Fig. 2.11 displays 

the CV graphs of Ni1-xCoxFe2O4  samples with compositions x = 0, 0.2, 0.4, 0.6, 0.8 and 1 

from a low scan rate (2 mV/s) to a high scan rate (300 mV/s). In all compositions of Ni1-

xCoxFe2O4 samples, two peaks generated by reversible redox reaction were observed in the 

CV plots, indicating the pseudocapacitive property of the synthesized solid solutions. Also, a 

shift in redox peak towards higher potential with a change in the scan rates was observed 

which suggests that a diffusion-controlled charge-transfer process is the predominant charge-

transport process.
53

 As seen in the graph, the shape of the CV curves remained unchanged 

even at a high scan rate, signifying excellent capacitive, stability, and charge storing 

properties of the electrodes even at the fast charge-transfer process.
54

 

 

Fig. 2.11. CV graphs of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) electrodes at various scan rates (2mV/s – 

300mV/s) . 

Quantitative analysis of the electrochemical performance of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) 

working electrodes was carried out by deducing the specific capacitance from the CV data 

using equation (1) given below:  
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𝐶 (
𝐹

𝑔
) =  

𝐴

𝑉 ×
𝜕𝑣
𝜕𝑡

× 𝑚
                                                                                                       (1) 

Where A denotes the area under the CV curve, V stands for the potential window, 
𝜕𝑣

𝜕𝑡
 is the 

scan rate, and m is the mass of the Ni1-xCoxFe2O4 electrodes. Fig. 2.12(a) presents the 

voltammograms showing the variation of specific capacitance (F/g) with scan rates (mV/s). 

The trend of the results shows that the specific capacitance of all samples decreases as the 

scan rate is amplified from 2 to 300 mV/s. The observed high specific capacitance at lower 

scan rates can be explained by easy diffusion and high mobility of the electrolyte ions into the 

active material. At a lower scan rate, there is more time available to count for enhanced 

interaction between the electrolyte ions and the ions of deposited electrically active material. 

Increasing the scan rate to higher values leads to the reduction in the specific capacitance 

because there is not enough time for the ions in motion to fill the spaces of active material, 

resulting in limited interactions on the outer surfaces only. Consequently, at higher scan rates, 

some active parts of the surface areas become unavailable for charge storage.
55

 The values of 

specific capacitance obtained at 2 mV/s are 388, 534, 332, 513, 470 and 254 F/g for Ni1-

xCoxFe2O4 electrodes with cobalt composition, x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively. It 

is obvious that at the lowest scan rate of 2 mV/s, the compositions x = 0.2 and 0.6 recorded 

higher specific capacitance than other compositions, particularly the pristine NiFe2O4. This 

might be caused by the appreciable content and uniform distribution of Co
2+

 ions in the 

NiFe2O4 lattice. The distribution of Co
2+

 ions in the octahedral sites causes a change in the 

lattice parameters and bond length due to the ionic size difference between Co
+2

 and Ni
+2

 

ions. Consequently, stronger interaction between Co
2+

 and O
2-

 ions occurs, leading to the 

splitting of degenerate orbitals, and when there are more chances for the working electrode to 

react with the electrolyte, the increase in specific capacitance becomes obvious.
56

 

The variation of specific capacitance with respect to current density for Ni1-xCoxFe2O4 

solid solutions is displayed in Fig. 2.12(b). The obtained specific capacitance was derived 

from equation (2) below. 

𝐶 (
𝐹

𝑔
) =  

𝐼 × 𝑡

𝑉 × 𝑚
                                                                                                                  (2) 

Where I is the discharge current, t is the discharge time, V is the applied potential window, 

and m is the mass of Ni1-xCoxFe2O4 samples. The specific capacitances of 178, 168, 140, 237, 

121 and 93 F/g were obtained for electrodes with x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively, 
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at the current density of 1 A/g. The specific capacitance of the Ni1-xCoxFe2O4 electrodes 

decreased to 70, 68, 73, 105, 65 and 43 F/g for the electrodes with x = 0, 0.2, 0.4, 0.6, 0.8 and 

1, respectively, at current density of 20 A/g. The electrodes retained 39.3, 40.5, 52.1, 44.3, 

53.3, and 46.2% of their charge storage capacity on increase current density from 1 to 20 A/g. 

These results suggest that the synthesized electrodes have a good rate capability and could be 

used in fast-charging devices. The best performance was observed for x = 0.6, which 

exhibited a specific capacitance of 237 F/g at a current density of 1 A/g. The overall trend 

shows a decrease in specific capacitance with the increase in current density and is ascribed 

to the limits in diffusion movements of electrolyte ions.
57

 At low current densities, the inner 

active sites of nanoscale Ni1-xCoxFe2O4 electrodes are fully utilized due to low ohmic drop, 

which offers enough time for redox reactions, resulting in the high specific capacity. 

However, the high charge-discharge rate at high current densities presents an inevitable time 

constraint making it difficult to maintain high capacities. Also, at this point, the movement of 

ions in the electrolyte is dependent on diffusion, and the charge storage center is limited on 

the outer surface.
58

 The superior supercapacitor performance of the Ni1-xCoxFe2O4 (x = 0.6) 

sample was compared with other studies on binary and ternary metal oxides for 

supercapacitor applications. The Bhujun group employed a sol-gel method to synthesize 

ternary transition metal ferrites of NiCoFe2O4, NiCuFe2O4, and CuCoFe2O4, which acquired 

the maximum specific capacitance of 50, 44, 76.9 F/g, respectively at the current density of 1 

A/g.
16

 In addition, binary transition metal oxide, NiMnO3 synthesized via a hydrothermal 

route recorded a specific capacitance of 230 F/g at 1A/g.
59

 When compared with other 

binary/ternary metal oxides, the nanospinel Ni1-xCoxFe2O4 electrode with composition, x = 

0.6 synthesized via solventless thermolysis method showed an excellent electrochemical 

performance. It is also believed that Co
2+

 tends to offer additional holes while Ni
3+

 provides 

extra electrons in the redox reactions, thus enhancing conductivity and capacitive 

performance. Table 2.2 presents a detailed comparison of the specific capacitance of 

Ni0.4Co0.6Fe2O4 electrode with other previously reported metal oxide-based electrodes. 

The relationship between energy and power density for all the samples is shown in Fig. 

2.12(c). The energy (E) and power (P) density was obtained from the GCD measurement by 

using equations (3) and (4), respectively, where C is the capacitance of the electrode (F/g), V 

is the applied window potential (Volt), and t is the time (seconds).  

𝐸 =    
1

2
𝐶𝑉2                                                                                                                                (3)   
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 𝑃 =  
𝐸

𝑡
                                                                                                                                        (4)   

Among all the samples examined, the nanoscopic Ni1-xCoxFe2O4 electrode with x = 0.6 

displayed a superior energy density of 10.3 Wh/kg while also showing a high power density 

with a peak value of 4208 (W/kg). The power density of Ni1-xCoxFe2O4 (x = 0.6) obtained in 

this study by employing a solventless pyrolysis approach is much superior to the NiFe2O4 

(62.64 W/kg), Co0.5Ni0.5Fe2O4 (60.45 W/kg), and CoFe2O4(62.13 W/kg) nanoparticles 

prepared hydrothermally by Sharifi et al. Likewise, the energy density of 10.3 Wh/kg 

demonstrated by Ni1-xCoxFe2O4 (x = 0.6) surpasses that of NiFe2O4 (6.64 Wh/kg), 

Co0.5Ni0.5Fe2O4 (7.43 Wh/kg), and CoFe2O4(9.32 Wh/kg) nanoparticles.
56

  

 

Fig. 2.12. (a) Specific capacitance versus scan rate, (b) Specific capacitance versus current 

density, (c) Variation of energy and power density, for Ni1-xCoxFe2O4 (0 ≤ x ≤ 1 samples. 

The galvanostatic charge-discharge studies of Ni1-xCoxFe2O4 samples conducted at 

different charge-discharge current densities (1 - 20 A/g) are presented in Fig. 2.13. As seen in 

the charge-discharge curves at various current densities, an apparent plateau and nonlinearity 

were observed, suggesting pseudo-capacitance behaviour of the Ni1-xCoxFe2O4 electrode 

materials with various stoichiometric compositions. Among all the compositions investigated, 

nanospinel ferrite electrodes with x = 0.6 demonstrated a longer charge-discharge time, 

signifying superiority in charge storage capacity. 
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Fig. 2.13. GCD characteristics of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) electrodes at various current 

densities (1A/g – 20 A/g). 

 

Fig. 2.14. Capacitance retention and columbic efficiency of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) 

electrodes. 

The long-term stability tests for all Ni1-xCoxFe2O4 electrodes shown in Fig. 2.14 were 

conducted up to 4,000 cycles at current density 7 A/g. Compared to other samples, an 

electrode with x = 0.6 demonstrated about 100% retention in the charge storage capacity at 

the end of 4,000 cycles of charge-discharge study with about 97% Coulombic efficiency. 

Other compositions of Ni1-xCoxFe2O4 (x = 0, 0.2, 0.4, 0.8 and 10) samples also showed high 

charge retention with high coulombic efficiency up to 4000 cycles of charge-discharge study. 
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Based on CV, GCD, and stability tests, the x = 0.6 electrode shows the highest performance 

for the supercapacitor electrode. These results might be due to the careful consideration of 

surface area, porosity, and conductivity of the electrode.  

Table 2.2. A comparison of the specific capacitance of Ni0.4Co0.6Fe2O4 electrode with other 

metal oxide-based electrodes. 

Electrode material Synthesis route Specific 

capacitance 

(F/g) 

Current 

density 

(A/g) 

Reference 

Cu0.5Co0.5Fe2O4 Sol-gel 76.9 1 16 

MnFe2O4 Co-precipitation 173 1 60 

MgFe2O4 Sol-gel 61 0.5 61 

Ni0.5Co0.5Fe2O4 Sol-gel 50 1 16 

Fe3O4 Solvothermal 97  3  62 

NiCo2O4 Sol-gel 217 1 63 

Ni0.5Cu0.5Fe2O4 Sol-gel 44 1 16 

MnFe2O4 /graphene Solvothermal 120 0.1 64 

CoMnFeO4 Sol-gel 150 1 65 

CdMn2O4 Electrospinning 210 1 66 

Ni0·25Mg0·75Fe2O4 Hydrothermal 133.95 0.5 67 

MgCr2O4 Sol-gel 21 0.5 68 

Ni0.4Co0.6Fe2O4 Solventless 237 1 This study 

2.5.6.2 Hydrogen evolution reaction (HER) 

The electrocatalytic behaviour of the Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) electrodes for efficient 

HER were examined using linear sweep voltammetry (LSV) in 1 M KOH. As seen in Fig. 

2.15(a), the low overpotentials of 191, 237, 168, 191, 181 and 169 mV were required for x = 

0, 0.2, 0.4, 0.6, 0.8, and 1 electrodes, respectively to deliver the current density 10 mA/cm
2
. 

All results showed very low overpotential, but among them, x = 0.4 (168 mV) showed fairly 

low overpotential followed by x = 1 (169 mV), indicating better catalytic activity than other 

samples. There are many reports regarding the synthesis of efficient HER catalysts by using 

Ni, Fe, and Co, which are relatively cheap and abundant on earth, instead of expensive noble 

metal materials. For example, Adamson’s group synthesized the Co-Fe binary metal oxide 

electrocatalyst which exhibited the overpotential value of 220 mV at current density 10 

mA/cm
2
, signifying much higher activity than CoO (387 mV) and Fe3O4 (431 mV) at 10 
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mA/cm
2
.
69

 Also, nanostructured flower-like nickel-cobalt oxide were synthesized by the 

Elakkiya group. It demanded the overpotential of 370 mV at 10 mA/cm
2
, which is higher 

activity than NiO (400 mV) and Co3O4 (410 mV) comprising the nickel-cobalt oxide 

nanomaterials.
70

 Compared with other group’s work, the multicomponent Ni1-xCoxFe2O4 (x = 

0.4) electrode having low overpotential and high current density shows high electrocatalytic 

activity for hydrogen evolution. Table 2.3 shows a detailed comparison of HER performance 

of the synthesized Ni1-xCoxFe2O4 (x = 0.4) with other reported Ni/Co-based electrocatalysts 

in alkaline electrolyte. Fig. 2.15(b) shows the Tafel slope, an indicator of electrocatalytic 

kinetics. It was plotted with the aid of the equation η = a + b log j; where η is the 

overpotential, a is a constant, b is the Tafel slope, and j is the current density. The calculated 

Tafel slopes are 128, 157, 120, 135, 131 and 113 mV/dec for electrodes with compositions x 

= 0, 0.2, 0.4, 0.6, 0.8, and 1, respectively. Since the lower Tafel slope indicates the faster 

kinetics, thus electrodes with molar ratios x = 0.4 (120 mV/dec) and x = 1 (113 mV/dec) 

exhibit better reaction kinetics than other samples. In Fig. 2.16, stability tests of all samples 

were performed by comparing 1
st
 polarization curve with the 1000

th
 polarization curve. Even 

after 1000 cycles of cyclic voltammetry measurements, a little deviation was observed for 

both graphs, indicating high durability. For efficient electrocatalysis, it is essential for the 

electrode material to have low overpotential and Tafel slope, and high stability. Overall, the 

Ni1-xCoxFe2O4 (x = 0.4) electrode prepared by the solventless method, possess these crucial 

elements and show favourable electrocatalytic properties for HER, outperforming other 

electrode compositions examined in this study. In addition, the effect of electronic push in 

cobalt substituent on the HER performance of Ni-based materials has been established in the 

literature, where partial electrons adjacent to nickel sites are pushed by cobalt substituent 

resulting in an increase in the number of lattice O
2−

 groups and consequently boosting H
+
 

adsorption and charge transfer for the HER.
71
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Fig. 2.15. (a) HER polarization curves, (b) Tafel slopes for Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) 

samples. 

 

Fig. 2.16. HER polarization curves at various cycles for Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) samples. 

Table 2.3. Comparison of HER performance of the synthesized Ni0.6Co0.4Fe2O4 and CoFe2O4 

with other reported Ni/Co-based electrocatalysts in alkaline electrolyte. 

Catalyst Synthetic method 10 (mV in 1 

M KOH 
 

Tafel slope 

(mV/dec) 

Reference 

NiFe Sponges Polyol-assisted 

chemical synthesis 

190 82 
72

 

NiCoP NW/CFP Hydrothermal 

followed by 

sulfuration and 

phosphorization 

170 73.0 
73

 

Ni1.5Co1.5S4NW/CFP 237 112.9 
73

 

CoFe2O4/SWNTs Sonochemical 263 46 
74

 

Ni-MoSe2 Hydrothermal 206 81 
75

 

NiMnP Colloidal 490 238 
76

 

FeSe2/CoFe2O4 Hydrothermal 231 88.76 
77

 

CoCuZn/C 
 

Electrodeposition 213 92 
78

 

NiCo2S4/Ni foam hydrothermal 210 - 
79

 



98 

 

CoSe2/MoSe2 Solvothermal 218 76 
80

 

NiCo2O4/NiCoP 

 

Solvothermal 

followed by 

phosphorization 

198 91 
81

 

CoFe2O4 Solventless 169 113 This study 

Ni0.6Co0.4Fe2O4 Solventless 168 120 This study 

2.5.6.3 60B60BOxygen evolution reaction (OER) 

The electrocatalytic activity of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) electrodes for OER was analyzed 

using LSV, electrochemical impedance spectroscopy (EIS) and chronoamperometric (CA) 

measurements in 1 M KOH. At the current density of 10 mA/cm
2
, the overpotentials of 330, 

320, 360, 340, 350 and 350 mV were observed along with low Tafel slopes of 66, 79, 97, 68, 

67 and 90 mV/ dec for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, respectively as shown in Figs. 2.17(a-b). 

The values of Tafel slope give an insight into the kinetics of OER mechanism. The electrode 

with a lower Tafel slope is expected to display faster reaction kinetics that accelerates higher 

OER activity. The x = 0.2 electrode exhibited a lower overpotential of 320 mV with a low 

Tafel slope of 79 mV/dec. The greater OER activity demonstrated by Ni1-xCoxFe2O4 

electrode with x = 2 can also be ascribed to the multicomponent structure and higher number 

of active sites because of the small crystallite size (8.91 nm) compared to other compositions. 

This surpasses the results of oxygen evolution activity obtained in other studies based on Co, 

Fe, Ni transition metal materials such as NiCo2O4 nanoneedles (565 mV @10 mA/cm
2 

overpotential, 292 mV/dec Tafel slope), NiCo2O4 nanosheets (888 mV @10 mA/cm
2
, 393 

mV/dec),
82

 N-doped graphene -NiCo2O4 hybrid (434 mV @ 10 mA/cm
2
, 156 mV/dec Tafel 

slope),
83

 and Co0.5 Fe0.5 S@N-MC (410 mV @10 mA/cm
2
, 159 mV/dec Tafel slope).

84
 Table 

2.4 shows a comparison of OER performance of the synthesized Ni0.8Co0.2Fe2O4 with other 

reported Ni/Co-based electrocatalysts in alkaline electrolyte. The Nyquist plots shown in Fig. 

2.17(c), were studied from the electrochemical impedance spectroscopy in the frequency 

range of 0.05 Hz to 10 kHz with an applied AC amplitude of 10 mV. The intersection value 

of the real axis represents electrolyte resistance. The low electrolyte resistance of ~1.5 Ω/cm
2
 

was observed in the graph. Furthermore, all graphs appear semi-circle at 0.5 V potential (V 

vs. Hg/HgO). The semi-circle shown in the graph indicates the resistance of charge transfer at 

the interface between 1 M KOH electrolyte and the Ni1-xCoxFe2O4 electrodes. The lower the 

diameter of the semi-circle suggest the less charge transfer resistance. The observed values of 
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the resistance are ~ 4.6, 3.5, 10, 5.8, 7.2, 7 Ω/cm
2
 for x = 0, 0.2, 0.4, 0.6, 0.8 and 1, 

respectively. Among the stoichiometric molar ratios of the spinel Ni1-xCoxFe2O4 electrodes, 

an electrode with composition x = 0.2 displayed low charge transfer resistance (3.5 Ω/cm
2
), 

representing better OER catalytic properties than other compositions. Long-term stability and 

durability tests were conducted by 1000 cycles of CV measurements and chronoamperometry 

for all electrodes as presented in Fig. 2.18. All electrode materials delivered stable high 

current density over 20 h at a constant voltage of 0.55 V. In addition, the polarization curves 

of all electrode composition show a perfect match between the 1
st
 cycle and the 1,000

th
 cycle 

(inset). Although, all samples showed a nearly identical graph between the 1
st
 and 1,000

th
 

cycle, and stable high current density over 20 h, a little fluctuation was observed in some 

graphs which indicate oxygen gas during oxygen evolution. 

 

Fig. 2.17. (a) OER polarization curves, (b) Tafel slopes for various samples (c) 

Electrochemical impedance spectroscopic spectra of all the samples at various potentials (vs. 

SCE) at 0.5V 
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Fig. 2.18. Chronoamperometry characteristics of the various samples in 1 M KOH (inset) 

OER polarization curves at various cycles for the various samples. 

Table 2.4. Comparison of OER performance of the synthesized Ni0.8Co0.2Fe2O4 with other 

reported Ni/Co-based electrocatalysts in alkaline electrolyte. 

Catalyst Synthetic 

method 

10 (mV) in 

1 M KOH 
 

Tafel slope 

(mV/dec) 

(1) Reference 

NiS/Bi2WO6 
 

Hydrothermal 527 238 
85

 

NixCo3-xO4/NF Hydrothermal 320 38 
86

 

NixCo3-xO4 

nonowires 

Hydrothermal 337 75 
87

 

Co/Fe-MOFs Solvothermal 410 101 
88

 

MnO2/NiCo2O4/NF Hydrothermal 340 139 
89

 

NiCo2O4/NF  
 

Solvothermal 465 137 
90

 

NiCoP/C nanoboxes MOF 330 96 
91

 

Mn-Co 

oxyphosphide 

Thermal 

oxidation and 

phosphidation 

370 66 
92

 

CuCo2S4 Colloidal 395 115 
93

 

Mn-Co oxide Thermal 

oxidation 

420 60 
92

 

NiCo2O4 Hydrothermal 346 94 
94

 

CoNi0.2Fe0.05-Z-H-P MOF and 

phosphidation 

329 48.2 
95

 

CoS Electrodeposition 372 86.6 
96

 

CoMnP nanoparticles Solvothermal 330 61 
97

 

CoP-PBSCF In-situ exsolution 340 81.5 
98

 

Co2Mo3O8@NC In situ pyrolysis 331 87.5 
99

 

NiCo2O4 Hydrothermal 500 119 
89

 

Ni0.8Co0.2Fe2O4 Solventless 320 79 This study 
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2.6 Conclusion 

Summarily, the advantages of eco-friendliness, simplicity and scalability of the 

solventless thermolysis method have been exploited to synthesize nanoscale Ni1-xCoxFe2O4 (0 

≤ x ≤ 1) solid solutions. The p-XRD analysis confirmed the formation of a series of single-

phase cubic spinel ferrites with space group Fd3m. It was observed that the nanospinel 

Ni0.4Co0.6Fe2O4 electrode demonstrated a longer charge-discharge time, signifying superior 

charge storage capacity. It exhibited a specific capacitance of 237 F/g at a current density of 1 

A/g, which was higher compared to other samples. For efficient HER electrocatalysis, the 

Ni0.6Co0.4Fe2O4 electrode showed low overpotential (168 mV) and Tafel slope (120 mV/dec) 

as well as high stability, which are crucial elements for HER. Similarly, Ni0.8Co0.2Fe2O4  

exhibited a lower overpotential of 320 mV with a low Tafel slope of 79 mV/dec, indicating 

enhanced OER activity. The results in this study affirmed that the synergism between nickel 

and cobalt in the crystal lattice of spinel nickel ferrite has a tremendous influence on the 

electrochemical performance of the resultant Ni1-xCoxFe2O4 solid solution for energy 

conversion and storage. 
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4B4BCHAPTER 3 

5B5BComposition-tuneable synthesis of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) 

solid solutions by melt pyrolysis for electrochemical energy 

conversion and storage 
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3.1 63B63BIntroduction  

Spinel-type oxides represented by the nominal composition AB2O4 (where A, B = 

metals) have generated interest owing to their diverse properties which render them suitable 

for numerous applications.
1
 These materials are endowed with a blend of useful physical 

properties along with low production cost, and high structural and chemical stability.
2
 The 

stable spinel structure is known to facilitate the movement of electrons between the mixed 

oxidation states available for cations in oxygen sites, improving their electronic 

conductivity.
3
 Crystallographic studies show that spinel oxides can assume normal or inverse 

crystal structure depending on how the cations are distributed in the tetrahedral and 

octahedral sites. In the normal spinel system, divalent oxygen ion (O
-2

) forms a face-centred 

cubic structure with divalent cations (A
+2

) in the tetrahedral positions whereas trivalent 

cations (B
+3

) populate octahedral sites. However, in the inverse spinel system, the tetrahedral 

sites are only taken by (B
+3

) while the octahedral vacancies are equally occupied by both 

trivalent (B
+3

) and divalent cations (A
+2

).
1
 This elegant distribution of cations along with the 

crystal field effect contributes to the spinels’ vast array of properties and applications. 

Spinel nanoferrites constitute a prominent class of spinel oxides with distinct properties 

and applications. Since their future applications are intimately connected to environmental 

and energy issues, recent studies have predominantly focused on their efficacy as 

environmentally benign materials for energy applications.
4-6

 In particular, CoFe2O4 and 

ZnFe2O4 are amongst the widely explored ferrites, and have demonstrated promising 

potential in supercapacitors, dye sensitized solar cells, batteries, and catalysis.
1, 7

 Spinel 

cobalt ferrite (CoFe2O4) exists in an inverse structure wherein all the Co
2+

 ions populate the 

octahedral site whilst Fe
3+

 ions are equally located between octahedral and tetrahedral sites.
8
 

The diamagnetic normal spinel ZnFe2O4 have Zn
2+

 ions preferentially occupying tetrahedral 

sites because of their sp
3
 bonding affinity with O

2−
 ions, allowing Fe

3+
 ions to populate the 

octahedral positions.
9
 Recent studies have revealed that amongst other factors, the chemical 

properties and hence the electrochemical performance of spinels can be influenced by rational 

changes in the identity and composition of the constituents.
10, 11

 The properties can be 

systematically tuned via partial substitution or by changing the chemical identity and 

composition of one of the divalent metal ions while the basic crystal structure remains intact. 

This adjustment produces spinels with enhanced electrochemical activities, which can further 

narrow the polarization, speed up and extend the life of batteries, fuel cells, and water 

splitting devices.
1
 For example, Zhao et al. examined the influence of the Ni content on the 
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electrochemical activity of NixCo1-xFe2O4 (0 ≤ x ≤ 0.75) nanoparticles prepared by employing 

the hydrothermal method.
11

 The Ni-doped CoFe2O4 showed improved electrocatalytic 

activity at different doping levels in comparison with pristine CoFe2O4. The catalytic activity 

of Ni0.75Co0.25Fe2O4 for OER was found to be higher, recording a maximum current density 

of 36.0 mA/cm
2
 at 1.0 V. Singh et al. synthesized chromium substituted MnFe2O4 catalyst 

and examined the influence of Cr substitution towards oxygen evolution in the alkaline 

medium.
12

 Their investigation demonstrated that Cr substitution in the range of 0.1 to 1.0 mol 

significantly enhanced the OER activity. Another investigation carried out by Singh et al. 

demonstrated that inclusion of both Fe by Cr in the pure CuFe2O4 system led to an 

improvement of the geometrical and electrochemical properties of the material in favour of 

OER.
13

 On the basis of these studies, it is evident that the inclusion of foreign atoms in spinel 

ferrites along with composition tuning augments their electrochemical performance. It 

enhances the performance by boosting the electronic conductivity of the material, exposing 

the available catalytic active sites and/or reduce the activation energy barrier for proficient 

energy storage and generation.
1
 

Spinel ferrites have historically been prepared via high temperature solid-state reactions 

which involve prolonged mechanical mixing of the corresponding metal hydroxides, oxides, 

nitrates or carbonates.
14

 Although this method is capable of producing large-scale bulk 

ceramic powders, it is unsuitable for producing pure nanoferrites because its reliance on high 

temperatures and prolonged heating schedules may lead to the coarsening of grains. Also, 

volatilization/melting of the constituent components may occur during the high temperature 

processing of some of the multicomponent oxides which may in turn pose serious effects to 

the materials’ properties.
15

 Low and/or intermediate-temperature synthetic routes such as co-

precipitation, hydrothermal, sol-gel and solvothermal techniques have recently been 

developed and used to prepare unprecedented materials with interesting properties.
1
 

Nonetheless, these methods have disadvantages of low purity, low yield and time-consuming 

and/or complicated procedures.
16

  

Besides the synthesis protocol, the choice of proper precursor materials is another 

matter of paramount significance. The most explored synthetic routes involve thermolysis of 

mixed precursors such as metal carbonyls, acetylacetonates, chlorides, acetates, nitrates, 

carbonates, etc., in high boiling point solvents and/or surfactants.
15, 17-20

 However, the use of a 

large quantity of templates, shape-controlling agents, and surfactants is not an 

environmentally benign choice.
21

 Although there are reports on the synthesis of spinel ferrites 

using metal acetylacetonate complexes, the synthesis has thus far been limited to solution-
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based protocols.
18, 22

 To this end, a synthetic route that allows the preparation of spinel 

ferrites using metal acetylacetonates in a solvent/surfactant-free environment is a promising 

strategy towards achieving superior properties with high efficiency and controllability.  

To develop efficient mixed spinel ferrite electrocatalysts with the above concerns in 

mind, we describe herein a unique solid state pyrolysis strategy for the rational synthesis of 

nanoscale Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solution from molecular organometallic 

precursors. This approach is based on the thermal decomposition of the mixture of metal 

acetylacetonates in air atmosphere and subsequent crystallization into spinels at mild 

temperature. In comparison to other precursors, metal acetylacetonates are less costly and 

have low moisture sensitivity, making them less susceptible to hydrolysis, which is a 

common limitation of metal halides and alkoxides.
23

 The solvent-free approach offers 

advantages of fabricating multi-component materials with desired stoichiometry eliminating 

contamination. 

3.2 64B64BExperimental 

3.2.1 65B65BChemicals 

Cobalt (II) acetylacetonates (98%, Merck-Schuchardt), zinc (II) acetylacetonates (98%, 

Merck-Schuchardt), and iron (III) acetylacetonate (97%, Sigma-Aldrich). All precursor 

materials were used as received. 

3.2.2 66B66BSynthesis of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

The spinel Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions of different stoichiometric 

compositions were prepared by melt pyrolysis of metal acetylacetonates. For the typical 

synthesis of ternary CoFe2O4 nanoparticles, 0.10 g (0.28 mmol) of cobalt acetylacetonate and 

0.198 g (0.56 mmol) of iron acetylacetonate were mixed and the solid mixture was grounded 

using pestle and mortar for ≈ 20 minutes to obtain a homogeneous mixture. The precursor 

mixture was then placed into a ceramic boat, which was placed in a reactor tube. The reactor 

tube was then introduced inside the carbolite tube furnace in such a way that the ceramic boat 

must be placed almost in the middle of the heating zone, followed by thermal treatment at 

450 °C, at a heating rate of 20 °C per minute for 1 h. After 1 h of annealing, the heating was 

switched off, and the furnace was left to cool naturally to ambient temperature. The reactor 

tube was taken out of the furnace upon cooling, and the product was collected for analysis 

without any post-treatment. Likewise, the synthesis of ZnFe2O4 nanoparticles was achieved 

by employing similar procedures except that zinc acetylacetonate was used instead of cobalt 
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acetylacetonate and the amount of zinc and iron complexes were maintained in the same mole 

ratio of 1:2. 

For the synthesis of quaternary Co1-xZnxFe2O4 (x = 0.2, 0.4, 0.6, 0.8) solid solutions, a 

known quantity of cobalt acetylacetonate was partially substituted by appropriate amounts of 

zinc acetylacetonate by adjusting the mole ratios of Zn and Co in the intervals of 0.2, 0.4, 0.6, 

and 0.8, while keeping the amount of iron acetylacetonate unchanged in the reaction mixture. 

The reaction procedures for the entire series of solid solutions were kept similar to those 

employed to synthesize the ternary cobalt and zinc ferrites. 

3.3 67B6Instrumentation 

Powder X-ray diffraction (p-XRD) analysis was carried out by employing a Bruker 

AXS D8 Advance X-ray diffractometer. The instrument uses nickel-filtered Cu Kα radiation 

(λ=1.5418Å) at 40 kV, 40 mA. The scan was performed at 2θ values in the range of 10 to 80º. 

3.3.1 Scanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) 

analyses 

SEM imaging was carried out on a ZEISS-Auriga Cobra SEM Field Emission 

Scanning Electron Microscope (FE SEM) while EDX elemental analysis was performed on a 

JEOL JSM-7500F Field Emission Scanning Electron Microscope (FE-SEM) Equipped with 

Energy Dispersive X-ray spectroscopy (EDX). 

3.3.2 69B69BTransmission electron microscopy (TEM) and High resolution TEM (HRTEM) 

analyses 

TEM imaging was performed on a JEOL 1400 TEM at accelerating voltages of 120 

kV while HRTEM images were captured on a JEOL 2100 HRTEM at accelerating voltage of 

200 kV. 

3.3.3 70B70BUV-visible spectroscopy 

The optical absorbance measurements were conducted in the UV-Vis spectral range 

on a Varian Cary 50 UV/Vis spectrophotometer. 

3.4 71B71BElectrochemical characterization 

Electrochemical measurements were investigated by a Versastat 4-500 electrochemical 

workstation (Princeton Applied Research, Oak Ridge, TN, USA). The cell setup for 

supercapacitor was made up of a three electrode system consisting of platinum (Pt) wire, a 
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saturated Hg/HgO electrode, and the Co1-xZnxFe2O4 electrodes for counter, reference, and 

working electrode, correspondingly. For electrocatalytic water-splitting studies, only the 

reference electrode was changed to a saturated calomel electrode (SCE) in the same three 

electrode configuration. To make the working electrode, Ni foam was used as a substrate. 

The working electrode was prepared by mixing 80 wt. % of the Co1-xZnxFe2O4 (0 ≤ x ≤ 1), 10 

wt. % of polyvinylidene difluoride (PVDF) binder, and 10 wt. % of acetylene black with N-

methyl pyrrolidinone (NMP) solvent. The paste was then dried at 60
◦
C for 24 h. In order to 

evaluate the electrochemical performance of the Co1-xZnxFe2O4 (0 ≤ x ≤ 1) @ Ni electrodes, 

cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD) measurements were 

used for supercapacitor test with 3 M KOH solution. For the water splitting measurements, 

linear sweep voltammetry (LSV) measurements were utilized at the scan rate of 2 mV/s, and 

the potential (V, SCE) was converted into a reversible hydrogen electrode (RHE) with iR-

correction. Furthermore, electrochemical impedance spectroscopy (EIS) and 

chronoamperometry (CA) measurements were performed at 0.5, 0.55 V (V, SCE), 

respectively. All water-splitting tests were studied in 1 M KOH solution. 

3.5 72B72BResults and discussion 

3.5.1 73B73BStructural analysis of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

Powder X-ray diffraction (p-XRD) measurements were performed to investigate the 

structural properties of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. Close investigation of the p-

XRD patterns presented in Fig. 3.1(a) reveal that all the reflections can be indexed respectively as 

the (220), (311), (400), (422), (511), and (440) planes, matching perfectly with a cubic spinel 

structure.
24

 The diffraction patterns of the pristine ferrite systems prepared with zinc composition x 

= 0 and x = 1 are consistent with the pure cubic phases of CoFe2O4 (ICDD # 00-001-1121) and 

ZnFe2O4 (ICDD # 01-073-1963),  respectively. Meanwhile, the diffraction peaks of the solid 

solutions with composition x = 0.2, 0.4, 0.6 and 0.8 lie between those of the two pristine ferrite 

systems. The absence of impurity peaks and/or peak splitting rules out phase separation or 

separated nucleation of CoFe2O4 and ZnFe2O4, confirming the formation of monophasic Co1-

xZnxFe2O4 solid solutions with good distribution of Co
2+

 and Zn
2+

 in the Co1-xZnxFe2O4 matrix. 
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Fig.3.1. (a) Powder-XRD patterns of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles, (b) Variation 

of lattice constants as a function of zinc composition. 

The values of lattice parameters are provided in Table 3.1. The values obtained for 

ZnFe2O4 (8.389 Å) and CoFe2O4 (8.334 Å) nanoferrites are consistent with the literature values.
8, 

25
 A sequential increase in the lattice parameter was noted with respect to the amount of zinc in the 

CoFe2O nanoparticles. This could be due to the difference in the sizes of Zn
2+

 and Co
2+

 ions, and 

the general preferences of these cations for specific coordination. Considering the different sizes of 

Co
2+ 

(0.72 Å), Zn
2+

 (0.74 Å) and Fe
3+ 

(0.59 Å), and the fact that tetrahedral vacancies are smaller 

compared to octahedral sites, a higher population of the smaller sites by larger metal ions causes 

an expansion of the structure, and consequently, the lattice constants increase. Therefore, the 

increasing concentration of Zn
2+

 ions led to the increase of lattice constants due to the enlargement 

of unit cell following the replacement of smaller Co
2+

 (0.72 Å) ions with slightly larger Zn
2+

 (0.74 

Å) ions.
26

 In some cases, taking into account the inverse spinel structure of CoFe2O4 with equal 

population of Fe
3+

 ions in both octahedral and tetrahedral sites, increasing Zn
2+

 content may 

substitute Fe
3+

 ions in tetrahedral sites due to its preference of the tetrahedral position.
27

 As clearly 

displayed in Fig. 3.1(b), upon the formation of the solid solutions within the miscibility range, a 

linear relationship between the lattice parameters and amount of substituent is observed. This is in 

agreement with the behaviour of homogeneous alloys obeying Vegard’s law. 
28

 Estimation of the 

average crystallite size was performed by employing the Debye-Scherrer equation.
29

 The 

computed average crystallite size of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions was found in the 

range of 4.95 - 10.96 nm. It can be observed from Table 3.1 that the increase in the amount of 

Zn
2+

 ions from x = 0 to x = 0.4 resulted in the decrease of size from 9.67 to 4.95 nm. This is 

because introducing Zn
2+

 ions in the crystal structure of pristine CoFe2O4 obstructs the crystal 

growth, which is based on the entropy stabilization, forming disorder in the spinel structure.
30

 It is 
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known that the introduction of zinc in the system causes liberation of more heat, decreasing the 

molecular concentration at the crystal surface and thereby obstructing the crystal growth.
31, 32

 As 

the concentration of zinc increased from 0.6 to 1, the crystallite size was observed to increase from 

9.760 to 10.960 nm. 

Table 3.1. Lattice parameter (a), crystallite size (d), unit cell volume (V), band gap (Eg) and 

EDX composition of Co1-xZnxFe2O4 solid solutions at different zinc contents (x). 

(x) Target ferrite 

composition 

Stoichiometry 

obtained from EDX 

a (Ȧ) d (nm) V (Ȧ
3
) E(eV) 

0 CoFe204 Co1.0Fe2.0603.94 8.334 9.677 578.843 1.77 

0.2 Co0.8Zn0.2Fe2O4 Co0.74Zn0.19Fe1.96O4.10 8.338 6.011 579.676 1.74 

0.4 C0.6Zn0.4Fe2O4 Co0.54Zn0.39Fe2.02O4.06 8.363 4.952 584.906 1.69 

0.6 Co0.4Zn0.6Fe2O4 Co0.37Zn0.55Fe2.11O3.97 8.367 9.760 585.746 1.66 

0.8 Co0.2Zn0.8Fe2O4 Co0.19Zn0.70Fe2.15O3.96 8.370 10.64 586.376 1.88 

1 ZnFe2O4 Zn0.93Fe2.04O4.04 8.389 10.96 590.378 1.89 

 

3.5.2 74B74BEDX analysis 

The elemental composition, homogeneity and stoichiometry of the synthesized solid 

solutions of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) was studied using energy-dispersive X-ray 

spectroscopy (EDX). The EDX spectra for the series of spinel ferrite samples are presented in 

Fig. 3.2. Only the peaks conforming to Zn, Fe, and O are seen in ZnFe2O4 (x = 1) while the 

EDX spectrum of CoFe2O4 (x = 0) shows the presence of Co, Fe, and O only. On the other 

hand, the EDX spectra of solid solutions with composition 0.2 ≤ x ≤ 0.8 show the presence of 

Co, Zn, Fe and O only. No evidence of impurities in all samples indicating the purity of Co1-

xZnxFe2O4, which agree well with p-XRD results. The theoretical percentage atomic 

composition of Zn, Fe, Co and O computed from the starting compositions are in close 

agreement with the observed atomic percentages obtained from EDX with slight deviations 

(Table 3.2). The possibility of material defects and vacancies may account for the observed 

deviation. As expected, the experimental data observed from EDX shows slight decrease in 

the amount of cobalt with subsequent increase in zinc content in the Co1-xZnxFe2O4 samples. 

A graph of the atomic percentage composition of Zn and Co observed from EDX, as a 

function of mole fraction of [Zn]/[Zn + Co] in precursor feed confirms a continuous decrease 
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in the amount of cobalt with a continuous increase in zinc content (Fig. 3.3). The amount of 

iron and oxygen also vary slightly during zinc substitution. The homogeneity of the samples 

was determined from the EDX spectrum over a selected zone. Figs.3.4 and 3.5 shows EDX 

elemental mapping of Co, Zn, Fe and O for Co1-xZnxFe2O4 samples with mole fraction of zinc 

over the entire range. It can be seen from these figures that the Co, Zn, Fe and O elements are 

evenly dispersed over the selected zone of the samples investigated. 

 

Fig.3.2. EDX spectra of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

.  
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Fig.3.3. Change in the amount of zinc and cobalt as a function of mole fraction of [Zn]/[Zn+ 

Co] in precursor feed. 

 

Fig.3.4. EDX elemental mapping of CoFe2O4 (x = 0) and ZnFe2O4. (x = 1) nanoparticles. 

 

Fig.3.5. EDX elemental mapping of Co1-xZnxFe2O4 (0.2 ≤ x ≤ 8) solid solutions. 

Table 3.2. Theoretical and actual elemental composition of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid 

solutions. 

(x) Theoretical atomic % Atomic % from EDX 

 Co Zn Fe O Total Co Zn Fe O Total 

0 14.29 - 28.57 57.14 100 14.35 - 29.40 56.25 100 
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0.2 11.43 2.86 28.57 57.14 100 10.62 2.76 28.03 58.59 100 

0.4 8.57 5.71 28.57 57.14 100 7.65 5.50 28.87 57.98 100 

0.6 5.71 8.57 28.57 57.14 100 5.29 7.89 30.10 56.72 100 

0.8 2.86 11.43 28.57 57.14 100 2.72 10.07 30.68 56.53 100 

1 - 14.29 28.57 57.14 100 - 13.30 29.15 57.67 100 

 

3.5.3 75B75BSEM, TEM and HRTEM analyses 

The scanning electron micrographs of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

shown in Fig. 3.6 indicate the formation of agglomerated nanoparticles. This aggregation is 

possibly due to the permanent magnetic moment of the prepared spinel ferrite which makes 

the particles permanently magnetized and clusters with other particles.
33

 Additionally, the 

observed agglomeration could also be ascribed to the absence of a capping agent during 

solid-state thermolysis of the precursors. Similar findings have been documented in the 

literature.
34

 

 

Fig.3.6. SEM images of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) samples prepared by solventless method. 

Through TEM analysis, further studies were performed to explore the size and 

morphology of the as-prepared solid solutions. The TEM images of Co1-xZnxFe2O4 (0 ≤ x ≤ 

1) solid solution nanoparticles are provided in Fig. 3.7. The typical TEM micrographs 

revealed agglomeration of the particles for all compositions but somehow separated from 

each other as opposed to SEM images. Close examination of particle morphology revealed a 

mixture of cubic, rectangular cubic and polyhedral-shaped nanoparticles, some with truncated 

edges. The average grain sizes of the as-prepared ferrites estimated from the TEM 
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micrographs were obtained in the range of 12.54-20.98 nm. These values agree with the 

crystallite sizes quantified from the XRD data. However, the average size estimated from the 

TEM micrographs was observed to be larger than those obtained from the XRD data using 

the Scherrer formula. This is probably due to the agglomeration of fine crystallites, indicating 

that every single particle is formed by a number of agglomerated grains or crystallites.
35, 36

  

 

Fig.3.7. The typical TEM images of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanospinels. 

The typical HRTEM micrographs of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanospinels are 

presented in Fig. 3.8. From the HRTEM micrograph of every single nanoparticle, the parallel 

lattice fringes as well as particle boundaries existing between the crystals show the oriented 

cluster of nanodimension crystallites. The observed prominent lattice fringes of d = 0.26 and 

0.25 nm obtained in all samples are in line with the separation between the (311) lattice 

planes.
37

 Other lattice spacing observed in all samples are 0.21 nm and 0.30 nm which relate 

to the (400) and (220) lattice planes, respectively.
38, 39

 The observed inter-planar spacing and 

their corresponding lattice planes are in agreement with those of pristine ZnFe2O4 and 

CoFe2O4 nanospinels.
25

 These results are in line with those obtained from p-XRD analysis. 
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Fig.3.8. The typical HRTEM images of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanospinels. 

3.5.4 76B76BUV-vis analysis 

The optical properties of the synthesized nanostructured Co1-xZnxFe2O4 (0 ≤ x ≤ 1) 

solid solutions were studied by UV-visible absorption spectroscopy. The ultraviolet-visible 

spectrum occurs due to the electronic transition, where an electron takes energy of a photon 

and makes transition from valence to conduction band.
40

 Generally, the absorbance of the 

material hinges on several parameters including band gap, lattice strain, oxygen deficiency, 

impurity centres, surface roughness, and particle size.
41

 The optical absorption spectra of Co1-

xZnxFe2O4 nanoparticles displayed in Fig. 3.9(a) shows that the adsorption edge shifts to the 

region of lower wavelength with the rise of zinc content. This shift gives an indication of 

changes in the materials’ optical band gap. Cobalt ferrite is a material with semiconductor 

characteristics possessing a direct bandgap. The optical bandgaps of the series of Co1-

xZnxFe2O4 (0 ≤ x ≤ 1) were computed by employing the following formula.
42

 

               α = A
(ℎ𝑣−𝐸𝑔)

1
2

ℎ𝑣
                                                                                                        (1) 

Where; hυ, A, Eg, and α represent photon energy, constant, bandgap, and coefficient of 

absorption, respectively. The energy gap is determined from the intercept of the plot of (αhυ)
2 

vs hυ (energy) displayed in Fig. 3.9(b) by extrapolating the linear portion of the curve. The 

estimated values of the band gaps for Co1-xZnxFe2O4 solid solutions as presented in Table 1 
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are 1.77, 1.74, 1.69, 1.66, 1.88, and 1.89 eV for x = 0, 0.2, 0.4, 0.6, 0.8, and 1, 

correspondingly. The value of direct optical band gap for parent CoFe2O4 (x = 0) 

nanoparticles obtained in this study is smaller than that of the bulk material, which is about 

1.95 eV.
43

 This observation could be due to the increase of internal lattice strain and 

structural changes that occur due to changes in composition and cation distribution in the 

crystal lattice.
45, 46

 It can be observed that the optical band gap decreased from 1.77 to 1.66 

eV with increasing zinc content from x = 0 to x = 0.6 in the CoFe2O4 matrices. This 

narrowing of energy gap with zinc substitution can be described by the creation of sub-bands 

and their combination with the conduction band to form a continuous band.
44

 It may also be 

contributed by the underlying mechanism of zinc substitution, which is likely to induce the 

electron energy states into the band gap of CoFe2O4, leading to the formation of new lowest 

unoccupied energy levels.
45

 It was also noted that for Zn
2+

 content from x = 0 to 0.4, the 

energy band decreased with the decreasing particle size. This is contrary to the typical 

quantum confinement behaviour and could be because of the sp-d exchange interaction 

occurring between the localized d-electrons and band electrons of Zn
2+

 and CoFe2O4, 

respectively.
41

 With x = 0.6, the decrease in band gap with the increasing particle size is 

ascribed to the quantum confinement effect occurring in materials at the nano scale. 

Increasing the zinc content to x = 0.8 resulted in an increase in the optical band gap of the 

solid solution to about 1.88 eV. This is probably as a result of changes in the relative 

distribution of Co
2+

 at tetrahedral and octahedral sites of the spinel ferrite system. The inverse 

nature of the spinel CoFe2O4 allows equal distribution of Co
2+

 ions in both octahedral and 

tetrahedral sites. Thus, the incorporation of high Zn
2+

 content which preferably occupies the 

tetrahedral site changes the population of Co
2+

 ions at the site which in turn augments the 

energy gap.
46

 The optical energy band gap of pure zinc ferrite nanoparticles (x = 1) obtained 

in this study was 1.89 eV. The values of band gaps for the synthesized nanoparticles lie in the 

semiconductor band gap range. In general, the observed tuning of the band gap for CoFe2O4 

nanoparticles via zinc inclusion and regulating its content in continuum is vital in the design 

and fabrication of semiconductor devices.
47
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Fig.3.9 (a). UV-Vis absorption spectra, (b) Tauc plot of (αhυ)
2 

versus photon energy, for Co1-

xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

3.6 77B77BElectrochemical evaluation of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles 

3.6.1 78B78BSupercapacitance 

The evaluation of the supercapacitive performance of the Co1-xZnxFe2O4 (0 ≤ x ≤ 1) 

electrodes was performed by cyclic voltammetry (CV) and galvanostatic charge-discharge 

(GCD) measurements. All measurements were conducted in 3M KOH electrolyte within a 

potential range of 0 – 0.6 V (V, Hg/HgO). Figs. 3.10(a-f) show the CV behavior of the Co1-

xZnxFe2O4 (0 ≤ x ≤ 1) electrodes carried out at different scan rate ranging from 2- 300 mV/s. 

Both the pristine electrodes (x = 0 and 1) and the solid solutions (0.2 ≤ x ≤ 0.8) exhibit 

similar shape of the CV curves at low and high scan rates, suggesting high reversibility and 

rate capability of the materials.
48

 The typical shape of CV curves for all samples investigated 

is quite different from the rectangular shaped curves of the electric double-layer capacitance 

(EDLC). Similarly, each anode and cathode peak of the CV curves of all electrode materials 

examined demonstrates oxidation and reduction processes, respectively, signifying the 

pseudocapactive nature of the electrodes. The pseudocapacitive behavior of nanospinel Co1-

xZnxFe2O4 (0 ≤ x ≤ 1) electrodes is ascribed to the intercalation and deintercalation processes 

occurring between Fe
3+

 and electrolytic K
+
 ion onto the electrode surface.

49
 Moreover, the 

obvious redox peaks can be ascribed to the surface Faradaic processes, suggesting that the 

capacitance mainly originates from the surface electrochemical reactions. However, owing to 

the dissimilar redox potentials of Zn and Co, the position of redox peaks of Co1-xZnxFe2O4 (0 

≤ x ≤ 1) materials vary differently with the amount of Zn in the solid solutions. The area 

under the CV curve is directly related to the specific capacitance; thus, it determines the 
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energy storage performance of the material.
49

 It can be noted from the CV curves that, the 

increasing scan rate from 2 to 300 mV/s leads to an increase in the area under the CV curve 

which gives redox peaks at maximum current density.
50

 Moreover, the solid solutions with 

composition 0.2 ≤ x ≤ 0.8 shows large area under the CV curve compared to the parent 

CoFe2O4. In particular, sample x = 0.6 (i.e. Co0.4Zn0.6Fe2O4) displays the largest enclosed CV 

area than all other electrode materials, indicating that it has the highest specific capacitance.  

 

Fig.3.10. Cyclic voltammograms of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes.  

To further confirm the supercapacitive properties of the Co1-xZnxFe2O4 electrodes, 

GCD studies were also conducted at various current densities spanning from 1 - 20 A/g. Figs. 

3.11(a-f) display the GCD curves for the Co1-xZnxFe2O4 electrodes with Zn compositions 

from x = 0 to x = 1. Unlike EDLC types of supercapacitor with linear graphs, pseudo-

capacitive characteristics of the as-prepared Co1-xZnxFe2O4 electrode materials were noted 

from the nonlinearity and plateau regions of the GCD curves. These features demonstrate the 

presence of Faradaic redox processes and they agree well with redox peaks in the CV 

curves.
51

 Also, higher discharge time was achieved after inclusion of Zn (x = 0.6) in the 

pristine cobalt ferrite, which indicates higher specific capacitance of the material compared to 

other electrode compositions. Variation of specific capacitance with current density is 

displayed in Fig. 3.12. The computed specific capacitance shows a decreasing trend along 

with the increase in current density, which is due to the low diffusion of electrolytic cation 

(K
+
) and the somewhat unsatisfactory faradic redox reaction at elevated current densities.

52
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Fig.3.11. GCD of Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes. 

 

Fig.3.12. Variation of specific capacitance with current density for Co1-xZnxFe2O4 (0 ≤ x ≤ 1) 

electrodes. 

3.6.2 79B79BElectrocatalytic water splitting 

Fig. 3.13 (a) displays the OER polarization curves of the quaternary Co1-xZnxFe2O4 (0 

≤ x ≤ 1) electrodes in 1 M KOH electrolyte. The curves were obtained by LSV measurements 

at a scan rate of 2 mV/s. The parent CoFe2O4 (x = 0) electrode needed 404 mV of the 

overpotential to deliver the current density of 10 mA/cm
2
. Interestingly, the introduction of 
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Zn in the crystal structure of cobalt ferrite lowered the value of the overpotential from 404 

mV at x = 0 to 317, 378, 330, 347 mV for the solid solutions with composition x = 0.2, 0.4, 

0.6, and 0.8, respectively. Similarly, at the same current density, the ternary ZnFe2O4 (x = 1) 

required an overpotential of 343 mV which is relatively small compared to 404 mV of the 

pristine CoFe2O4 (x = 0). Impressively, the Co1-xZnxFe2O4 (x = 0.2) catalyst electrode 

displayed the best OER activity with an overpotential of 317 mV to afford an anodic current 

density of 10 mA/cm
2
, which is significantly lower than 400 mV of the pristine CoFe2O4. The 

value of overpotential recorded for the Co1-xZnxFe2O4 (x = 0.2) solid solution in this study is 

comparable to most previously published catalyst electrodes for OER in alkaline electrolytes. 

For example, nanoscale ZnxCo3−xO4 synthesized by Liu et al. recorded an overpotential of 

320 mV at a current density of 10 mA/cm
2
 during OER electrocatalysis, which is comparable 

to 317 mV of Co0.8Zn0.2Fe2O4
53

. In another study, Gong et al. employed hydrothermal 

method to grow ZnCo2O4 nanostructure arrays on nickel foam, requiring an overpotential of 

340 mV to deliver a current density of 10 mA/cm
2
 in 1 M KOH, which is higher compared to 

317 mV of Co0.8Zn0.2Fe2O4 nanoparticles.
54

 The catalytic activity observed for 

Co0.8Zn0.2Fe2O4 (317 mV) is also superior to that of Co-Zn/PNC (348 mV) electrocatalyst 

synthesized using colloidal route.
55

 The Tafel plot displayed in Fig. 3.13(b) was derived from 

the OER LSV curve for Co1-xZnxFe2O4 (0 ≤ x ≤ 1) catalyst electrodes, and the values of Tafel 

slopes were found in the range of 43 - 79 mV/dec. Remarkably, with the introduction of Zn in 

the crystal lattice of CoFe2O4, the Tafel slope of the resulting Co1-xZnxFe2O4 solid solutions 

dropped from 79 mV/dec of CoFe2O4 (x = 0) to 56, 69, 56, and 43 mV/dec for x = 0.2, 0.4, 

0.6 and 0.8, respectively. The observed reduction in overpotential and Tafel slope 

demonstrates fast surface reaction kinetics and hence improved activity of the quaternary 

solid solution nanocatalysts when compared to the pristine CoFe2O4. This could be ascribed 

to the band alignment across the ferrospinel systems thereby boosting the transport of 

electrons and encouraging the adsorption-desorption kinetics of oxygenated species on the 

Co1-xZnxFe2O4 electrode under optimized conditions.
56, 57

 A more detailed comparison of 

OER performance observed in this study with previous reports is presented in Table 3.3. 
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Fig.3.13: (a) OER polarization curves, (b) OER Tafel slopes, (c) HER polarization curves, (d) 

HER Tafel slopes, (e) Nyquist plots at 0.5 V, and (f) CA measurement at 0.55 V, for Co1-

xZnxFe2O4 (0 ≤ x ≤ 1) electrodes. 

Similar to OER studies, the HER activity of the prepared ferrites was also investigated 

by LSV measurements using 1 M KOH electrolyte at a scan rate of 2 mV/s. The HER 

polarization curves of all Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes and their corresponding Tafel 

slopes are shown in Fig. 3.13(c-d), respectively. For all electrode composition from x = 0 to x 

= 1, the overpotentials in the range of 169 - 206 mV are required to deliver the current 

density of 10 mA/cm
2
, along with the Tafel slope in the range of 127–146 mV/dec. As it can 

be seen in this work, the Co0.6Zn0.4Fe2O4 catalyst electrode could afford a cathodic current 

density of 10 mA/cm at the lowest overpotential of 169 mV along with Tafel slope of 136 

mV/dec compared to the other studied samples. These values signify the excellent catalytic 

abilities of Co0.6Zn0.4Fe2O4 solid solutions that could render superior electron and mass 

transfer processes compared to other electrode configurations. The HER performance was 

also much higher as compared to the commonly reported HER catalysts. For example, 

Ilanchezhiyan et al. have previously synthesized In2O3/ZnO/Co3O4 ternary oxide 

nanostructure, which required an overpotential of 510 mV to reach a cathodic current density 

of 10 mA/cm
2
 in alkaline solution.

58
 According to Digraskar et al., Co-doped CuZnSnS4 

prepared by sonochemical method exhibited overpotentials of 200 and 298 mV at 2 and 10 

mA/cm
2
, respectively.

59
 A comprehensive comparison of the HER activity obtained in this 

work with other electrocatalysts is provided in Table 3.4. Fig.3.13(e) shows the Nyquist plot 
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for all electrodes at 0.5 V (V, SCE). The resistances to charge transfer calculated from the 

diameter loop are 111, 8.5, 46.3, 7.3, 14.5, 9.8 Ω for x = 0, 0.2, 0.4, 0.8 and 1.0, respectively. 

The charge transfer resistance of the parent CoFe2O4 (111 Ω) is relatively large compared to 

those exhibited by the zinc substituted ferrospinels with varying zinc content from x = 0.2 to 

x = 1. It is obvious that the addition of Zn lowered charge resistance thereby improving the 

transfer of charge at the electrode-electrolyte interface, which in turn boosted the HER 

activity of electrocatalysts.
60, 61

 Unlike the CoFe2O4, the improved catalytic activity 

demonstrated by Co1-xZnxFe2O4 (0.2 ≤ x ≤ 0.8) solid solution electrodes could further be 

ascribed to the elegant combination of Co, Zn and Fe elements and their improved 

physicochemical properties, which improves the active sites and enhances the catalyst’s 

conductivity.
62

 For the electrocatalytic stability analysis of all samples towards water splitting 

process, CA measurements were conducted at 0.55 V for 17 h and the results are shown in 

Fig. 3.13(f). The electrodes were found to be stable around the same current densities for 

about 17 h. In Figs. 3.13(a-f), the notations CZF 0.0, CZF 0.2, CZF 0.4, CZF 0.6, CZF 0.8 

and CZF 1.0 represent x = 0, x = 0.2, x = 0.4, x = 0.6, x = 0.8, and x = 1.0, respectively. 

Further evaluation of electrode stability was also conducted by establishing a comparison 

between the first polarization curve and the CV curve after 1k cycles for both HER and OER 

(Figs. 3.14 & 3.15). All electrodes demonstrated negligible deviation between the first and 

the 1k cycle, suggesting high durability of the prepared catalysts for electrolysis of water. 

However, the observed slight fluctuation of the graph might be due to the gas generated 

during the CA experiment.  
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Fig.3.14. Comparison of OER polarization curve between LSV 1 curve and LSV 1k curve for 

Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes. 

 

Fig.3.15. Comparison of HER polarization curve between LSV 1 curve and LSV 1k curve for 

Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes. 

Table 3.3. Comparison of OER  activities of Co0.8Zn0.2Fe2O4 with previously reported 

electrocatalyst electrodes in alkaline solution. 

Catalyst material Synthetic route 
OER (mV) 

at 10 mA/cm
2
 

Tafel slope 

(mV/dec) 

Reference 

MoS2@NiFe2O4 Hydrothermal 290 69.2 
63

 

CoFe2O4 Hydrothermal 430 44 
64

 

NiCo2O4/Ti Solvothermal 353 61 
65

 

Fe3O4-FeSe/CoSe2 Hydrothermal 279 68.78  
66

 

ZnCo2S4/Ni Solvothermal 278 64.3 
67

 

ZnxCo3–xO4 Hydrothermal 320 51 
53

 

Co3V2O8 Hydrothermal 359 65 
68

 

Ni0.98Co0.02Fe2O4 Hydrothermal 227 35 
69

 

ZnCo2O4 Solvothermal 389 59.54 
70

 

ZnO/Ni foam Hydrothermal 340  - 
71

 

Co3Fe7Ox Hydrothermal 328 31.4 
72
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FeO@CuCo2S4 Hydrothermal 240 51  
73

 

CuCo2S4 Hydrothermal 368 119 
74

 

Co0.8Zn0.2Fe2O4 Solventless 317 56 This work 

Table 3.4. Comparison of HER activities of Co0.6Zn0.4Fe2O4 with previously reported 

electrocatalyst electrodes in alkaline solution. 

Catalyst material Synthetic route HER (mV) 

at 10 mA/cm
2
 

Tafel slope 

(mV/dec) 

Reference 

NiCo/Sm2O3 Electrodeposition 276 162 
75

 

FeSe2/CoFe2O4 Hydrothermal 231 88.76 
76

 

NiFe2O4 Solvothermal 300 125 
77

 

NiCo2Se4/NiCoS4 Solvothermal 180 107.4 
78

 

Ni-doped Co3O4 Hydrothermal 120 62 
79

 

LaCo0.94Pt0.06O3−δ Sol-gel 294 148 
80

 

Co-

CoO/ZnFe2O4@CNWs 

Hydrothermal 226 138 
81

 

CoMn2O4/NiOOH/Ni  Solvothermal 132 61.51 
82

 

CuCo2O4 Hydrothermal 115 153 
83

 

NiFe2O4/CoNi–S Hydrothermal & 

electrodeposition 

149 90 
84

 

Co3O4-NiO Co-precipitation 378 90 
85

 

2D ZnCo2O4 Template method 335 43 
86

 

NdxCo1-xFeO3 Solvothermal 239 68 
87

 

Co0.6Zn0.4Fe2O4 Solventless 169 136 This work 

 

It is interesting to note that after introducing Zn in the spinel cobalt ferrite system, the 

performance of the Co1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes for supercapacitor and water splitting 

was generally improved. Theoretical and experimental studies show that the introduction of 

Zn in a particular material lowers the charge resistance thereby improving electrolytic 

conductivity.
55, 88

 As pointed out in the previous sections, the inclusion of Zn resulted in the 

increase of the lattice parameter and cell volume, facilitating electrolyte diffusion and access 

to more OH.
88

 However, it was also observed that the band gap decreased with increasing the 

ratio of Zn, and then started to increase after x = 0.6, suggesting the decrease of the 
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performance of the electrode after x = 0.6. Therefore, the electrochemical performance of the 

as-prepared solid solutions is attributed to the consideration of the changes in the lattice 

parameter, cell volume, crystallite size, and the band gap of the synthesized materials. 

3.7 80B80BConclusion 

In summary, single-phase Co1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions with varying 

amounts of Co and Zn have been successfully prepared by a simple solventless thermolysis 

route. The findings obtained from p-XRD and EDX analyses confirm the successful 

incorporation of zinc into the crystal structure of cobalt ferrite. Enhancement of the 

electrochemical performance was evident as the solid solutions provided more 

electrochemical active sites and diffusion channels for electrochemical reactions. Higher 

discharge time displayed by Co0.4Zn0.6Fe2O4 is indicative of higher specific capacitance of the 

material compared to the pristine CoFe2O4. For OER, the Co0.8Zn0.2Fe2O4 solid solution 

exhibits higher activity with low overpotential of 317 mV along with a small Tafel slope of 

56 mV/dec. As for HER in alkaline electrolyte, Co0.6Zn0.4Fe2O4 has displayed decent 

performance with a low overpotential of 169 mV and Tafel slope of 136 mV/dec compared to 

other electrode compositions. The notable OER and HER activity of the solid solutions can 

be attributed to their comparatively small crystallite size (i.e. 6.01 nm for Co0.8Zn0.2Fe2O4 and 

4.95 nm for Co0.6Zn0.4Fe2O4), and the synergistic effect of Co, Zn and Fe, resulting to 

considerably improved electron transfer, compared to pristine CoFe2O4. Interestingly, these 

electrodes were found to be stable with negligible deviation in current density for about 17 h 

of electrochemical tests. 
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6B6BCHAPTER 4 

7B7BDirect solid-state synthesis of nanometric Ni1-xMgxFe2O4 (0 ≤ x 

≤ 1) solid solutions as eco-friendly electrode materials for 

water splitting and supercapacitance 
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4.1 82B82BIntroduction  

Recently, the significance and scope of solid-state chemistry has grown drastically, 

responding to the demand of novel eco-friendly materials for advanced applications.
1-3

 In 

particular, the invention of multifunctional materials with unique properties is vital in 

realizing a clean and enduring energy economy driven by both renewables and energy 

efficiency. Nowadays, the context of research is focused on the preparation and 

characterization of new materials for potential applications in energy transformation, 

optimization, storage as well as device fabrication.
4-6

 Amongst the many compounds, mixed 

metal oxides are currently being investigated as potential electroactive materials for energy-

efficient processes.
7-10

 Benefiting from their remarkable electrochemical properties, mixed 

spinel ferrites are of particular interest in the current search for economical and eco-

compatible materials for energy storage and/or conversion technologies.
11, 12

  

Spinel NiFe2O4 and MgFe2O4 are amongst the auspicious ferrites with applications in 

batteries, supercapacitors, and oxygen and/or hydrogen evolution reactions.
13-17

 Both NiFe2O4 

and MgFe2O4 are considered eco-friendly, abundant, non-toxic, and economically feasible 

materials.
18, 19

 Their cubic structure and multifarious cations enable the formation of materials 

with diverse properties.
20, 21

 To date, it has been demonstrated that unlike the bulk, 

nanostructured NiFe2O and MgFe2O4 display excellent electric, dielectric and 

electrochemical behaviour.
13, 22, 23

 For example, Majumder and co-workers employed an auto-

combustion supported sol-gel route to prepare nanometric MgFe2O4, and the resulting 

electrode material demonstrated a high specific capacitance of 428.9 F/g at 0.0625 A/g.
24

 

Samuel et al.
25

 successfully synthesized NiFe2O nanosheets which displayed a specific 

capacitance of 560 F/g at 1 A/g. Recently, Simon et al.  synthesized mesoporous NiFe2O4 

electrocatalysts by a soft-template method.
26

 During OER electrocatalysis, it required an 

overpotential of 410 mV to deliver a current density of 10 mA/cm
2
 in alkaline solution. 

Another study demonstrated the potential of MgFe2O4 nanoparticles synthesized by the sol-

gel method for HER and OER. The OER electrocatalysis required an overpotential of 1090 

mV whereas the HER electrocatalysis needed an overpotential 402 mV.
27

 However, the 

electrochemical performance of these oxides still needs improvement. 

Alloying of pristine semiconductor nanoparticles with foreign elements has received 

considerable attention recently owing to its ability to engineer the materials’ properties via 

tunable compositions,
28

 and consequently change the materials’ electrochemical properties.
29

 

Interestingly, both NiFe2O and MgFe2O4 possess the same cubic symmetry with a space 
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group of Fd3m, and since the crystal size of Ni
2+

 (0.69 Å) is comparable to that of Mg
2+

 (0.72 

Å), a substitutional solid solution can be obtained by varying the stoichiometric amounts of 

Ni and Mg during the preparation process. Studies have demonstrated that the formation of 

solid solution yields materials with enhanced properties and performance compared to the 

parent material. For instance, Yang et al.
30

 reported enhanced specific capacitance of 3762 

F/g at 5 A/g for (NixCo1−x)9Se8 (0 < x < 1) after introduction of Ni
2+

, surpassing other nickel‐

cobalt sulfide and selenide based pseudocapacitors. By Mn
2+

 substitution in NiCo2O4, Chang 

an co-workers obtained NiMnxCo2−xO4−y(0 ≤ x ≤ 1) supercapacitors which exhibited a much 

better electrochemical capacitance compared to the pristine oxides.
31

 Very recently, a series 

of Ni1−xCoxFe2O4 (x = 0.01, 0.02, 0.05, and 0.1) were fabricated via hydrothermal process and 

the optimized solid solution exhibited a small overpotential of 227 mV at 10 mA/cm
2
 in 1 M 

KOH for OER.
32

 

Preparation of such materials by eco-friendly routes that allow control of composition 

is crucial in ascertaining variations of their physico-chemical properties with respect to 

chemical composition. Technically, spinel nanoferrites are known to display tunable 

magnetic and conductive properties when the cation composition and preparative conditions 

are decently monitored.
33

 Meanwhile, it has been well established that MgFe2O4 is very 

responsive to thermal treatment owing to high Mg
2+

 diffusibility in contrast to NiFe2O4 which 

does not display temperature dependent cation arrangement because of strong preference of 

Ni
2+ 

in the octahedral voids. However, a solid solution between the two spinels is predicted to 

display changes in cation distribution, and hence properties depending on the atomistic 

composition and reaction temperature.
33

 Because of the strong preference of Ni
2+

 ions to 

occupy the octahedral site, there exists a competition between Mg
2+

 and Fe
3+ 

ions to populate 

the tetrahedral sites. Also, the magnetic Ni
2+

 ions in the spinel system are being replaced by 

the non-magnetic Mg
2+

 ions. It is therefore expected that substitution of Ni
2+

 by Mg
2+

 causes 

distortion of the lattice and variation in the unit cell,
34

 leading to the formation of more 

electrochemical active sites on the surface of the material and realization of higher electrical 

conductivity. Furthermore, benefiting from the synergistic effect between Ni
2+

 and Mg
2+

, the 

mixed nanoferrite of Ni1-xMgxFe2O4 with rational chemical composition is anticipated to 

demonstrate excellent electrochemical performances. While numerous studies report the use 

of pristine NiFe2O4 and MgFe2O4 nanoparticles for energy applications, limited reports exist 

on the electrochemical activity of Ni1-xMgxFe2O4 nanoalloys towards HER and/OER and 

supercapacitance. Therefore, it would be interesting to gain insights into the physicochemical 
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and electrochemical behaviour of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) in light of the above 

considerations. 

In this study, a convenient and economic solvent-free approach was employed to 

fabricate nanometric Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions via pyrolysis of metal 

acetylacetonates. Interestingly, the typical synthesis proceeds without the use of solvents or 

organic reagents and has delivered unprecedented control over the materials composition and 

property. This straightforward and green synthesis procedure has afforded the formation of 

monophasic nanoferrite solid solutions that crystallize in a cubic spinel structure. 

4.2 83B83BExperimental 

4.2.1 84B84BChemicals 

Nickel (II) acetylacetonate (98%, Merck-Schuchardt), magnesium (II) acetylacetonate 

(98%, Merck-Schuchardt), and iron (III) acetylacetonate (97%, Sigma-Aldrich). These metal 

complexes were used as received. 

4.2.2 85B85BSynthesis of Ni1-xMgxFe2O4  (0 ≤ x ≤ 1) solid solutions  

The Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions of different stoichiometric compositions 

were prepared by solventless thermolysis of metal acetylacetonates. For the typical synthesis 

of ternary NiFe2O4 nanoparticles, 0.10 g (0.39 mmol) of nickel acetylacetonate and 0.27 g 

(0.78 mmol) of iron acetylacetonate were mixed and the solid mixture was grounded using 

pestle and mortar for ≈ 20 minutes to obtain a homogeneous mixture. The precursor mixture 

was then placed into a ceramic boat, which was placed in a reactor tube. The reactor tube was 

then introduced inside the carbolite tube furnace in such a way that the ceramic boat must be 

placed almost in the middle of the heating zone, followed by thermal treatment at 450 °C, at a 

heating rate of 20 °C per minute for 1 h. After 1 h of annealing, the heating was switched off, 

and the furnace was left to cool naturally to ambient temperature. The reactor tube was taken 

out of the furnace upon cooling, and the product was collected for analysis without any post-

treatment. Likewise, the synthesis of MgFe2O4 nanoparticles was achieved by employing 

similar procedures except that magnesium acetylacetonate was used instead of nickel 

acetylacetonate and the amount of cobalt and iron complexes were maintained in the same 

mole ratio of 1:2. 

For the synthesis of quaternary Ni1-xMgxFe2O4 (x = 0.2, 0.4, 0.6, 0.8) solid solutions, a 

known quantity of nickel acetylacetonate was partially substituted by appropriate amounts of 

magnesium acetylacetonate by adjusting the mole ratios of Mg and Ni in the intervals of 0.2, 
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0.4, 0.6, and 0.8, while keeping the amount of iron acetylacetonate unchanged in the reaction 

mixture. The reaction procedures for the entire series of solid solutions were kept similar to 

those employed to synthesize the ternary nickel and magnesium ferrites. 

4.3 Characterization techniques 

4.3.1 87B87BPowder X-ray diffraction (p-XRD) analysis  

Structural analysis of the Ni1-xMgxFe2O4 nanoparticles was ascertained by powder X-

ray diffraction (p-XRD) analysis employing a Bruker AXS D8 Advance X-ray 

diffractometer. The instrument uses nickel-filtered Cu Kα radiation (λ=1.5418Å) at 40 kV, 40 

mA. The  measurements were recorded at 2θ values ranging from 10 to 80º. 

4.3.2 88B88BScanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) 

analyses 

SEM imaging was carried out on a ZEISS-Auriga Cobra SEM Field Emission 

Scanning Electron Microscope (FE SEM) while EDX elemental analysis was performed on a 

JEOL JSM-7500F Field Emission Scanning Electron Microscope (FE-SEM) Equipped with 

Energy Dispersive X-ray spectroscopy (EDX). 

4.3.3 89B89BTransmission electron microscopy (TEM), High resolution TEM (HRTEM) and 

Selected area electron diffraction (SAED) analyses 

The SAED, TEM and HRTEM analyses were performed on a JEOL 2100 HRTEM at 

accelerating voltages of 200 kV. 

4.3.4 90B90BUV-visible spectroscopy 

The optical absorbance measurements were conducted in the UV-Vis spectral range 

on a Varian Cary 50 UV/Vis spectrophotometer. 

4.4 91B91BElectrochemical characterization 

Electrochemical property of the Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) materials was studied in a 

three-electrode system using a Versastat 4-500 electrochemical workstation (Princeton 

Applied Research, Oak Ridge, TN, USA). For the preparation of the working electrode, the 

electrode paste was synthesized using Ni1-xMgxFe2O4 material (80 %), PVDF (10 %), carbon 

black (10 %) with N-methyl pyrrolidinone (NMP) solvent as active materials, binder, and 

conducting agent, respectively. The paste was dipped into the clean Ni foam, and it was dried 

for 48 hr. Pt wire was used as counter electrode, as well as SCE, Hg/HgO reference electrode 
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was utilized for electrocatalytic and supercapacitive studies, respectively. To examine the 

performance of electrocatalyst for overall water splitting, linear sweep voltammetry (LSV) 

was carried out at a scan rate of 2 mV/s. Also, electrochemical impedance spectroscopy (EIS) 

was performed at the potential of 0.6 V (V, SCE) in the frequency range of 0.05 Hz to 10 kHz 

at an applied AC amplitude of 10 mV. For the stability of electrocatalysts, 

chronoamperometry techniques were utilized at the potential of 0. 57 V (V, SCE). All 

measurements for electrocatalysts were conducted using 1 M KOH electrolyte. In the case of 

supercapacitive behavior, cyclic voltammetry (CV) and galvanostatic charge−discharge 

(GCD) measurement were performed at various scan rates and current densities using 3 M 

KOH electrolyte. 

4.5 92B92BResults and discussion 

4.5.1  Structural analysis of Ni1-xCoxFe2O4 (0 ≤ x ≤ 1) solid solutions 

Structural characterization of the prepared Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoferrites was 

performed by powder X-ray diffraction and the typical p-XRD pattern of all samples are 

displayed in Fig. 4.1(a). The diffraction peaks found in the pure ternary systems prepared at x 

= 0 and x = 1 are exclusively indexed with the spinel crystal system  having the space group 

𝐹𝑑3̅𝑚. These two pristine ferrites are consistent with the cubic phases of pure trevorite, 

NiFe2O4 (ICDD #. 01-086-2267) and magnesioferrite, MgFe2O4 (ICDD #. 01-089-3084) for x 

= 0 and x = 1, respectively. The p-XRD data for the nanoferrites with x = 0.2 to x = 0.8 

indicate the formation of solid solution phases regardless of the composition of the Ni
2+

 and 

Mg
2+ 

in the spinel matrix. Notably, their diffraction peaks lie between those of the two 

pristine ternary ferrite systems, and these solid solution nanoparticles maintain the same 

crystallinity of cubic system throughout the composition regulation.  
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Fig. 4.1. (a) Powder-XRD patterns (b) Variation of lattice constant (left y-axis) and cell 

volume (right y-axis) with Mg
2+ 

content for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

The lattice constants (a = b = c) of all Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanospinels were obtained 

from the XRD data by employing the formula 1 𝑑2⁄ =
(ℎ2 + 𝑘2 + 𝑙2)

𝑎2⁄  and the results are 

shown in Table 4.1. The lattice constants of NiFe2O4 were found to be 8.313 Å, conforming 

to those reported in the standard data (8.337 Å, ICDD #: 01-086-2267). After incorporation 

of magnesium, a slight increase in the values of the lattice parameters is observed, which is 

also ascribed to the slightly larger size of Mg
2+

 (0.72 Å) relative to the replaced Ni
2+

 (0.69 

Å).
35

 The lattice parameters computed for pure MgFe2O4 (8.344 Å) are also comparable with 

the values reported in standard data (8.369 Å, ICDD #: 01-089-3084). The values of lattice 

parameters were then plotted as a function of Mg
2+

 content (x) as shown in Fig. 4.1(b). It is 

obvious that the lattice constant increases in a linear fashion with Mg
2+

 inclusion from 8.313 

Å for NiFe2O4 to 8.344 Å for MgFe2O4. This linear relationship between the lattice 

parameters and Mg
2+

 content is in agreement with Vegard’s law.
36

 The values of the lattice 

constants obtained in this study are consistent with previously reported values for magnesium 

substituted nickel ferrite nanoparticles prepared via a co-precipitation route.
37

 Likewise, the 

data in Table 4.1 and Fig.4.1(b) demonstrate that the cell volume increases monotonically 

with increasing magnesium content. All these findings confirm successful inclusion of Mg
2+

 

into the crystal structure of NiFe2O4. The Debye-Scherrer formula,
38

 𝐿 = 0.89𝜆
𝛽𝑐𝑜𝑠𝜃⁄  was 

employed to compute the average crystallite size of Ni1-xMgxFe2O4 samples and the values 

obtained are provided in Table 4.1. In the formula, L = average crystallite size, λ = X-ray 

wavelength, β = full width at half maximum, and θ = Bragg’s angle of the (311) plane. The 

average crystallite sizes of Ni1-xMgxFe2O4 nanoparticles vary between 19.42 and 10.50 nm. 

The average crystallite size obtained for the parent nickel ferrite was larger compared to those 

exhibited by magnesium substituted samples. 

Table 4.1. Lattice parameter (a), crystallite size (d), unit cell volume (V), and EDX 

composition of nanospinel Ni1-xMgxFe2O4 solid solutions at various magnesium contents (x). 

(x) Target ferrite 

composition 

Stoichiometry 

obtained from EDX 

a (Ȧ) d (nm) V (Ȧ
3
) 

0 NiFe204 Ni1.01Fe1.8104.17 8.313 19.42 574.478 
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0.2 Ni0.8Mg0.2Fe2O4 Ni0.74Mg0.23Fe1.97O4.07 8.324 17.07 576.761 

0.4 Ni0.6Mg0.4Fe2O4 Ni0.43Mg0.40Fe2.03O4.14 8.325 10.50 576.969 

0.6 Ni0.4Mg0.6Fe2O4 Ni0.41Mg0.58Fe1.90O4.11 8.330 13.30 578.010 

0.8 Ni0.2Mg0.8Fe2O4 Ni0.13Mg0.75Fe1.88O4.25 8.338 14.43 579.676 

1 MgFe2O4 Mg0.99Fe1.83O4.18 8.344 11.78 580.929 

 

4.5.2 94B94BElemental composition 

The formation of a solid solution phase of the alloyed nanospinels was further checked by 

examining the composition and elemental distributions of Co, Mg, Fe, and O using energy-

dispersive X-ray analysis (Fig. 4.2). The EDX results indicate the presence of Ni, Fe and O 

for x = 0, and Mg, Fe and O for x = 1. For the solid solution nanocrystals with compositions x 

= 0.2 to 0.8, the presence of Ni, Mg, Fe, and O was confirmed. A summary of the atomistic 

composition of each of the components in the alloyed nanoferrites is provided in Tables 4.1 

and 4.2. The stoichiometry of the elements obtained are consistent with that of expected 

values within the substitution limits, suggesting that there is no side reaction or significant 

loss of the starting materials. In Fig. 4.3, the relationship between the amount of Ni
2+

 and 

Mg
2+

 detected from EDX with respect to the mole fraction of [Mg]/[Mg+Ni] in precursor 

feed indicates a decrease of nickel content with a linear increase in magnesium content. In 

addition, the EDX mapping of the as-prepared Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles given 

in Figs. 4.4 and 4.5, indicate that the distribution of the respective elements in the structure 

are nearly uniform, ruling out the possibility of dealloying or phase separation. This also 

confirms the formation of the solid solution of the two components i.e. NiFe2O4 and 

MgFe2O4 in the single-crystalline alloyed nanospinel. 
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Fig. 4.2. EDX pattern of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solution nanoparticles. 

 

Fig. 4.3. Change in the amount of Mg and Ni as a function of mole fraction of [Mg]/[Mg+Ni] 

in precursor feed. 
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Table 4.2. Summary of the theoretical and experimental atomic % for Ni1-xMgxFe2O4 solid 

solutions obtained from EDX analysis.  

(x) Theoretical atomic %  Atomic % from EDX  

 Ni Mg Fe O Total Ni Mg Fe O Total 

0 14.29 - 28.57 57.14 100 14.55 - 25.89 59.56 100 

0.2 11.43 2.86 28.57 57.14 100 10.40 3.28 28.17 58.15 100 

0.4 8.57 5.71 28.57 57.14 100 6.17 5.74 29 59.10 100 

0.6 5.71 8.57 28.57 57.14 100 5.83 8.32 27.15 58.70 100 

0.8 2.86 11.43 28.57 57.14 100 1.80 10.71 26.84 60.66 100 

1 - 14.29 28.57 57.14 100 - 14.09 26.14 59.77 100 

 

Fig. 4.4. EDX elemental mapping of Ni1-xMgxFe2O4 (x = 0 and 1) nanoparticles.  
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Fig. 4.5. EDX elemental mapping of Ni1-xMgxFe2O4 (0.2 ≤ x ≤ 0.8) nanoparticles. 

4.5.3 95B95BMicrostructure and morphological studies 

The morphology of nanoparticulate Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions was examined 

by using SEM and TEM analyses. Fig. 4.6 shows SEM micrographs of Ni1-xMgxFe2O4 

nanostructures with different compositions varying from x = 0 to x = 1. It can be seen that for 

all compositions, the images show agglomerated nanoparticles, making it difficult to 

ascertain the exact shape and size of the particles. To have clear information about the 

particle morphology, size and microstructure of Ni1-xMgxFe2O4 samples, both TEM and 

HRTEM analyses were carried out. The TEM images displayed in Fig.4.7 shows a mixture of 

cubic, rectangular cubic and pseudooctahedral shaped Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid 

solutions. Some of these nanoparticles have truncated edges. The nanoparticles are of 

different sizes in the range of 12.79 – 31.62 nm. Aditionally, from HRTEM images in Fig. 

4.8, the lattice fringes with several interplaner spacing of d = 4.81, 2.94, 2.51, 2.40, and 2.08 

Å were observed, corresponding to the (111), (220), (311), (222), and (400) planes of cubic 

spinel Ni1-xMgxFe2O4 nanoparticles. These results are consistent with the characteristic d-

spacing and miller indices observed from XRD data. Moreover, information regarding the 

crystalline nature of the nanoparticles was evaluated by usig SAED analysis. The SAED 

patterns displayed in Fig. 4.9 reveal several circular rings, which indicates the polycrystalline 

nature of of Ni1-xMgxFe2O4 samples. Evidently, the SAED patterns are composed of several 

diffraction rings showing the presence of (111) and (311) crystallographic planes, based on 

their d-spacings, the positions of which match well with standard spinel Ni1-xMgxFe2O4 (0 ≤ x 

≤ 1) nanoparticles. The absence of any additional diffraction spots and rings of secondary 

phases corresponding to the magnesium, nickel and iron oxides, confirms the solventless 

fabrication of phase-pure ferrite nanospinels, and the SAED results agree well with XRD and 

EDX analyses. 
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Fig. 4.6. SEM images of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) samples prepared by solid state pyrolysis 

of metal acetylacetonates precursors with different mole fractions of magnesium. 

 

Fig. 4.7. TEM images of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 
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Fig. 4.8. HRTEM images of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

 

Fig. 4.9. SAED images of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles 
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4.5.4 96B96BUV-Vis analysis 

The optical properties of the synthesized Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions were 

investigated by analysing the measured UV-Visible absorbance at room temperature for all 

compositions. The absorption spectra in Fig. 4.10 clearly indicate the absorption of the Ni1-

xMgxFe2O4 nanoparticles in the visible range. The spectra demonstrate that the largest 

nanoparticles (x = 0) absorb in longer wavelength while the smallest nanoparticles (x = 0.4) 

absorb at shorter wavelength. The values of the optical band gap was computed according to 

the prominent Tauc's equation,
39

 represented in the form of 𝛼ℎ𝜈 =  𝛽(ℎ𝜈 − 𝐸𝑔
𝑜𝑝𝑡.)𝑚. In this 

equation, 𝛼 = absorption coefficient, ν = frequency of the incident light, h = planks constant, 

𝛽 = edge width parameter and 𝐸𝑔𝑜𝑝𝑡.
 = optical band gap. The graph of (αhν)

1/m
 versus the 

photon energy, hν for different m values revealed that the synthesized Ni1-xMgxFe2O4 

nanospinels are direct band gap materials exhibiting the allowed transition m = 1/2 which is 

consistent with previous results reported for spinel ferrites.
40-42

 The typical Tauc plots of 

(𝛼h𝜈)
2
 versus the photon energy (h𝜈) for Ni1-xMgxFe2O4 solid solutions with Mg

2+
 

concentration in the whole composition range of x are shown in Fig. 4.11. The optical band 

gap (𝐸𝑔𝑜𝑝𝑡.
) was obtained by extrapolating the mostly divergent linear part of the Tauc plot 

into the energy axis (x-axis) to (𝛼ℎ𝜈)
2
 = 0, and the values are presented in Table 4.3. It was 

noted that the optical band gap increases from 1.609 to 1.922 eV upon incorporation of Mg
2+

 

ions from x = 0 to 0.4 in spinel NiFe2O4 nanoparticles. This increase in band gap is 

compatible with the decrease of crystallite size from 19.42-10.50 nm in the same composition 

range of x = 0 to x = 0.4. The observed shift in band gap values of the spinel Ni1-xMgxFe2O4 

with decreasing crystallite size is the result of quantum confinement effects emanating from 

the small size of the nanoparticles.
43

 Moving from x = 0.6 to 0.8, the decrease in band gap 

from 1.870 to 1.856 was noted and is ascribed to the increase in crystallite size from 13.30 to 

14.43 nm. With reference to the optical band gap of bulk NiFe2O4 which is 2.0 eV, a red shift 

is obvious for all composition, which could be due to the increase of internal lattice strain.
44

 

Generally, the observed change in the magnitude of the optical band gap with respect to Mg
2+

 

content is a reflection of structural changes that occur due to changes in composition and 

cation distribution in the crystal lattice.
45, 46

  

Table 4.3. The optical band gaps for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

Zinc content (x 0 0.2 0.4 0.6 0.8 1 

E (eV) 1.609 1.916 1.922 1.870 1.856 1.803 
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Fig. 4.10. UV-Vis absorption spectra of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

 

Fig. 4.11. Tauc plots of (αhυ)
2 

versus energy for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

4.5.5  Electrocatalytic water splitting studies of Ni1-xMgxFe2O4 solid solutions 

The HER activities of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) catalysts were investigated under 

alkaline conditions (1 M KOH) in a usual three-electrode arrangement. Fig. 4.12(a) displays 

the LSV polarization curves of Ni1-xMgxFe2O4 with varying mole ratios of Ni and Mg at a 

scan rate of 5 mV/s. Pure NiFe2O4 displays low catalytic performance with an overpotential 

of 159 mV which was needed to produce a current density of 10 mA/cm
2
. Upon Mg 

incorporation, the electrocatalytic activity was enormously improved as manifested by the 

reduction of overpotential from 159 mV of bare NiFe2O4 to Ni0.8Mg0.2Fe2O4 (135 mV), 

Ni0.6Mg0.4Fe2O4 (130 mV), Ni0.4Mg0.6Fe2O4 (121 mV), Ni0.2Mg0.8Fe2O4 (134 mV), and 
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MgFe2O4 (153 mV). Remarkably, at the current density of 10 mA/cm
2
, the Ni1-xMgxFe2O4 (x 

= 0.6) electrode exhibited the best electrocatalytic activity for HER with an overpotential of 

121 mV which is smaller compared to its counterparts. This reduction in overpotentials 

demonstrate that incorporation of proper content of Mg in the crystal lattice of NiFe2O4 can 

effectively improve its catalytic activity for HER. These results further demonstrated that the 

value of overpotential of Ni0.4Mg0.6Fe2O4 at the geometric current density of 10 mA/cm
2
 is 

superior to many binary and ternary metal oxide catalysts such as NiFe2O4 (290 mV),
47

 

Ni/Co3O4 (145 mV),
48

 Fe2O3/NCs (350 mV),
49

 δ-MnO2 (196 mV),
50

 and MgFe2O4 (402 

mV).
27

 It is noteworthy that the Ni0.4Mg0.6Fe2O4 also shows great superiority to other 

previously reported HER electrocatalysts summarized in Table 4.4. In Fig. 4.12(b), the Tafel 

slopes of all electrodes were measured from the LSV measurements. Remarkably, the Tafel 

slope of Ni0.4Mg0.6Fe2O4 was found to be 125 mV/dec, which is lower than that of NiFe2O4 

(136 mV/dec), Ni0.8Mg0.2Fe2O4 (146 mV/dec), Ni0.6Mg0.4Fe2O4 (130 mV/dec), 

Ni0.8Mg0.2Fe2O4 (184 mV/dec), and MgFe2O4 (143 mV/dec). The reduction of Tafel slope 

from 136 mV/dec (NiFe2O4) to 125 mV/dec (Ni0.4Mg0.6Fe2O4) may be ascribed to probable 

modification effect of the surface electronic state due to incorporation of Mg element, which 

in turn enhances the inherent conductivity of Ni0.4Mg0.6Fe2O4.
51

 These changes indicate that 

among other factors, the electrochemical kinetics depend on the ratio of Mg dopants. 

Generally, the lower Tafel slope of the electrode indicates better process kinetics, even when 

significant H2 generation is needed at elevated voltage or current densities. 
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Fig. 4.12. (a) HER polarization curves, (b) HER Tafel slopes, (c) OER polarization curves, 

(d) OER Tafel slopes, (e) Nyquist plots at 0.5 V, and (f) CA measurement at 0.55 V, for Ni1-

xMgxFe2O4 (0 ≤ x ≤ 1) electrodes. 

The OER activities of a series of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) catalysts in 1 M KOH 

solution were also investigated. The polarization curves of Ni1-xMgxFe2O4 catalysts with 

different mole ratios of Ni to Mg show significant decrease in the overpotential upon Mg 

incorporation in NiFe2O4 (Fig. 4.12(c)). While the pristine NiFe2O4 needed an overpotential 

of 407 mV to deliver a current density of 10 mA/cm
2
, the solid solutions exhibited lower 

overpotentials of 391, 389, 382, and 284 mV for x = 0.2, 0.4, 0.6 and 0.8, respectively. Also 

the pristine MgFe2O4 displayed a lower overpotential of 326 mV compared to NiFe2O4. 

Among the studied series of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) catalysts, Ni0.2Mg0.8Fe2O4 

demonstrated the best OER performance with lower overpotential of 284 mV, within the 

window of potential examined. The electrocatalytic activity demonstrated by Ni0.2Mg0.8Fe2O4 

surpasses many other previously reported metal oxide-based catalysts. For example, 

MnFe2O4 was reportedly synthesized by Li et al. and showed an overpotential of 470 mV at a 

current density of 10 mA/cm
2
 under alkaline media.

52
 In a similar study, CoFe2O4 exhibited 

370 mV under similar electrolytic conditions. Hirai et al. reported that Mn3O4 needed an 

overpotential of 600 mV to produce a current density of 10 mA/cm
2
 in 1 M KOH solution. 

They further reported the synthesis of Mn2.4Co0.6O4 which exhibited a high overpotential of 

510 mV.
53

 Also, Co3O4 nanocubes fabricated by Chen et al. were reported to display an 

overpotential of 580 mV (at 10 mA/cm
2
) in alkaline electrolyte.

54
 Table 4.4 shows the 

comparison of the values of overpotentials Ni0.2Mg0.8Fe2O4 with other non-precious metal 

catalysts. The values of Tafel slope indicated in Fig.4.12(d) were obtained in the range of 54 - 

112 mV/dec. The low overpotential and small Tafel slope make Ni0.2Mg0.8Fe2O4 a more 

promising OER catalyst.  

The electrical conductivity of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) nanocatalyts was elucidated 

by the electrochemical impedance spectroscopy. The Nyquist plot displayed in Fig. 4.12(e) 

shows that the pristine NiFe2O4 nanoparticles possess the large semicircle, demonstrating 

poor electron transfer capability, compared to Ni1-xMgxFe2O4 (0.2 ≤ x ≤ 0.8) solid solutions. 

The lowest charge resistance values displayed by the solid solutions imply intimate contact 

between current collector and Ni1-xMgxFe2O4 and is an indication of more swift charge 

transfer kinetics. The  results confirm further that the incorporation of Mg in spinel NiFe2O4 

lattices contributed to the improvement of electrical conductivity via reduction of the charge 

transfer resistance, and consequently boosting the electrocatalytic properties of Ni1-
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xMgxFe2O4 electrodes. Of all electrode configurations investigated, Ni0.2Mg0.8Fe2O4 shows 

the smallest semicircle, indicating superior conductivity, and hence high electrocatalytic 

activity towards water splitting. 

Evaluation of the catalyst’s electrochemical stability is important for practical water 

splitting. applications. To explore the electrochemical stability of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) 

electrocatalysts, chronoamperometry measurements were performed at 0.55 V. Remarkably, 

no significant changes in the current density were observed during 17 h tests, signifying a 

excellent electrochemical stability of all Ni1-xMgxFe2O4 systems in alkaline electrolyte (Fig. 

4.12(f)). The stability of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrocatalysts was further examined by 

continuous LSV scans in 1 M KOH. The results indicate the absence of significant change in 

the polarization curve after 1000 cycles, signifying superior stability of the nanocatalysts for 

both OER and HER in alkaline solution (Figs. 4.13 and 4.14).  

 

Fig. 4.13. Comparison of HER polarization curve between LSV 1 curve and LSV 1k curve 

for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrodes.  
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Fig. 4.14. Comparison of OER polarization curve between LSV 1 curve and LSV 1k curve 

for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1)  (0 ≤ x ≤ 1) electrodes. 

Table 4.4. Comparison of HER performance of Ni0.4Mg0.6Fe2O4 with previously reported 

electrocatalysts in alkaline electrolyte. 

Catalyst Preparation method 10 (mV) in 1 

M KOH 
 

Tafel slope 

(mV/dec) 

3 Reference 

MgFe2O4 Sol-gel 402 241 
27

 

N-doped Ni3S2/VS2 Hydrothermal 151 107.5 
55

 

Ni-MoSe2 Hydrothermal 206 81 
56

 

CuO@Cu2O Solid state reaction 135 135 
57

 

MoSe2 Solvothermal 310 93 
58

 

Ni3S2 Chemical vapor 

deposition 

116 96 
59

 

NiS Chemical vapor 

deposition 

124 154 
59

 

MoP/MoNiP@C Calcination and 

phosphorization 

134 66 
60

 

S2-NiCoPx/NF Hydrothermal, 

phosphorization and 

144 66 
61
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sulfuration 

CuFe2O4 Ball milling 241(6 M KOH) 114 
62

 

FeSe2/CoFe2O4 Hydrothermal 231 88.76 
63

 

NiS/Ni3S4 Hydrothermal 221 - 
64

 

Fe-doped α-NiS Solventless 146 113 
65

 

CoSe2/MoSe2 Solvothermal 218 76 
66

 

Cu-doped NiS Solventless 154 114 
65

 

Co-doped NiS Solventless 156 98 
65

 

Fe2O3  376 173  
67

 

Ni-NiO  516 207 
67

 

Ni-Ni Fe2O4 Hydrothermal  followed 

by thermal 

decomposition 

217 96 
67

 

NiFe2O4 Hydrothermal 187 122.7 
68

 

Exfoliated NiFe2O4 Hydrothermal 274 85.8 
68

 

NiFe2O4@N/rGO -

800 °C 

Pyrolytic method 157 94.7 
69

 

NiFe2O4@rGO - 

800 °C 

Pyrolytic method 186 129.9 
69

 

Ni0.4Mg0.6Fe2O4 Solventless 121 125 This work 

 

Table 4.5. Comparison of OER performance of Ni0.2Mg0.8Fe2O4 with previously reported 

electrocatalysts in alkaline electrolyte. 

Catalyst Preparation method 10 (mV) 

in 1 M KOH 

Tafel slope 

(mV/decade) 

Reference 

MgFe2O4 Sol-gel 1090 317 
27

 

LiCoO2  520 48 
70

 

CoCr2O4 Calcination 422 63.3 
71

 

Ni59Cu19P9 Electrodeposition 307 42.5 
72

 

FeC/MnO2 Wet-chemical 254 39.81 
73

 

MnO2 Wet-chemical 364 60.84 
73

 

CuO@Cu2O Solid state reaction 315 63 
57

 

CeO2/NiFeCo Precipitation 260 - 
74

 

Co3S4 Solvothermal 310 84.7 
75

 

Ni5P4 Hot injection 350 (50 mA/cm
2
) - 

76
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NiCoS Solvothermal sulfidation 

and calcination 

320 58.8 
77

 

CrMnFeCoNi)Sx Pulse thermal 

decomposition 

295 (100 mA/cm
2
) 66 

78
 

FeCo2S4NTA/CC Template-free 317 (100 mA/cm
2
) 36 

79
 

V-doped NiS2 Hydrothermal 290 90 
80

 

Fe2O3 Hydrothermal followed 

by decomposition 

304 84 
67

 

Ni-NiO Hydrothermal followed 

by decomposition 

397  104 
67

 

S-NiO Electrodeposition and 

calcination 

306 148 
81

 

S-NiFe2O4 Thiourea-assisted 

electrodeposition and 

calcination 

343 124.5 
81

 

NiFe2O4 Hydrothermal followed 

by decomposition 

342 44 
82

 

NiO Hydrothermal followed 

by decomposition 

364 58 
82

 

NiO-Ni 

Fe2O4/rGO 

Hydrothermal–

calcination method 

296 42.8 
83

 

MgFe2O4 Sol-gel 1090 317 
27

 

NiO/NiFe2O4 Hydrothermal followed 

by decomposition 

302 42 
82

 

Ni0.2Mg0.8Fe2O4 Solventless 284 58 This work 

 

4.5.6 98B98BSupercapacitance 

The charge storage capacity of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrodes was investigated 

using CV and GCD studies. Fig. 15 (a-f) displays the CV plots of the Ni1-xMgxFe2O4 (0 ≤ x ≤ 

1) electrodes measured at various scan rates spanning from 2 to 300 mV/s. The CV curves for 

all samples display a similar shape. The Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) materials show a pair of 

apparent redox peaks that signify the supercapacitor characteristics of the electrode, which is 

a result of Faradaic reversible redox processes of Mg↔Mg
2+

, Ni
3+

↔Ni
2+

 and Fe
3+

↔Fe
2+

 

transitions with the aid of OH
−
 ions. Also, the peak currents slowly improve as a function of 

scan rates. It is obvious that the oxidation and reduction peaks still can be noticed at higher 

scan rate up to 300 mV/s, which suggests admirable kinetic reversibility and rate 

performance. Moreover, a slight shift is observed in the position of the redox peaks towards 

more positive and negative potentials as a function of scan rate, which is attributable to the 

polarization of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrodes.
84-86

 

https://www.sciencedirect.com/topics/engineering/sulfidation
https://www.sciencedirect.com/topics/chemistry/calcination
https://www.sciencedirect.com/topics/materials-science/electrodeposition
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Fig. 4.15. Cyclic voltammograms of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrodes. 

The GCD curves of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) samples measured at various current 

densities in the range of 1 to 20 A/g are displayed in Fig.4.16 (a-f). Noticeably, the non-

linearity in the GCD plots further confirms the pseudocapacitance nature of Ni1-xMgxFe2O4 (0 

≤ x ≤ 1), which conform to the results from CV curves. The charge-discharge curves at all 

current densities manifest remarkable electrochemical reversibility. The Ni1-xMgxFe2O4 

electrode with x = 1 exhibits the longer discharge time than other compositions, 

corresponding to higher specific capacitance. The specific capacitances computed from the 

discharge curves were plotted in Fig. 4.17. Apparently, the specific capacitance of the Ni1-

xMgxFe2O4 electrode with x = 1 is 46 F/g at 1 A/g, which is significantly greater than those of 

x = 0 (19 F/g), x = 0.2 (23 F/g), x = 0.4 (20 F/g), x = 0.6 (23 F/g), and x = 0.8 (21 F/g). The 

value of specific capacitance obtained for MgFe2O4 (46 F/g) in this study is higher than the 

value MgFe2O4 nanospheres (43 F/g) reported by Maitra et al. recently.
27

 It also surpasses the 

specific capacitance (33 F/g) of the previously reported MWNT-α-Fe2O3/MWNT hybrid 

supercapacitor synthesized by employing hydrothermal and spray deposition methods.
87

 

Moreover, compared to other electrodes, the Ni1-xMgxFe2O4 (x = 1) still maintains high 

specific capacitance of 23 F/g at 20 A/g, which is around 50 % of the magnitude of specific 

capacitance at 1 A/g, demonstrating the superior rate capability. However, the specific 

capacitance exhibited by electrodes described in this study is relatively low compared to 

some previously reported Mg/Ni metal oxide-based supercapacitor electrode materials. For 
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example, through a sol-gel technique, Uke et al. prepared Zn doped MgFe2O4 nanocrystals 

which displayed specific capacitance of 484.6 F/g.
88

 Nanomeric MgFe2O4 prepared by auto-

combustion supported sol-gel technique was found to exhibit specific capacitance of 428.9 

F/g at the current density 0.0625 A/g.
24

 Gao et al. prepared NiFe2O4 nanoparticles exhibiting 

specific capacitance of 240.9 F/g at the current density of 1 A/g.
16

 The relationship between 

specific capacitance and current density shows that the specific capacitance of all electrodes 

decreased with the increase in current density, which is due to the reduction of degree of 

polarization.
89

 

 

Fig. 4.16. GCD of Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) electrodes. 
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Fig. 4.17. Specific capacitance versus current density for Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) 

electrodes. 

4.5.7 99B99B444.Conclusion 

In conclusion, this chapter reports a composition programmed fabrication of 

homogeneous Ni1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions by solventless pyrolysis method. By 

regulating the molar composition of Mg and Ni in the preparation process, the 

physicochemical and the electrochemical performance of the material were modified. The as-

synthesized Ni1-xMgxFe2O4 (x = 0.6) nanoparticles exhibited the best electrocatalytic activity 

for HER with an overpotential of only 121 mV which is much smaller compared to its 

analogues, at current density of 10 mA/cm
2
 and the electrode exhibits good stability during 

long-term electrolysis. Meanwhile, Ni0.2Mg0.8Fe2O4 showed the best OER activity, requiring 

an overpotential of 284 mV to deliver the same current density within the window of 

potential examined. The outstanding electrocatalytic performance of these solid solutions are 

largely ascribed to the inherent conductivity, nanoparticulate nature and synergism of Mg, Ni 

and Fe in the spinel structure. The results described in this chapter paves the way for the 

design of mixed spinel oxides with high electrocatalytic activity for application in sustainable 

energy systems. 
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CHAPTER 5 

9B9BElectrochemical investigation of uncapped Ni1-xZnxFe2O4 (0 ≤ 

x ≤ 1) solid solutions prepared by a solventless thermolytic 

approach 
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5.1 101B101BIntroduction 

Electrochemical energy conversion and storage technologies play vital roles in our 

daily life, responding to the growing society’s demand for affordable, portable, and 

renewable power supply. They stand out as the most viable option for enabling and 

accelerating the transition to a low-carbon economy, providing a cleaner and more 

sustainable planet.
1
 With the existing over-reliance on non-renewable energy systems, and 

the increasing use of smart electronics, desirable factors such as operability, high 

performance, durability, consistent energy supply and eco-friendliness are required.
2
 For this 

purpose, great expectations are held for energy storage systems such as supercapacitors, 

metal-ion batteries and metal-air batteries, and energy conversion systems constituting a 

sequence of electrochemical processes taking place in fuel cells or electrolyzers.
3-5

 Normally, 

electrochemical energy systems constitute a series of complex physical interactions and 

chemical processes occurring at the surface and within electrodes/electrolytes. The transport 

behaviors and kinetics of diverse carriers such as ions, electrons, molecules and holes are 

closely related to the type of electroactive materials employed for electrodes/electrocatalysts. 

The nature of the electroactive material, amongst others influences the electrochemical 

activity, device performance and cost.
6
 Improving the electrochemical performance of the 

two technologies has been the focus of research in recent years attracting intensive attention 

from academia and industry. 

The advent of nanotechnology gave electrochemical energy systems a new lease of life, 

providing advantages with regards to power, materials sustainability, capacity and cost that 

are still far from being fully realised.
7
 Additionally, the innovation of new nanomaterials and 

in-depth knowledge of their quantitative and qualitative structure-composition-property-

performance relationships have played a crucial role in advancing the energy systems.
8
 In 

recent years, amongst inorganic solids, nanoscale transition metal oxides have demonstrated 

promising potential for supercapacitors and electrocatalytic water splitting.
9
 In particular, 

ferrospinels such as MgFe2O4,
10

 NiFe2O4,
11

 MnFe2O4,
12

 CoFe2O4,
13

 etc., have demonstrated 

superior electrochemical behaviour than the corresponding single metal oxides due to their 

structural and compositional versatility, making them a better choice over other options. 

Furthermore, they exhibit interesting properties including admirable redox reversibility and 

conductivity which contribute to improved electrochemical behaviour.
14

 The synergistic 

contributions of each transition metal ion in the mixed ferrite structure leads to the substantial 
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improvement of conductivity,
15

 along with abundant reaction sites emanating from multiple 

elements, contributing to superior electrochemical activities.
9
  

Spinel zinc ferrite (ZnFe2O4) and nickel ferrite (NiFe2O4) are among the ferrospinels 

which are currently investigated for energy related applications. Due to their cost-

effectiveness, decent electron transport properties, easy accessibility, recent studies have 

mainly focused on their suitability as electroactive materials for lithium ion batteries, 

supercapacitors and electrocatalytic water splitting.
16-20

 For example, a recent investigation 

by Simon et al. revealed high electrocatalytic activity of mesoporous NiFe2O4 for oxygen 

evolution reaction under alkaline condition.
21

 The as-prepared NiFe2O4 obtained via a soft-

templating method delivered a current density of 10 mA/cm
2
 at an overpotential of 410 mV 

with a relatively small Tafel slope of 50 mV/dec. Sun et al. synthesized a stable  ZnFe2O4 

electrocatalyst with better hydrogen evolution activity manifested by an overpotential of 170 

mV.
22

 Zhang et al. reported yolk-shell ordered ZnFe2O4 nanoparticles prepared by using a 

simple solvothermal approach. The nanocatalyst exhibited an overpotential of 280 mV at a 

current density of 10 mA/cm
2 

and the Tafel slope of 70 mV/dec, demonstrating excellent 

electrocatalytic oxygen evolution capability.
23

 Joshi et al. employed a single step 

electrodeposition method to fabricate bimetallic ZnFe2O4 nanosheets as a supercapacitor 

electrode which yielded a specific capacitance of 1093 F/g at a current rate of 1 A/g.
24

 Dalai 

et al. prepared a ternary NiFe2O4 electrocatalyst which exhibited higher activity for OER, 

with an overpotential of 290 mV and lower Tafel slope of 42 mV/dec.
25

  

There is still potential to further upgrade the electrochemical performance of ZnFe2O4 and 

NiFe2O4 materials. As a result, some approaches are developed to achieve this goal. One 

strategy involves the formation of composites comprising metal oxides and highly conductive 

materials, such as carbon nanotubes, graphene, etc.
26-28

 Another approach is to modify or 

change their composition while the materials’ phase and structure remain intact.
20, 29, 30

 

Interestingly, both ZnFe2O4 and NiFe2O4 possess the same cubic structure and space group of 

Fd3m as per their standard XRD patterns. Meanwhile, the ionic size of Zn
2+

 (0.82 Å) is very 

close to that of Ni
2+

 (0.78 Å), demonstrating the likelihood of obtaining a series of 

substitutional solid solutions with diverse compositions and stoichiometries via substitution 

of Ni with Zn during the synthesis process. In this case, it is anticipated that a solid solution 

between ZnFe2O4 and NiFe2O4 within the whole composition range, is possible and the phase 

and crystal structure remain unchanged due to similar crystallographic structure of the two 

parent spinels.  
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Therefore, in this chapter, a simple solvent free thermolysis method was employed to 

fabricate Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions from metal acetylacetonate precursors. The 

soventless thermolysis (melt) method is rapid, versatile, and binder-free, and it has not yet 

been used to produce monophasic Ni1-xZnxFe2O4 solid solutions from metal acetylacetonate 

precursors. During the synthesis process, the concentration of Ni
2+

 and
 
Zn

2+
 was varied in 

continuum with the aim of identifying the optimal amount that would yield the highest 

specific capacitance, HER and OER activities. 

5.2 102Experimental 

5.2.1 103B103BChemicals 

Nickel (II) acetylacetonates (98%, Merck-Schuchardt), zinc (II) acetylacetonates 

(98%, Merck-Schuchardt), and iron (III) acetylacetonate (97%, Sigma-Aldrich). The 

precursors employed in this study were used as received. 

5.2.2 104B104BSynthesis of Ni1-xZnxFe2O4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) solid solutions 

Nanostructured Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions of different stoichiometric 

compositions were prepared by solvent-free thermolysis of metal acetylacetonates. For the 

typical synthesis of ternary NiFe2O4 nanoparticles, 0.10 g (0.39 mmol) of nickel 

acetylacetonate and 0.27 g (0.78 mmol) of iron acetylacetonate were mixed and the solid 

mixture was ground using pestle and mortar for ≈ 20 minutes to obtain a homogeneous 

mixture. The precursor mixture was then placed into a ceramic boat, which was placed in a 

reactor tube. The reactor tube was then introduced inside the carbolite tube furnace in such a 

way that the ceramic boat must be placed almost in the middle of the heating zone, followed 

by thermal treatment at 450 °C, at a heating rate of 20 °C per minute for 1 h. After 1 h of 

annealing, the heating was switched off, and the furnace was left to cool naturally to ambient 

temperature. The reactor tube was taken out of the furnace upon cooling, and the product was 

collected for analysis without any post-treatment. Likewise, the synthesis of ZnFe2O4 

nanoparticles was achieved by employing similar procedures except that zinc acetylacetonate 

was used instead of nickel acetylacetonate and the amount of zinc and iron complexes were 

maintained in the same mole ratio of 1:2. 

For the synthesis of quaternary Ni1-xZnxFe2O4 (x = 0.2, 0.4, 0.6, 0.8) solid solutions, a 

known quantity of nickel acetylacetonate was partially substituted by appropriate amounts of 

zinc acetylacetonate by adjusting the mole ratios of Zn and Ni in the intervals of 0.2, 0.4, 0.6, 
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and 0.8, while keeping the amount of iron acetylacetonate unchanged in the reaction mixture. 

The reaction procedures for the entire series of solid solutions were kept similar to those 

employed to synthesize the ternary nickel and zinc ferrites. 

5.3 105B105BCharacterization of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

5.3.1 106B106BPowder X-ray diffraction (p-XRD) analysis  

Structural analysis of the Ni1-xZNxFe2O4 nanoparticles was ascertained by powder X-

ray diffraction (p-XRD) analysis employing a Bruker AXS D8 Advance X-ray 

diffractometer. The instrument uses nickel-filtered Cu Kα radiation (λ=1.5418Å) at 40 kV, 40 

mA. The  measurements were recorded at 2θ values ranging from 10 to 80º. 

5.3.2 107B107BScanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) 

analyses 

SEM imaging was carried out on a ZEISS-Auriga Cobra SEM Field Emission 

Scanning Electron Microscope (FE SEM) while EDX elemental analysis was performed on a 

JEOL JSM-7500F Field Emission Scanning Electron Microscope (FE-SEM) Equipped with 

Energy Dispersive X-ray spectroscopy (EDX. 

5.3.3 108B108BTransmission electron microscopy (TEM), High resolution TEM (HRTEM) and 

Selected area electron diffraction (SAED) analyses 

The SAED, TEM and HRTEM analyses were performed on a JEOL 2100 HRTEM at 

accelerating voltages of 200 kV. 

5.3.4 109B109BUV-visible spectroscopy 

The optical absorbance measurements were conducted in the UV-Vis spectral range 

on a Varian Cary 50 UV/Vis spectrophotometer. 

5.4 110B110BElectrochemical evaluation of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

Electrochemical measurements were investigated by a Versastat 4-500 electrochemical 

workstation (Princeton Applied Research, Oak Ridge, TN, USA). The cell setup for 

supercapacitor was made up of a three electrode system consisting of platinum (Pt) wire, a 

saturated Hg/HgO electrode, and the as-synthesized Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes for 

counter, reference, and working electrode, correspondingly. For electrocatalytic water-

splitting studies, only the reference electrode was changed to a saturated calomel electrode 

(SCE) in the same three electrode configuration. To make the working electrode, Ni foam 
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was used as a substrate. The working electrode was prepared by mixing 80 wt. % of the Ni1-

xZnxFe2O4 (0 ≤ x ≤ 1), 10 wt. % of polyvinylidene difluoride (PVDF) binder, and 10 wt. % of 

acetylene black with N-methyl pyrrolidinone (NMP) solvent. The paste was then dried at 

60
◦
C for 24 h. In order to evaluate the electrochemical performance of the Ni1-xZnxFe2O4 (0 ≤ 

x ≤ 1) @ Ni electrodes, cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD) 

measurements were used for supercapacitor test with 3 M KOH solution. For the water 

splitting measurements, linear sweep voltammetry (LSV) measurements were utilized at the 

scan rate of 2 mV/s, and the potential (V, SCE) was converted into a reversible hydrogen 

electrode (RHE) with iR-correction. Furthermore, electrochemical impedance spectroscopy 

(EIS) and chronoamperometry (CA) measurements were performed at 0.5, 0.55 V (V, SCE), 

respectively. All water-splitting tests were studied in 1 M KOH solution. 

5.5 111B111BResults and discussion 

5.5.1 112B112BPowder X-ray diffraction (p-XRD) study 

The p-XRD analysis was performed to confirm the phase purity, crystal structure and 

determine the structural parameters of a series of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions 

with x = 0, 0.2, 0.4, 0.6, 0.8 and 1. The p-XRD patterns shown in Fig. 5.1 (a) demonstrate 

that the position of all the detected characteristic peaks for pure samples x = 0 and x= 1 can 

be indexed well with the standard pattern of the trevorite phase of pure NiFe2O4 (ICDD #. 00-

044-1485) and ZnFe2O4 (ICDD #. 01-073-1963), respectively. It can be seen that the 

incorporation of zinc did not affect the crystal symmetry of nickel ferrite since the p-XRD 

patterns of the as-prepared Ni1−xZnxFe2O4 solid solutions with x = 0.2 to x = 0.8 still match 

well with the standard XRD profile of NiFe2O4. In the limit of instrument sensitivity, no 

evidence of extra peaks corresponding to impurity were observed except those ascribed to the 

parent spinel ferrite systems. This suggests that Zn
2+

 was successfully incorporated and 

perfectly distributed into the lattice site of NiFe2O4, signalling the formation of a single-phase 

system of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solution with a cubic spinel structure.
31
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Fig.5.1.(a) p-XRD patterns of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. (b) Variation of 

lattice constant (left y-axis) and cell volume (right y-axis) as a function of Zn
2+

 concentration. 

The variation of different structural parameters such as cell volume, lattice constant 

and crystallite size with respect to the amount of Zn
2+

 ions were computed and tabulated in 

Table 5.1. A slight increase in cell volume and lattice parameter was noted for the prepared 

nanospinel solid solutions, due to the slight difference in ionic size between Zn
2+ 

(0.82 Å) and 

Ni
2+ 

(0.78 Å)
 
ions. It should be noted that both Zn

2+
 (0.82 Å) and Ni

2+
 (0.78 Å) posses larger 

ionic size compared to the size of interstices in tetrahedral (0.58 Å) and octahedral (0.73 Å) 

sites in the spinel cubic system. This difference in sizes in turn causes expansion of lattice 

when these
 
ions are substituted into the interstices.

32
 Nonetheless, the lattice expansion is 

expected to be more when Ni
2+

 ions are substituted by bigger Zn
2+

 ions. Therefore, it is 

obvious that samples with higher Zn
2+

 content has a larger lattice constants and hence higher 

cell volume.
33

 Generally, the results indicate a linear increase in cell volume from 574.478 to 

590.801 Å
3
, and lattice parameters from 8.313 to 8.391 Å when the composition of zinc was 

varied from x = 0 to x = 1, respectively. The observed linear increase of structural parameters 

with zinc substitution presented in Fig. 5.1(b) is consistent with Vegard’s law.
34

  

Table 5.1: Lattice parameter (a), unit cell volume (V) , crystallite size (d), and EDX 

composition of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions.  

Zn
2+

 

content 

Target ferrite 

composition 

Stoichiometry obtained  

from EDX 

a = b = c 

(Ȧ) 

d (nm) V (Ȧ
3
) 

0 NiFe204 Ni0.95Fe1.9304.13 8.313 19.420 574.478 
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0.2 Ni0.8Zn0.2Fe2O4 Ni0.89Zn0.23Fe1.96O3.92 8.338 13.740 579.676 

0.4 Ni0.6Zn0.4Fe2O4 Ni0.64Zn0.36Fe1.97O4.03 8.356 9.907 583.438 

0.6 Ni0.4Zn0.6Fe2O4 Ni0.39Zn0.62Fe2.09O3.85 8.386 7.998 589.745 

0.8 Ni0.2Zn0.8Fe2O4 Ni0.26Zn0.71Fe2.14O3.89 8.389 9.845 590.379 

1.0 ZnFe2O4 Zn0.88Fe1.82O4.29 8.391 10.960 590.801 

The average crystallite sizes of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles were 

calculated from XRD data according to the Scherrer formula.
35

 The formula allows the 

estimation of the crystallite size from the Braggs angle, the full width at half maximum of the 

peak and wavelength of X-ray source. The crystallite size of pure NiFe2O4 obtained in this 

study was 19.420 nm. The decrease in the average crystallite size with the increasing amount 

of Zn
2+

 ions suggests that the addition of Zn
2+

 has obstructed the crystallite growth of the 

material. This may be attributed to the strong chemical affinity of specific cations such as 

Zn
2+

 to the tetrahedral position,
36

 and the metastable cation distribution in nano regime of the 

ferrospinel particles.
37

 It is also well known that the formation of ZnFe2O4 is more 

exothermic than the formation of NiFe2O4. Therefore, more heat is expected to be evolved 

upon the introduction of Zn
2+

 in the NiFe2O4 system, lowering the molecular concentration at 

the crystal surface and consequently hampering the grain growth.
38

 Furthermore, the decrease 

in crystallite size can be explained in relation to the electronic structure of Ni
2+

 (3d
8
) and Zn

2+
 

(3d
10

) ions. Unlike Zn
2+

, Ni
2+

 has more tendencies to interact with ligands and O
2-

 anions by 

virtue of its incomplete electronic structure. The absence of unpaired d electrons in Zn
2+

 

causes minimal covalent interaction and propensity toward extension between Zn
2+

 and its 

ligands. Thus, incorporating zinc into nickel ferrite hinders the growth of particle, and hence 

reducing the crystallite size. Again, the smaller crystallite sizes of the zinc substituted nickel 

ferrites are ascribed to small bond energy between zinc and oxygen (Zn
2+

-O
2-

) in comparison 

to that existing between nickel and oxygen (Ni
2+

-O
2-

).
39

 The reduction in crystallite size of 

spinel nanoferrites provides intriguing changes in the distribution of ions in the spinel 

structure, giving rise to modification of overall properties. Similar results of reduced average 

crystallite size on addition of Zn
2+

 ions in the spinel ferrite lattice systems have been reported 

previously.
38, 40
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5.5.2 113B113BCompositional studies 

The elemental analysis of the solid solutions synthesized from the metal 

acetylacetonate complexes are shown by the EDX spectra in Fig.5.2. For Ni1-xZnxFe2O4 solid 

solutions with compositions x = 0.2 to x = 0.8, the spectra show the presence of nickel, zinc, 

iron and oxygen as the only constituents in the samples. The spectra patterns of the parent 

nickel ferrite (x = 0) show the presence of nickel, iron and oxygen only, whereas zinc, iron 

and oxygen are present in pure zinc ferrite (x = 1) nanoparticles. Table 5.2 indicates that the 

atomistic composition of all samples matches with the relative amounts of the starting 

materials used. Also, the observed percentage elemental compositions are in good agreement 

with theoretical values. The slight deviation of the experimental values as compared to 

theoretical values can be caused by minor experimental errors or slight difference in the 

reactivity of the precursors. Elemental mapping of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles 

showed uniform dispersion of the respective elements in the samples (Figs.5.3 and 5.4).  

Table 5.2. Summary of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) compositions obtained from EDX analysis. 

(x) Theoretical atomic % Atomic % from EDX analysis 

 Ni Zn Fe O Total Ni Zn Fe O Total 

0 14.29 - 28.57 57.14 100 13.55 - 27.52 58.93 100 

0.2 11.43 2.86 28.57 57.14 100 12.69 3.24 28.06 56.00 100 

0.4 8.57 5.71 28.57 57.14 100 9.13 5.21 28.09 57.57 100 

0.6 5.71 8.57 28.57 57.14 100 5.68 8.90 29.84 55.00 100 

0.8 2.86 11.43 28.57 57.14 100 3.71 10.19 30.52 55.58 100 

1.0 - 14.29 28.57 57.14 100 - 12.62 26.04 61.34 100 
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Fig.5.2. EDX pattern of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solution nanoparticles. 

 

Fig.5.3. EDX elemental mapping of Ni1-xZnxFe2O4 (x = 0 and 1) showing uniform 

distribution of elements. 
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Fig.5.4. EDX elemental mapping of Ni1-xZnxFe2O4 (0.2 ≤ x ≤ 0.8) solid solutions showing 

uniform distribution of elements. 

5.5.3 114B114BAnalysis of microstructure and morphology  

The SEM images of the synthesized ferrite solid solutions are shown in Fig.5.5. The images show 

agglomerated particles in all the prepared compositions. TEM observation was further utilized to 

study Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles in terms of morphology and microstructure. As 

displayed in Fig. 5.6, a series of crystalline nanocubes, rectangular nanocubes and 

nanooctahedrons of nickel-zinc ferrites were observed. The size of these nanostructures were 

estimated to be in the range of 11.56 - 25.61 nm. Typical high-resolution TEM (HRTEM) images 

of Ni1-xZnxFe2O4 samples are shown in Fig. 5.7, from which the lattice fringes with d-spacing of 

0.258, 0.294, and 0.482 nm were obtained and are consistent with that of (311), (220), and (111) 

planes of spinel NiFe2O4 and ZnFe2O4. From the HRTEM images, it is further confirmed that the 

nanoparticles are polycrystalline. Moreover, the selected-area electron diffraction (SAED) patterns 

of all samples confirmed the polycrystalline nature of nanoparticles due to obvious spoty rings, 

which can be well indexed to (311), (400), (440), (422) and (511) planes of spinel ferrites (Fig. 

5.8). 
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Fig.5.5. SEM images of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) samples. 

 

Fig.5.6. TEM images of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 
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Fig.5.7. HRTEM images of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

 

Fig.5.8. SAED images of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 
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5.5.4 115B115BAnalysis of optical properties 

The optical properties of the pristine spinel ferrite systems and the corresponding solid 

solutions were determined by UV-Vis spectroscopy and the results are displayed in Fig.5.9. Broad 

absorption was observed within the wavelength range of 300 - 800 nm of the UV-visible 

absorption spectra of the as-prepared Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) systems. The estimated energy 

band gap for pristine NiFe2O4 (x = 0) computed via the Tauc plot method was found to be 1.605 

eV. This band gap value is roughly comparable to the experimental values reported in the 

literature.
41, 42

 The optical band gap of pure nanospinel NiFe2O4 obtained in this study was 

significantly red shifted from the bulk value which is around 2.1 eV. With reference to the band 

gap of pure NiFe2O4 nanoparticles, it is noted from Fig.5.10 and Table 5.3 that, the introduction of 

zinc causes a gradual blue shift in the optical absorption edge for the zinc substituted samples. This 

is attributed to size miniaturization and change in unit cell volume.
43

 The change in lattice 

constants and crystallite size may cause the formation of some of the defects and localized states, 

thereby inducing changes in the band gap.
44

 In general, the band gap of semiconductor solid 

solutions is expected to behave linearly with respect to the values of lattice constants. Thus, if the 

variation in the lattice constants of the solid solutions is in compliance with Vegard’s law, then a 

linear relationship between composition of the solid solutions and band gap can be obtained. 

Noticeably, the compositional dependence of the direct optical band gap of the synthesized spinel 

ferrite solid solutions presented in Fig.5.11 shows a linear shift from NiFe2O4 (x = 0) to ZnFe2O4 

(x = 1). Our results are in close agreement to that reported by Mir et al. for Ni substituted NdFeO3 

nanocrystals.
43

  

 

Fig.5.9. UV-Vis of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles at different zinc contents. 
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Table 5.3. The optical band gaps for Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

Zinc content (x) 0 0.2 0.4 0.6 0.8 1 

Eg (eV) 1.605 1.940 1.879 1.887 1.943 1.976 

 

 

Fig. 5.10. Tauc plot of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles at different zinc content. 

 

Fig.5.11. Variation of band gap of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) as a function of Zn
2+

 ions 

concentration. 
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5.5.5 116B116BEvaluation of the potential of Ni1-xZnxFe2O4 nanospinels for energy applications 

5.5.5.1  Electrochemical water splitting 

In order explore the composition-tunable electrochemical performance of Ni1-

xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles towards water splitting, HER and OER activities were 

examined in alkaline electrolyte. Fig 5.12 (a) shows HER LSV plots of the Ni1-xZnxFe2O4 

systems performed in 1 M KOH solution. Remarkable catalytic performance was exhibited 

by Ni1-xZnxFe2O4 (x = 0.8) which recorded a small overpotential of 87 mV at a current 

density of 10 mA/cm
2
. This potential is significantly lower compared to that of pure NiFe2O4 

(213 mV) at the same current density, and convincingly confirms the advantage of metallic 

Zn doping in NiFe2O4 toward HER. The superior HER activity of Ni1-xZnxFe2O4 (x = 0.8) is 

related to optimum doping level which could tune Gibbs free energies of hydrogen 

adsorption.
45

 Similarly, other nanocatalysts displayed high catalytic performance than the 

pristine NiFe2O4 (x = 0), registering small overpotentials of 137 mV(x = 0.2), 98 mV(x = 

0.4), 153 mV(x = 0.6), and 164 mV(x = 1). The corresponding Tafel slopes presented in Fig 

5.12(b) obtained for a series of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanocatalysts were found in the 

range of 118-152 mV/dec. The HER catalytic performance demonstrated by Ni1-xZnxFe2O4 ( 

x = 0.8) nanocatalyst is significantly superior and competitive with many of the previously 

reported electrocatalysts. For example, the ZnFeNiS/NC electrode synthesized by Jing et al. 

achieved overpotential of 162.57 mV at 10 mA/cm
2
, which is comparably larger than that of  

Ni1-xZnxFe2O4 (x = 0.8) prepared in this study.
46

 The HER catalytic activity observed for 

nanoscale Ni1-xZnxFe2O4 (x = 0.8) is also superior to that of Zn-Co-PNNs/3D-NF catalyst 

(138 mV) prepared by chemical vapour deposition.
47

 Furthermore, the OER performance 

displayed by Ni1-xZnxFe2O4 (x = 0.8) is comparable to that of Fe0.09Co0.13-NiSe2/CFC (92 

mV) synthesized via hydrothermal- method followed by selenization.
48

 Further comparison 

of HER performance between Ni1-xZnxFe2O4 (x = 0.8) and other elctrocatalysts is shown in 

Table 5.3.  

The catalytic activity of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles towards OER was 

also examined. The LSV results in Fig 5.12 (c) indicate that Ni1-xZnxFe2O4 ( x = 1) possesses 

higher OER catalytic performance than Ni1-xZnxFe2O4 (x = 0) and even superior activity 

compared to all series of solid solutions investigated. The Ni1-xZnxFe2O4 (x = 1) nanocatalyst 

required lower overpotential of 330 mV compared to 349 mV of bare NiFe2O4 to deliver the 

current density of 10 mA/cm
2
. Other catalysts exhibited overpotentials of 389 mV (x = 0.2), 

416 mV (x = 0.4), 387 mV (x = 0.6), and 399 mV (x = 0.8). The value of overpotential (330 
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mV) obtained for Ni1-xZnxFe2O4 (x = 1) in this work shows superior OER performance 

compared to other previously reported OER catalysts (Table 5.4). Furthermore, to elucidate 

the reaction kinetics of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanocatalysts, a comparison of the Tafel 

slopes of all electrocatalysts was further established as shown in Fig 5.12 (d). Evidently, after 

linear fitting of Tafel plots, Ni1-xZnxFe2O4 (x = 1) catalyst exhibited a Tafel slope of 45 

mV/dec, which is observably smaller compared to 52 mV/dec (x = 0), 56 mV/dec (x = 0.2), 

66 mV/dec (x= 0.4), and 56 mV/dec (x = 0.8). These findings disclose the faster reaction 

kinetics and good OER performance of the optimized Ni1-xZnxFe2O4 (x = 1) catalyst. 

To get insight into the inherent conductivity of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) 

nanocatalysts, electrochemical impedance spectroscopy studies were performed. Fig 5.12 (e) 

presents the Nyquist plot comprising semicircles of different sizes. The diameter of the 

particular semicircle signifies the resistance to charge transfer produced from the mass 

transfer process. Apparently, Ni1-xZnxFe2O4 (x = 1) exhibits the smallest charge transfer 

resistance, demonstrating a more swift charge transfer during electrochemical water splitting 

process. 

Long-term durability and stability of the Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanocatalysts for 

electrochemical water splitting were further examined due to their significant role in practical 

applications. The long-term durability tests were carried out by chronoamperometry 

measurements. The CA plot in Fig 5.12(f) shows that all catalysts preserved the 

electrochemical catalytic activity which is demonstrated by negligible change in current 

density even after 23 h at a constant voltage of 0.55 V, confirming the good stability of the 

catalysts. In addition, the catalysts stability was tested by linear sweep voltammetry, and the 

HER and OER polarization curves in Figs. 5.13 and 5.14, respectively show comparable 

results between the 1
st
 cycle and the 1,000

th
 cycle. However, a little fluctuation was observed 

in some graphs which is related to evolution of gas during water splitting. Generally, 

compared to many other catalysts, the cubic spinel structure of the ferrites described in this 

work is beneficial for their stability under prolonged electrocatalysis in alkaline solution. 



183 

 

 

Fig. 5.12. (a) HER polarization curves, (b) HER Tafel slopes, (c) OER polarization curves, 

(d) OER Tafel slopes, (e) Nyquist plots at 0.5 V, and (f) CA measurement at 0.55 V, for Ni1-

xZnxFe2O4 (0 ≤ x ≤ 1) electrodes. 

 

Fig. 5.13. Comparison of HER polarization curve between LSV 1 curve and LSV 1k curve 

for Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes.  
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Fig. 5.14. Comparison of OER polarization curve between LSV 1 curve and LSV 1k curve 

for Ni1-xZnxFe2O4 (0 ≤ x ≤ 1)  electrodes. 

Table 5.3. Comparison of HER performance of Ni0.2Zn0.8Fe2O4 with previously reported 

electrocatalysts in alkaline electrolyte. 

Catalyst 1. Preparation method 10 (mV) in 

1 M KOH 
 

b (mV/dec) Reference 

ZnFeNiS/NC Pyrolysis, absorption, and 

sulfurization 

162.57 65.48 
46

 

Zn-Co-P 

NNs/3D-NF 

Hydrothermal and 

phosphidization 

138 81.9 
47

 

Ni0.7Fe0.3S2 Hydrothermal and sulfuration 155 109 
49

 

MoS2-ZnO Chemical exfoliated combined 

microwave assisted method 

239 

(0.5 M H2SO4) 

62 
50

 

Ni/Co3O4 Hydrothermal, etching and 

reduction 

145 109 
51

 

Co0.75Fe0.25P Nanocasting method 209 55.5 
52

 

NiFe@Zn3V3O8 Hydrothermal and calcination 476 85.4 
53

 

NiFe@V2O3 Hydrothermal and calcination 255 51 
53

 

Ni2P/Fe2P Hydrothermal and 121 67 
54
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phosphidization 

Fe0.09Co0.13-

NiSe2/CFC 

Hydrothermal-selenization 92 63 
48

 

S-NiFe2O4/NF Electrodeposition and  

calcination 

138 81 
55

 

NiCo2O4 Solvothermal and annealing 110 50 
56

 

NiFe 

LDH@NiCoP 

Hydrothermal-phosphorization-

hydrothermal method 

120 89 
57

 

Ni0.2Zn0.8Fe2O4 Solventless 87 124 This work 

 

Table 5.4. Comparison of OER performance of ZnFe2O4 with previously reported 

electrocatalysts in alkaline electrolyte. 

Catalyst Preparation method 10 (mV) in 

1M KOH 
 

b (mV/dec)  Reference 

ZnFe2O4@ZnFe2S4 Hydrothermal 320 73 
58

 

ZnFe2O4 Hydrothermal 379 99 
58

 

Ni3S2 Atomic layer deposition 400 51 
59

 

Mn2O3/PdO/ZnO Biomimetic 422  93 
60

 

Zn–Co–S 

nanosheets 

Hydrothermal, annealing & 

sulfidization 

390 136 
61

 

ZnO/Mn3O4 Biomimetic and modified co-

precipitation 

420 96 
62

 

NiFe2O4/CC Solvothermal 340 53.3 
63

 

CoFe2O4/CC Solvothermal 392 64 
63

 

Fe3O4/CC Solvothermal 432 122.5 
63

 

FeOOH/CC Solvothermal 483 142.5 
63

 

ZnFe2O4 Solventless 330 45 This work 

 

5.5.5.2 118B118BSupercapacitance application 

The CV and GCD experiments were performed to explore the supercapacitive 

behaviour of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles in a three electrode setup in 3 M KOH 
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aqueous electrolyte. The CV curves of all electrode composition within the voltage range of 

0-0.5 V at a scanning rate of 2-300 mV/s are presented in Fig. 5.15. All electrode materials 

examined show a pair of approximately symmetrical oxidation and reduction peaks, inferring 

that favorable reversible redox processes were obvious.
64

 The response current density of the 

redox peaks is observed to increase as a function of scan rates (2-300 mV/s), which can be 

explained by the rapid redox processes taking place at the interface between Ni1-xZnxFe2O4 

electrodes and the electrolyte.
65

 The CV curves of Ni1-xZnxFe2O4 (x = 0.8) at different scan 

rates show higher peak current density of the redox reaction compared to other electrodes, 

demonstrating the enhanced energy storage ability and ion diffusion.
66

 Moreover, the 

locations of the cathodic and anodic peaks shift toward the negative and positive potentials, 

correspondingly, due to polarization effect.
67

 Nevertheless, the shapes of the CV curves of all 

Ni1-xZnxFe2O4 electrodes are well retained, signifying the ideal pseudocapacitance 

characteristics and good rate capability.
68

 

 

Fig. 5.15. CV curves of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes at different scanning rates. 

Fig. 5.16. displays the GCD curves of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes performed at 

various current densities ranging from 1 to 20 A/g. The nonlinear and symmetrical GCD curves 

with apparent charge-discharge plateaus further confirm the behavior of redox reaction exhibited 

by the as-prepared nanoparticles. It is expected that, the electrode exhibiting longer discharge time 

demonstrates higher specific capacitance. Apparently, the discharge time of Ni1-xZnxFe2O4 (x = 

0.8) was much longer compared to other electrodes, representing a higher specific capacitance. 
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This may be ascribed to synergistic effect brought by multicomponent elements of Ni, Zn and Fe 

in the spinel system. On the other hand, the variation of specific capacitance with respect to current 

density for Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes is indicated in Fig.5.17. At the current density of 1 

A/g, specific capacitance of 54 F/g was obtained for Ni1-xZnxFe2O4 (x = 0.8), which is higher 

compared to those of x = 0 (28 F/g), x = 0.2 (24 F/g), x = 0.4 (21 F/g), x = 0.6 (38 F/g), and x = 

1(40 F/g). 

 

Fig. 5.16. GCD curves Ni1-xZnxFe2O4 (0 ≤ x ≤ 1)  (0 ≤ x ≤ 1) electrodes at a current densities. 

 

Fig. 5.17. Specific capacity of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) electrodes at different current 

densities. 
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5.6 119B119BConclusion 

In summary, a series of Ni1-xZnxFe2O4 (0 ≤ x ≤ 1) solid solutions with varying amounts 

of zinc and nickel have been efficaciously fabricated via a solventless pyrolysis method. The 

p-XRD and EDX analyses confirmed the formation of homogeneous phase-pure Ni1-

xZnxFe2O4 (0 ≤ x ≤ 1) nanoparticles. In comparison, the incorporation of zinc in the crystal 

lattices of nickel ferrite endows a larger benefit on HER and OER than on supercapacitance. 

Specifically, the Ni1-xZnxFe2O4 (x = 0.8) nanocatalyst displays excellent HER performance 

with superior activity which is manifested by a small overpotential of 87 mV, whereas Ni1-

xZnxFe2O4 (x = 1) catalyst exhibit superior OER performance with a small overpotential of 

330 mV. Additionally, all catalysts were found to be stable after prolonged polarization tests. 

The excellent catalytic performance may be ascribed to composition versatility and structural 

stability, both synergistically promoting the electron transfer and modulating the electronic 

structure. The results of this study have provided a practical approach to fine-tune 

physicochemical and electrochemical properties of ternary metal oxides, and provided 

guidance for rational design of multicomponent solid solutions based on composition 

engineering. 
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10B10B     CHAPTER 6 

11B11BFacile solventless synthesis and physicochemical properties of 

nanostructured Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions 
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6.1 121B121BIntroduction  

Nano-engineered semiconductors are the foundation of myriad technologies including 

communications, electronics, sensing, and optoelectronics.
1
 Since the majority of their 

properties and applications are closely related to the band gap energy, recent work has 

focussed on the preparation of nanoscale semiconductor materials with tunable band gaps.
2, 3

 

Band gap engineering in semiconductors can be realized via different approaches including 

the formation of heterostructures or core/shells,
4, 5

 superlattices,
6
 size tuning, strain,

7
 and 

composition modulation by alloying or doping.
8
 Such modification of band structure have led 

to profoundly distinct properties that are surprisingly different from those of the bulk 

counterparts and have resulted into numerous applications. However, it remains challenging 

to tailor the band gap of semiconductors through size tuning, especially for multicomponent 

semiconductor nanomaterials. This is so because the tuning of the band gap by manipulation 

of particle size could lead to instability of the very small nanoparticles in some practical 

applications. Another challenge is the disappearance of the quantum confinement effect in 

thin films and polycrystalline materials.
9, 10

 Moreover, it is equally challenging to obtain 

monodispersity in core-shells and other heterostructured systems due to the multistep 

synthesis protocols involved. Their synthesis requires growth of the shell with proper 

thickness which in turn increases the overall size of the nanocrystals.
11, 12

  

Unlike the case of size and shape manipulation, composition engineering offers another 

opportunity to tailor the materials’ properties. This can be achieved through the formation of 

a solid solution, doping or alloying of foreign elements/compound into the host lattices. This 

process changes the arrangement of cations between the available tetrahedral and octahedral 

voids in the crystallographic unit cell structures.
13, 14

 Consequently, substantial changes in 

lattice parameters, energy band gap, electrical transport, and luminescence properties of the 

host material are realized.
15-17

 The formation of solid solutions allows the dopant to randomly 

inhabit the position of the anions or cations in the host material. This permits more control 

and flexibility on tailoring of the overall properties of the nanocrystals, and the alloyed 

nanostructures may not only acquire the properties of their pristine materials but also display 

new distinct properties.
2
 To date, a great deal of solid solutions with tunable composition 

have been reportedly prepared,
18-21

 and they have demonstrated fascinating properties that are 

not found in the simpler parent systems. 

MgFe2O4 and CoFe2O4 are ternary metal oxides which have attracted a huge research 

interest. They both exhibit a cubic spinel structure in which the cations are distributed 

between the tetrahedral and octahedral positions. These spinel ferrite systems have 
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demonstrated excellent performance in various technologically relevant applications 

including catalysis,
22, 23

 biomedical,
24

 
25

energy storage,
26-28

 gas sensing,
29, 30

 and energy 

generation,
31-33

 applications. Their outstanding performance is considered to be a result of 

their structural and chemical versatility. To further improve their physicochemical properties 

for a wide range of applications, the focus of current research is to prepare composition-

tunable multicomponent solid solutions. Interestingly, the two spinel ferrites are isovalent, 

exhibit the same cubic structure, and the corresponding divalent cations have comparable 

ionic size (Co
2+

, 0.88 Å, Mg
2+

 0.86 Å). This structural and chemical similarity infers that a 

solid solution is viable across the entire composition range between the two ternary systems. 

For example, using modified sol-gel combustion method, nonmagnetic Mg was partially 

substituted in CoFe2O4 to yield Co1−xMgxFe2O4 (0 ≤ x ≤ 0.75) nanoparticles exhibiting 

structural, electrical and magnetic properties distinct from the host ferrite material.
34

 In 

another study Wongpratat et al. employed hydrothermal route to afford Co1−xMgxFe2O4 (0 ≤ 

x ≤ 1) exhibiting composition dependent particle size and magnetic properties.
35

 Another set 

of cubic Co1-xMgxFe2O4 nanoparticles was reportedly prepared via coprecipitation method.
36

 

With the advent of nanoscience and nanotechnology, it has been established that the 

overall chemical and physical properties of nanostructured semiconductors depend hugely on 

the synthesis method.
37

 Consequently, there has been great developments of reliable and 

reproducible methods for producing solid solution nanostructures over the past years, with 

wet-chemical synthesis dominating the field.
38, 39

 While the synthesis of nanomaterials via 

wet-chemical routes is achieved in the presence of capping ligands, studies have indicated 

that these ligands may, in certain cases, act as impurities on the nanoparticles’ surface, block 

the active sites and weaken its ultimate application.
40

 Additionally, the method suffers from 

poor yield and proceeds with the use of expensive solvents. The synthesis of nanomaterials in 

the absence of capping agents and a solvent-free environment is therefore crucial for their 

enhanced property and overall performance in numerous applications. As a step towards 

green chemistry protocols, the preparation of nanomaterials via solvent-free thermolysis of 

organometallic precursors has recently been proven as economical, simple, eco-friendly and 

highly efficient.
41, 42

 Unlike most solution-based approaches, the method is self-capping, with 

better control over the size and shape of the resultant particles. The approach thus offers the 

opportunity of producing nanomaterials without the use of passivating ligands. In this 

chapter, phase pure Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solution nanoparticles were synthesized 

via the solventless, surfactant free pyrolysis of metal acetylacetonate precursors. The solid 

solution was generated by varying the stoichiometric composition of Co and Mg in the 

https://www.sciencedirect.com/topics/physics-and-astronomy/magnetic-properties
https://www.sciencedirect.com/topics/physics-and-astronomy/ferrites
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mixture. Investigations were also performed to ascertain the influence of substituent 

composition on the physicochemical properties of the resulting solid solution nanocrystals. 

6.2 122B122BExperimental 

6.2.1 123B123BChemicals 

Cobalt (II) acetylacetonates (98%, Merck-Schuchardt), magnesium (II) acetylacetonates 

(98%, Merck-Schuchardt), and iron (III) acetylacetonate (97%, Sigma-Aldrich). All metal 

complexes were used as received without further purification. 

6.2.2 124B124BSolventless synthesis of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions 

The synthesis of spinel Co1-xMgxFe2O4 nanoparticles of different stoichiometric amount 

was performed via solventless thermolysis of metal acetylacetonates. For the preparation of 

pristine CoFe2O4 nanoparticles, 0.10 g (0.28 mmol) of cobalt acetylacetonate and 0.198 g 

(0.56 mmol) of iron acetylacetonate were mixed and ground using pestle and mortar for ≈ 20 

minutes to obtain a uniform mixture. The precursor mixture was then placed into a ceramic 

boat, which was placed in a reactor tube. The reactor tube was then introduced inside the 

carbolite tube furnace in such a way that the ceramic boat must be placed almost in the 

middle of the heating zone, followed by thermal treatment at 450 °C, at a heating rate of 20 

°C per minute for 1 h. After 1 h of annealing, the heating was switched off, and the furnace 

was left to cool naturally to ambient temperature. The reactor tube was removed from the 

furnace upon cooling, and the product was collected for analysis without any post-treatment. 

Similarly, MgFe2O4 nanoparticles was synthesized by employing similar procedures except 

that magnesium acetylacetonate was used instead of cobalt acetylacetonate and the amount of 

magnesium and iron complexes were maintained in the same ratio of 1:2. 

For the synthesis of quaternary Co1-xMgxFe2O4 (x = 0.2, 0.4, 0.6, 0.8) solid solutions, a 

known quantity of cobalt acetylacetonate was partially substituted by appropriate amounts of 

magnesium acetylacetonate by adjusting the mole ratios of Mg and Co in the intervals of 0.2, 

0.4, 0.6, and 0.8, while keeping the amount of iron acetylacetonate unchanged in the reaction 

mixture. The reaction procedures for the entire series of solid solutions were kept similar to 

those employed to synthesize the ternary cobalt and magnesium ferrites. 
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6.3 125B125BInstrumentation 

6.3.1 126B126BPowder X-ray diffraction (p-XRD) analysis 

The phase of the synthesized spinel Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions was 

elucidated by powder X-ray diffraction (p-XRD) analysis employing a Bruker AXS D8 

Advance X-ray diffractometer. Measurements were carried out in the values of 2θ ranging 

from 10 to 80º
 
and the data obtained were used to compute the structural parameters such as 

cell volume, lattice
 
constants and crystallite size. 

6.3.2 127B127BScanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) 

analyses 

Characterization of surface characteristics and elemental composition of the 

nanoparticles was performed by a Zeiss Ultra Plus FEG Scanning Electron Microscope 

(SEM) equipped with an Oxford detector EDX at 20 kV using Aztec software for elemental 

analysis. The EDX analysis was performed on nanoparticles on carbon tape. 

6.3.3 128B128BTransmission electron microscopy (TEM) and High resolution TEM (HRTEM) 

analyses 

The TEM and HRTEM imaging techniques were collectively used to determine the 

morphological features of the as-prepared Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. Imaging 

was performed on a JEOL 1400 TEM and JEOL 2100 HRTEM, at accelerating voltages of 

120 kV and 200 kV, respectively. 

6.3.4 129B129BUV-visible spectroscopy 

Measurement of optical absorbance was performed in the UV-Vis spectral range on a 

Varian Cary 50 UV/Vis spectrophotometer. 

6.4 130B130BResults and discussion 

6.4.1 131B131BPhase and structure analysis 

The powder X-ray diffraction pattern of the as-prepared Co1-xMgxFe2O4 solid solutions 

with different Mg content (x) ranging from 0 to 1 are shown in Fig. 6.1(a). The XRD patterns 

of the pristine samples with x = 0 showed the presence of CoFe2O4 phase (ICDD #. 00-022-

1086) while that with x = 1 indicated the formation of MgFe2O4 phase (ICDD #.01-089-

3084). Both samples were observed to exhibit a cubic spinel ferrite structure. The diffraction 
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patterns of the solid solutions with different magnesium contents x = 0.2 to 0.8 retained cubic 

spinel structures, which were similar to the parent spinel CoFe2O4. No impurity elements 

were detected in all compositions. Fig 6.1 (b) shows that the lattice constants of the spinel 

Co1-xMgxFe2O4 solid solution nanoparticles varied monotonically with Mg doping due to the 

comparable atomic sizes of Co and Mg. The observed monotonic increase of the lattice 

parameters as a function of Mg content is in agreement with Vegard’s law. The consequent 

increase in the lattice parameters causes the expansion of the unit cell, leading to an increase 

in cell volume (Fig 6.1 (b)). The average crystallite size of all samples was estimated from 

the p-XRD diffraction data by using Scherrer’s formula and was found in the range of 9.68 to 

14.19 nm. It can be observed that, replacement of Co
2+ 

by different amounts of Mg
2+

 results 

to an increase in crystallite size. 

 

Fig. 6.1. (a) p-XRD diffractograms of Co1-xMgxFe2O4 (0 ≤ x ≤ 1), (b) variation of lattice 

constant (left y-axis) and cell volume (right y-axis) of as a function of magnesium content. 

6.4.2 132B132BEDX analysis 

The chemical composition of the as-prepared solid solutions was ascertained by energy-

dispersive X-ray spectroscopy (EDX). The experimental stoichiometric values (Table 6.1), 

and the obtained weight percentage (Table 6.2) of Mg, Co, Fe, and O are in agreement with 

the initial amount used in the respective precursors. These EDX results give an indication of 

successful inclusion of Mg into cobalt ferrite lattice and the absence of phase segregation at 

the grain boundary.
43

 This also signifies complete solid solubility of Mg in CoFe2O4 lattice to 

form single-phase Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. The corresponding EDX spectra 

represented by Fig.6.2 exhibited signals of Co, Fe and O for x = 0, and Mg, Fe and O for x = 

1. Likewise, the solid solutions with composition in the range of 0.2 ≤ x ≤ 0.8 show signals of 

Co, Mg, Fe and O, confirming the purity of the as-prepared nanoparticles. The compositional 

homogeneity was investigated by elemental mapping and Fig.6.3 shows that the elements 
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were uniformly distributed in the spinel Co1-xMgxFe2O4 nanoparticles over the entire 

composition range. 

 

Fig.6.2. EDX spectrum for the prepared Co1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles. 

 

Fig. 6.3. EDX elemental mapping of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions showing a 

uniform distribution of elements. 

Table 6.1. Lattice parameter (a), crystallite size (d), unit cell volume (V), and EDX 

composition of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

(x) Target ferrite 

composition 

Stoichiometry 

obtained 

a (Ȧ) d (nm) V (Ȧ
3
) 

0 CoFe2O4 Co1.04Fe1.98O3.98 8.304 9.68 572.614 
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0.2 Co0.8Mg0.2Fe2O4 Co0.77Mg0.22Fe2.03O3.99 8.330 9.83 578.010 

0.4 C0.6Mg0.4Fe2O4 Co0.55Mg0.39Fe1.97O4.09 8.334 10.52 578.843 

0.6 Co0.4Mg0.6Fe2O4 Co0.32Mg0.65Fe1.92O4.10 8.337 11.70 579.468 

0.8 Co0.2Mg0.8Fe2O4 Co0.23Mg0.72Fe1.95O4.10 8.344 14.19 580.929 

1 MgFe2O4 Mg1.03Fe1.94O4.03 8.345 11.78 581.138 

Table 6.2. Expected and experimental atomic percentage for Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid 

solutions. 

[Co
2+

], (x) Theoretical atomic % (expected) Atomic % from EDX (actual/experimental)  

 Co Mg Fe O Total Co Mg Fe O Total 

0 14.29 - 28.57 57.14 100 14.88 - 28.31 56.81 100 

0.2 11.43 2.86 28.57 57.14 100 10.93 3.14 28.94 56.99 100 

0.4 8.57 5.71 28.57 57.14 100 7.79 5.55 28.10 58.55 100 

 0.6 5.71 8.57 28.57 57.14 100 4.55 9.26 27.48 58.71 100 

0.8 2.86 11.43 28.57 57.14 100 3.23 10.28 27.90 58.59 100 

1 - 14.29 28.57 57.14 100 - 14.68 27.72 57.60 100 

 

6.4.3 133B133BSEM, TEM, HRTEM and SAED analyses 

SEM micrographs of Co1-xMgxFe2O4 solid solutions with different magnesium contents 

are displayed in Fig. 6.4. These images show agglomerated nanoparticles regardless of the 

amount of magnesium present in each sample. Due to the extent of particle agglomerations, 

the particle size and morphology could not be deduced from SEM images. Instead, TEM 

analysis was employed to provide insight into the shape and size of the nanoparticles. The 

TEM images indicated in Fig. 6.5 show the presence of cubic nanoparticles with the size in 

the range of 13.87-19.29 nm. The nanoparticles maintained the same morphology irrespective 

of the amount of magnesium being incorporated in the CoFe2O4 system. As shown in Fig.6.6, 

lattice fringes with the spacing of 0.255, 297 and 0.485 nm were observed in the HRTEM 

images, and they could be attributed to the (311), (220) and (111) crystal planes, respectively. 

Fig.6.7 shows the presentative SAED pattern of Co1-xMgxFe2O4 (x = 0, 0.8 and 1) which 

confirms the well crystalline nature of the spinel nanoferrites. The spotty ring patterns 

observed in the images conform well to the crystallites of the spinel ferrite structure. The 
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Millar indices identified from the SAED images by relating to their d-spacing match well 

with those obtained from the XRD measurements. 

 

Fig. 6.4. SEM images of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 

 

Fig. 6.5. TEM images of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 
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Fig. 6.6. HRTEM images of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions.  

 

Fig. 6.7. Representative SAED images of Co1-xMgxFe2O4 ( x = 0, 0.8 and 1) nanoparticles.  

6.4.4 134B134BOptical absorbance and band gap tuning 

It is well established that the formation of solid solutions results to modifications of the 

band gap, crystal structure, lattice parameters, and local electronic structure of the material,
44

 

all of which can influence its application in diverse fields. In this regard, an attempt was 

made to examine the optical absorption properties and the band gap tuning of the synthesized 

spinel nanoferrites. In this study, the UV-Vis absorption spectra were measured by using UV-

Vis spectrophotometry to ascertain the optical absorption and band-gap energy of the Co1-

xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. Fig. 6.8 shows the observed absorbance spectra of all 
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samples with respect to the wavelength (200 - 800 nm). The samples displayed a broader 

absorption from the UV to the visible light region as the Mg content was increased. Initially, 

there was a gradual decrease in absorbance which is observed to get saturated at higher 

wavelengths with lower absorbance. 

With the aid of UV-Vis absorbance spectral data, Tauc plots of (αhν)
2
 versus (hν) were 

plotted to estimate the optical band-gap energy (Eg) values of all ferrite samples. The optical 

band-gaps were estimated from the tangent drawn at x-axis of the Tauc plots as indicated in 

Fig. 6.9, and the values are summarized in Table 6.3. The values of Eg were found to be in the 

range of 1.741 - 1.943 eV. It is clearly seen from Table 1 that, the band gap of pristine 

CoFe2O4 (x = 0) was obtained to be around 1.873 eV, which is lower than its bulk value 

~1.92 eV.
45

 With addition of Mg
2+

 to the crystal matrix of cobalt ferrite from x = 0.2 to 0.6, 

the band gap increased from 1.741 to 1.943 eV. It was then observed to drop to 1.906 eV for 

x = 0.8 and finally to1.757 eV after complete substitution of Co
2+

 by Mg
2+

 (x = 1). 

Considering the band gap value of pristine cobalt ferrite, there is a blue shift for all 

compositions except for x = 0.2 and 1, which are red shifted. The results and findings are of 

profound significance for the design of novel optoelectronic devices. 

 

Fig. 6.8. UV-Vis absorption spectrum of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solutions. 
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Fig. 6.9. Tauc plots of (αhυ)
2 

versus energy for Co1-xMgxFe2O4 (0 ≤ x ≤ 1) solid solution. 

Table 6.3. The optical band gaps for Co1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles obtained at 

different magnesium content. 

Mg content (x) 0 0.2 0.4 0.6 0.8 1 

Eg (eV) 1.873 1.741 1.935 1.943 1.906 1.757 

 

6.5 135B135BConclusion 

The work described in this chapter provides evidence that fabricating solid solution 

with continuously composition-tunable properties is one of the most effective strategies to 

develop semiconductor devices with high performance. Solid solutions of spinel Co1-

xMgxFe2O4 (0 ≤ x ≤ 1) were successfully prepared by a solventless method at 450 °C for 1hr 

using metal acetylacetonates precursors. Structural analysis showed that all samples exhibited 

a cubic spinel ferrite structure with space group Fd3m. All samples showed the same cubic 

morphology irrespective of the amount of Mg being incorporated in the CoFe2O4 system. 

Considering the band gap value of pristine cobalt ferrite, there is a blue shift for all 

compositions except for x = 0.2 and 1, which are red shifted. The results and findings are of 

profound significance for the design of novel optoelectronic devices. 
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12B12BCHAPTER 7 

13B13BSummary and future work 
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7.1  Summary of the work 

The work described in this thesis focused on examining the suitability of the solventless 

thermolysis method for the fabrication of spinel nanoferrite solid solutions from 

organometallic precursors. A series of spinel ferrite solid solution nanoparticles such as Ni1-

xCoxFe2O4, Co1-xZnxFe2O4, Ni1-xMgxFe2O4, Ni1-xZnxFe2O4, and Co1-xMgxFe2O4, were 

successfully synthesized from their respective metal acetylacetonate precursors. Evaluation of 

their structural, morphological, compositional, optical and electrochemical properties was 

performed by a suite of characterization techniques. The effect of composition variation on 

the physicochemical and electrochemical properties of the synthesized nanostructures was 

also investigated. 

Nanostructured Ni1-xCoxFe2O4 nanoparticles exhibiting a cubic structure were 

successfully prepared via a solventless thermolysis method. Evaluation of energy storage 

behaviour revealed superior charge storage capacity for the Ni0.4Co0.6Fe2O4 electrode 

compared to other electrodes. On the other hand, efficient HER electrocatalysis was 

showcased by the Ni0.6Co0.4Fe2O4 electrode which showed low overpotential of 168 mV and 

Tafel slope of 120 mV/dec. Similarly, higher OER performance was recorded by 

Ni0.8Co0.2Fe2O4 with a lower overpotential of 320 mV and a low Tafel slope of 79 mV/dec. 

The nanofabrication of composition-tuneable spinel Co1-xZnxFe2O4 solid solutions was 

also achieved over the entire composition range. Experimental results revealed that the 

incorporation of diamagnetic Zn
2+

 in the crystal lattice of CoFe2O4 contributed to higher 

discharge time for Co0.4Zn0.6Fe2O4 than the pristine CoFe2O4, which is indicative of higher 

specific capacitance of the solid solution. Electrocatalytic experiments showed that the 

Co0.8Zn0.2Fe2O4 solid solution exhibited higher OER performance with low overpotential of 

317 mV and a small Tafel slope of 56 mV/dec. As for HER in alkaline electrolyte, 

Co0.6Zn0.4Fe2O4 displayed decent performance with low overpotential of 169 mV and Tafel 

slope of 136 mV/dec compared to other electrode compositions. 

It was also demonstrated that by regulating the molar composition of Mg and Ni in the 

spinel Ni1-xMgxFe2O4 solid solutions, the electrochemical performance of the material was 

tuned. At a current density of 10 mA/cm
2
, the Ni0.4Mg0.6Fe2O4 nanoparticles exhibited the 

best electrocatalytic activity for HER with an overpotential of only 121 mV which is much 

smaller compared to its analogues, and the electrode exhibited good stability during long-

term electrolysis. Meanwhile, Ni0.2Mg0.8Fe2O4 showed the best OER activity with an 

overpotential of 284 mV which was required to deliver the same current density. 
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The solventless method was also employed to afford a series of Ni1-xZnxFe2O4 solid 

solutions with varying amounts of zinc and nickel. The incorporation of zinc in the crystal 

lattices of nickel ferrite endowed a larger benefit on HER and OER than on supercapacitance. 

Specifically, the Ni1-xZnxFe2O4 (x = 0.8) nanocatalyst displayed excellent HER performance 

with a small overpotential of 87 mV, whereas Ni1-xZnxFe2O4 (x = 1) catalyst exhibited 

superior OER performance with an overpotential of 330 mV. 

The synthesis and physicochemical studies of Co1-xMgxFe2O4 (0 ≤ x ≤ 1) nanoparticles 

were also performed. Structural analysis showed that all samples exhibited a cubic spinel 

ferrite structure with space group Fd3m. All samples showed the same morphology 

irrespective of the amount of Mg being incorporated in the CoFe2O4 system. Considering the 

band gap value of pristine cobalt ferrite, a blue shift was observed for all compositions except 

for x = 0.2 and 1, which were red shifted. These findings are of profound significance for the 

design of novel electronic and optoelectronic devices. 

Overall, it was observed that compared to the parent spinel ferrites, their corresponding 

solid solutions demonstrated improved physicochemical and electrochemical activity, except 

for Ni1-xZnxFe2O4 where the pristine ZnFe2O4 exhibited higher OER activity than the solid 

solutions. The high performance of the solid solutions is due to elegant combination and 

synergistic influence of the elements. It was also established that the morphology of 

nanoparticles in all systems was not affected by variation in dopant composition. This 

morphological conservation can serve as a straightforward strategy for programming 

morphological complexity into multi-element nanocrystal systems that require simultaneous 

control over composition, shape and crystal structure. 

The overall work reported in this thesis has demonstrated the suitability of solventless 

thermolysis approach in the synthesis of semiconductor ferrite solid solutions from metal 

acetylacetonate precursors. 

7.2 138B138BFuture work  

Since the future applications of spinel ferrites are considered to be closely related to 

environmental and energy issues, future work will continue employing the solventless 

method in developing new functional materials with advanced properties. The study would 

extend to the use of metal acetylacetonate complexes to prepare cobaltite, manganite, 

stannite, gallate, chromate and aluminate solid solution nanoparticles and thin films for 

potential gas sensing, magnetism, supercapacitance, water splitting and biomedical 
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applications. The work on Co1-xMgxFe2O4 will also be extended to investigate their potential 

for supercapacitance, HER and OER. 
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