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ABSTRACT

Metal oxide nanocrystals that adopt the spinel crystal structure, such as spinel ferrites
exhibit a variety of interestinglectronic, magnetic, and optical properties, which render them
suitable for numerous technologically relevant applicatioimterestingly, tuning the
composition of spinel nanoferrites via the design of solid solutions is recognized as an
effective way tamprove 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 appsodo
nanoparticle synthesis have focused on green chemistry principles, including reducing waste,
improving yield and atom economy, and minimizing auxiliaries and reaction skeps.
solventless approach, in which the synthesis of nanomaterials prdneethermal
decomposition of precursors has attracted considerable research interest and proven to be
simple, economical, timeffective, scalable, and edédendly. The work described in this
thesis demonstrates the suitability of the solventless therimotyste 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 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 baBed. chapter gives insight mt
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 andworking principles of
supercapacitorare describedt also shades light intthe concept and potential applications
of spinel ferrites and their corresponding solid solutidree first chapter is culminated by
highlighting the research justification and establishes thking scope and objectives of the
study.

The work described in chapter two entails the scalable synthesis of nanostructured
Ni1xCoFe0, solid solutions via a solventless thermolysis method. The physicochemical
analysis of the aprepared solid solutiongs established by a suite of characterization
techniques, while the procedures of materials fabrication and electrochemical analysis are
also presented.he pXRD analysis confirmed the formation of a series of monophasic cubic

spinel ferrites with spacgroup Fd3m Investigation of the synthesized materials for
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supercapacitance revealed that the nanospinglCNi¢FeO, electrode demonstrated a
longer chargealischarge time, signifying superior charge storage capacity. For efficient HER
electrocatalysis, the BiCo s/€0, electrode showed high performance manifested by low
overpotential of 168 mV and Tafel slope of 18¥/dec. Similarly, N4 sCoy 2F&O, 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 compegiteable spineCo;.
ZNFe0,4 solid solutios via a solvenfree thermolysis approach. The discussionthaf
experiment al results regarding the materi al
optical properties is provided. Experimental results revealed that incorporation of
diamagnetic Zfi in the crystal lattice of CoR®, significantly enhanced both the
physicochemical and electrochemical properties of the resultant material. Higher discharge
time displayed by GaZno F€,0; is indicative of higher specific capacitance of the material
compared to the pristine Cof®. For OER, the CZngFe,0, solid solution exhibited
higher performance reflected by low overpotential of 317 mV along with a small Tafel slope
of 56 mV/dec. A& for HER in alkaline electrolyte, G&Znos &0, displayed decent
performance with a low overpotential of 169 mV and Tafel slope of 136 mV/dec compared to
other electrode compositions.

Chapter four demonstratésat by regulating the molar composition bfg and Ni in
the preparation of Ni;xMgxFeO, solid solutions the physicochemical and the
electrochemical performance of the material were tuned. TheMgiFeO, (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/cn? and the electrode exhibits good stability during loexgn dectrolysis. Meanwhile,

Nip Mgo.sFeO, 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 M, ZnFeO,( 0 O x O 1) withedryingl s ol u
amounts of zinc and nickel have been efficaciously fabricated via a solventless pyrolysis
method. The XRD and EDX analyses confirmed the formation of homogeneous jpliase
Nis,ZnkFeO, (0 O x O 1) In companspna thet incorpdirs of zinc in the
crystal lattices of nickel ferrite endowed a larger benefit on HER and OER than on
supercapacitance. Specifically, thig;ZnFe0, (x = 0.8) nanoatalyst displays excellent

HER performance with superior activity which is manifestedalsmall overpotential of 87
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mV, whereasNi;«ZnFe0, (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 uniformCo.,MgxFe&Os ( 0 O  x nanOpartitlés using metal
acetylacetonate precursors. Structural analysis showed that all samples exhibited a cubic
spinel ferrite structure with space grobd3m. All samples showed the same morphology
irrespective of the amount of Mgeing incorporated in the Cofk®, 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
profoundsignificance 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 observeim this studythat compared to thgarentspinel ferrites, their
corresponding solid solutions demonstrated improved physicochemical and electrochemical
activity, except folNi;.«ZnFe,0O, where the prentZnFeQO, exhibited higher OER activity
than the sadl solutions.
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CHAPTER 1

Introduction and Literature Review



1.1 Generalintroduction

Energy security and environmental sustainabilityfanelamental inputs for sustainable
social and economic development in the modern wdfddwever, the development of
modern society is confronting the conflict between the growing erdengmndand realizing
a low-carboneconomy Due to population and economic growthe global energy demand
is estimated to risby 50% in 2030 and is likely to doubl®y the year 2056.Ideally, this
demand could be realized from fossil fuels, namebtural gascoal, and petroleum oil
However, growing concerns about their remewability, rapid depletion and the associated
myriad of environmental problems cannot be igndréul.the move tavardsa sustainable
world, renewable sources of energy, utthg wind, tidal solar, and hydmowers are
undoubtedly playing a pivotal role in overcoming fossil fuel exhaustion and global pollution
and assure the generation of clean enéiggwever, these renewable energy sources suffer
from seasonal anthtermitentissuesmaking 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 GsEmerefore, to meet the future enenggeds and
low-cabon lifestyle, there is a dire need develop efficient technologiefor renewable
energy harvesting and storage.

Electrochemical energy storagsupercapacitors and batteries) and conversion (fuel
and electrolytic cellsjechnologieplay fundamental rels in the sustainable development of
human society. Thegre essential components that facilitekectrification of transportation,
proficient exploitation of renewable energiesnd the rapid development of portable
electronic€™ In recent decades, percapacitors and rechargeable batteries have
demonstrated great potential as dominant power sources for electric automobiles, portable
electronics, and largscale electric grid¥** Supercapacitors have continued to draw
widespread promisewing to their fast chargdischarge rate, long cycling capability, and
ecofriendliness. They, however, exhibit inferior energy density compared to batteries,
necessitating intervention for improveménsimilarly, the production of hydrogen has been
recognized as a highly efficient energy storage/conversion process to exploit renewable
energy resourcedlolecular hydrogen gas ghistands out as an exceptionally appealing fuel
with the highest energy content, makinguit excellent renewable energy carff However
mostof theH, is presently generated via steam reforming of fossil resources, a route which
proceeds at a low convergioate and emits pollutants, suchG(3, and CO Thus, successful
realization of a green hydrogen economy requires claad efficient routes for H



production Electrochemical water splitting to yield hydrogeH,X and oxygen (@ is
regarded asa clean and proficient solution for a sustainable energy system. It is viewed as a
sustainable approach to substitute fossil fbelsause, in the cycle of the hydrogen economy,
water is used as both the starting precursor angrbgud¢. The combustion of H
simultaneouslyliberates energy and reproduces pollutiee water as the only combustion
by-product'’ The operational prafiency 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 OERequire catalysts to reduce the
overpotentials, as wleas electrical and transpestlated resistances for effective bihd Q
generation. Traditionallyplatinum,ruthenium, and palladiurand their hybrid materials have
long been utilized as ideal HER catalysis/ing to their optimal hydrogen binding energy
and low overpotentidf Similarly, I/ Ru-based compounds including Ru@nd IrG have

been known for OER catalysis. Unfortunately, the high price, insufficient reserves and poor
stability of these noble matbased catalysts restrict their yield of ldt a large scale
equivalent to the global demaft.

Although electrochemical energy systems have advanced considerably over recent
years, further improvements are still needed to meet thegeowing powerdemand, lower
overall cost and expand commercializatibnthis context, the type of electroactive material
plays a decisive role in determining their performance, stability, and%c&sthus, the focus
of new interventions in energy storage iglasgn stateof-the-art electrode materials capable of
delivering high energy density without compromising the power density and cycling cagbility.
Equally important, inexpensive, inexhaustible, efficient, and stable electrocatalysts operating at
low overptentiak are neededor efficient energy conversion systefiis** To date low-cost
materials based on transitionetals,metal alloys,metal oxides, carbides, nitrides, phosphides,
sulfides, borides, and metfiee compositehiave been explored famergy application$?®
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 shdwrexhibit remarkable electrochemical activity
towards water splitting and supercapacitance due to filcbirchemical compositiorredox
reversibility, high intrinsic conductivity, arsliperior ion transpoft®?

Beyond the nature othe material, effetive 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, incorporatig oxygen vacancies, and eeigfect engineering, have been selectively
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used to tailor the electronic structure of diverse nanostructurds.interestingly, the

formation of solid solutions has recently been reported to induce substantial changes in the
material sd6 electrical transport, redox react
of nanoscopic solid solutions represents a robust approach towards obtaining materials with
comparably high electrochemical performance than their pristinet@qmarts due to

increased electrochemical sites and electroconductrAty.

To obtain homogeneous solid solutions, the rational design of a facile and efficient
synthetic protocol is importari. This is because their formation may proceed with
unforesen events such as a rapid increase in enthalpy, the limited solubility of species
involved, and slight structural disorder arising from vacancies or stacking fadltese
events, along with increased chemical complexity, may result in phase segregdtioake
the synthesis of these materials challenging. Recently, solventless thermolysis has been
described as an alternative strategy for lesggle preparation of various nanomaterials
because it is a setfapping, ecdriendly, scalable and straightfward protocol in which
precursor(s) material undergo sefithte pyrolysis under thermal treatm&nin comparison
with the most frequently used wetiemical synthesis and traditional sediéte techniques,
this method guarantees a Ilmost, efficient and lowemperature production of
semiconductor materials with good control of crystallite size and stoichiometry, andhidthas
been utilized for the synthesief nanostructured ferrite solid solutions from metal
acetylacetonate precursdfs®*® The choice of metal acetylacetonate precursors is based on
their low melting points, ecfriendliness, coseffectiveness, as well as low and clean

decompositiorf?

1.2 Literature review
1.2.1 Electrochemicalenergy storage and conversion systems

Electrochemical technologies play a crucial role in realizingustainable future
driven by the production, transformation as well as storage of clean energyefiemable
sourcesHowever,the scope of this literature review is confined to supercapacitors and water

splitting as energy storage and conversion systems, respectively.

1.2.1.1Supercapacitors

Supercapacitors (SCs) refers to energy storage devices in which thgestord
release of electrochemical energy is achieved via reversible adsorption and desorption of ions

at the electrodelectrolytes interface. They have attracted considerable research attention
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both academia and industry owing to their rapid rate lmlfya superior power density

pollution free operation, and long life cycle compared to battéti€s.Owing to these

fascinating properties, supercapacitors are regarded as highly desirable canfdidate

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

capacitors’ Presently, supercapacitors have found potential applications in transportation,

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

protecting,enhancing, and/or replacing batteries in these applicdtions.

1.2.1.2 Design, classification and mechanism of energy storage in supercapacitors

The design of a supercapacitor is composed of electdbdpsd in an electrolyte and

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

device performancdn addition to nortoxicity and lowcost of the electroactive materials

used in an electrode design, it should also be highly porous with highepeieetnd ionic

conductivity, higher specific surface area, and mechanical and thermal st4nilkgwise,

for

ef f

ci

ent

wor king

of t he

supercapacitor

strength, permeability, and chemical inertness shouldobsideredOn the basis of charge

storage mechanism,

electrochemical

capacitors (supercapacitors) are classified

into

electrochemical double layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors
(Fig. 1.1)*
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Fig. 1.1 Diagrams of(a) two and threeelectrode configurations, (b) types of supercapacitors
(EDLC, pseudocapacitor and hybridd (c) mechanism of charge storage in EDLCs, ion

adsorption and desorption on the surféce

The EDLC relies on electrostatic accumulation of chaegdke electrodelectrolyte
interface, and therefore charge storage is done via physical adsorption of the electrolytic ions
at the surface of electrode . Wheepotential is applied, an electric double layer consisting of
cations and anions is formetithe interface between the electrodes and the electrolyte, and

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

Fig. 1.2.Mechanism of capacitive erggr storage via doublyer capacitance established at
electrodes containing (a) carbon particles and (b) porous rcarBseudocapacitive
mechanisms,(c) redox pseudocapacitance, as in metal oxides, and (d) intercalation

pseudocapacitance, wheré lons ae 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 densitynlike rechargeable batteries, the chadgeharge process
in DLCs is nonrFaradic and therefore it shows high cyclability, whiglsignificantly higher
compared to rechargeable batteridsvertheless, EDLCs shows comparatively low energy
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density than batterieOwing to their porous nature, large surface area as well as high
conductivity, carbofbased materials are preferably ussccommon electrodes for EDLEs.

L In contrast, charge storage in pseudocapacitors rely not only on fast surface reversible
redox reactiongFig. 1.2(c) which are Faradaic in nature but also on the creation of an
electric double layerPseudocapacitive mechanismsliver high capacitance compared to
EDLC, and they arise from reversible reduction and oxidation prockisse¢kose occurring

in metal oxides, adsption or insertion of electrolytic ions at the electrode surface, and
intercalation of ionswhere Li ions are introduced into the pristine materiabsplayed in

Fig. 1.2(d) Common pseudocapacitive materials include metal oxides and conducting
polymers®® In hybrid supercapacitors, charge is stored both electrostatically and
electrochemically. This type of supercapacitor benefits synergistically from the wdlwén
EDLC (which enhances conductivity and stability) and pseudocapacitor (which offers
capacitance), thus, increasing the overall device performiafides can be realized through
pairing a pseudocapacitor electrode with an EDLC electrode (forming astyimcapacitor),
incorporating metal oxides in carbtwased materials or conducting polymers in one
electrode (composite capacitor), or coupling a supercapacitor electrode with a battery

electrode (batteryype supercapacitory: >*

1.2.1.3Electrochemical watersplitting

Water splitting (water electrolysis) is generally pictured as an appealing strategy for
the production of clean hydrogen JHand oxygen (€@ from renewable resource
Electrochemical water splittingvolves the chemical breakdown of water iht@lrogen (H)
and oxygen (@) at the separate electrodes by applying an electric cifrdite water
splitting process takes place in an electrolyzer consisting of anode and cathode electrode
compartments immersed in an aqueous electrolyte (acidic,redkali neutralas 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 medwith a proton exchange membrahe®
Cathodic HER and anodic OER are two fundamentald@lfreactions of electrocatalytic
water splitting, and they can be expressed in distinct walpgect to the reaction conditions
(Fig. 1.3 and Table 1.1When a external voltage is applied between the two electrode
compartments, the HER vyields, t the cathode, whereas @ formed at the anode by the
OER.
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2H,0 = O, + 4H* +
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Fig. 1.3 Scheme of conventional water electrolyzer

Table 1.1 Electrochemical water splitting reactiomsder alkaline and acidic electrolytes

Electrode  Acidic medium Alkaline medium

reaction

Anode 2H,0 Y ,+@H +46E°=-1.23V 40HY ©t2H,0+46E"=-0.40V
Cathode  4H"+46Y 2,B°=0.00V 4H,0 +46Y 2,M40H E'=-0.83V
Overall 2H,0 Y .2 PH,E'=-1.23V 2H,0 Y ,2 PO, EY=-1.23V

Under standard temperatui2s(°C), and pressurel(atm) the splitting of water into
molecular H and Q is not thermodynamically favourable, as it needs a thermodynamic
potential of 1.23 V, equivalent to an energy supplip@f= 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® It is also well established that, during water electrolysis, some
unfavorable factors of electrode materials, including ion and gas diffusidractivation
energy, can contribute to extra potential over the standard one, which is aalled
overpotential. Similarly, other factors related to a device, including heat release, electrolyte
diffusion blockage, solution concentration, bubble formatiand wire and electrodes
resistances, can equally contribute to the same &ffettAttempts have been made to
elucidate the reaction pathway and improve electrolyzers, lowering the energy loss. The use



of proper electrocatalysts could significantly Ewthe overpotential and consequently
promote the reaction rate and total cell efficiency. This is manifestezhémymous efforts
devoted to developing nemoble metal electrocatalysts with enhanced HER and OER
activity. For instance, among many materiatgybides, metal alloys, sulfides, nitrides,
tellurides, phosphides, selenides, and borides haga investigated d$ER electrocatalysts
in acidic medium, while several notoble metal OER catalysts like metal oxides and
(oxy)hydroxides have demonstratxtellent performance in alkaline conditiéh ©% %3

In order to gain insights into some issues, such as determining the reactipandtes
designng and synthesizinglectrocatalysts, a clear understandinghefHER mechanism is
indispensable. The echanism ofHER process is greatly dependent on the pH of the
electrolyte, and it takes place according to either the Vehesrovsky or VolmeiTafel
reaction mechanisms. In acidic solutions, the HEEBchanismproceeds according to the
following steps: Tk process begins with the Volmer reaction in which a protof) (H
combines with an electron-jeon 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 canbination of the adsorbed hydrogen atom {gHvith a proton (H) and an electron (e
) to produce a hydrogen molecule ;JHFinally, 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 conditiondience the low concentration of protons. Therefore, in these
two steps, molecular J is used instead of 'HThe HER mechanism in bothidic and
alkaline electrolytess described in Table 1% On the other handhe 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 guslifferent factors such as
overpotential, Tafel slope, Faradaic efficiency, turnover number, and catalyst sfability.

Table 1.2 The electrochemical mechanism for HER.

HER step In acidic medium In alkaline medium

Volmer reaction T+H+€eY T HO+e+ TY 5 F BH
Heyrovsky reaction THagst H + €Y FH T THags+* HO+€eY pHOH +T
Tafel reaction THags+ THagsY 2T THags+ THagsY B 2T




1.2.2 Introduction to ferrites

Ferrites refer to &lass of metal oxides consisting of iron as the main component in
their structure. According to their structure, there are four broad ferrites categotines
ferrites, garnets, hexagonal, and spinel ferri®gtho-ferrites is a category of ferrites
exhibiting an orthorhombic crystal system with space giebpm They are generally weak
ferromagnetic materials designated by REefthere R is the rarearth element. Common
examples include LaFend DyFeQ. Garnets refer to a group of ferrites charazeel by
Ahard magnetico features and are sFed,esent e
where R stands for the raearth element. Their crystal structure possesses tetrahedral,
octahedral and dodecahedral sites. A good example is Yttrium gagRetOY.. On the other
hand, hexagonal ferrites or hexaferrites are ferrites with the chemical formulgQyf-e
where M can be barium, strontium, calcium or lead. They arentanrelated group of
compounds having hexagonal and rhombohedral symma@ingse compounds exhibit
complex crystal systems and are magnetically fartf. Spinel ferrites represent a large
family of magnetic mixednetal oxides having a stable crystal structure of the naturally
occurring mineral spinel, MgAD.,, and was determined ftire first time by Bragg in 191%.
These semiconducting ferrites derive their name from their structural similarity with a
naturally occurring mineral MgAD,. They are alternatively referred to as ferrospinels or
cubic ferrites. Thus, spinel ferrites caimply be defined as closely packed cubic systems
consisting of trivalent iron (B8 and divalent cations # resulting in formula MFgO,
(where M represents divalent metals including Mn,Fe, Co, Mg, Cu, Zn, Ca, etc., or their
combinationy They arevery stable compounds due to their stable crystal struchmieel
ferrites provide Iimportant flexibility in m
optical characteristics due to the proximal interaction between two distinct metal cations in

the crystallographic sites, enabling synergistic effects not displayed in simple metaldxides.

1221The ferritebs scationsigeloccipationuct ur e and

Crystallographically, the ferritespinel 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, {MFe*],04 is maintained by the
corresponding divalentation, M and trivalent cation, Bé& in 8 tetrahedral and 16
octahedral positions, correspondinglyThe 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?" and Fé&" 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 in the tetrahedral voids and ¥én octahedral holes of the loig cell. In contrast,

the inverse spinel structure has both tetrahedral and octahedral positions harbored by an equal
population of trivalent F& ions while the divalent [t ions fill the octahedral spaces. The
mixed spinel system have both?Mand Fé&" distributed randomly in tetrahedral and
octahedral void§®"* The distribution of metal cations in the crystal structure depends on
their afynity to occupy the crystallographic
of metal cationscation charge,crystal field stabilization energy, size of interstitial sites,
fabrication route, and synthesis reaction paramétérsit 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 withithe 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 tales 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®® Table 1.3 shows the preference of different cations in botahedral 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 sgardates via changes in cation

arrangement, composition and oxidation sfite.

®

Tetrahedral sites

(b)

Octahedral sites

—® (c)

O Oxygen 'i:? A-atoms (tetrahedral sites) @@ B- atoms (octahedral sites)
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Fig. 1.4 (a) The crystal structure of spinel ferrite (AB = MFeO,4, where A or M =

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

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

Spinel structure Normal Mixed Inverse
Cation zn”t ¢ Mn* Fé"T Mg® Ni¥* cot cut

Co-ordination Tetrahedral ® O 6

Octahedral ) o) ) @) ()

Spinel ferrites have beeat 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 st&bilitierestingly,
these meerials consist of highly abundant elements, and their low fabrication costs make
them appealing for numerous use in different fields, includimgrgy storage and conversion,
gas sensors, photocatalysis, and magnetic drug deli®nit 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 possibiligftaate a virtually infinite
series of solid solutions unlock the means to tailor their properties for many advanced

applications.

1.2.3 Solid solutions

The formation of crystalline solid solutions has long been considered an effective
strategy fortailo i ng mat eri al sé& struct urAanumberofdhesehy si c
crystalline phases have been selectively applied in everyday life for many vyears.
Consequently, these phashave becomesignificant componest 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 laticactically, the material is referred
to as a solid solution when the concentration of foreign species rises above28®t The
foreign chemical specie(s) being introduced in the host matar&él not result in a
significant change in the crystal symimyeof 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 concurrentsubstitution 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 fromirthted
solubility of different components in the solthte. 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 phenomenoeretbre, offers the ability to
modify or enhance the optical, electrical, magnetic, electrochemical, or mechanical properties
of the host material for various applicatioms.a perfect crystal, the inclusion of foreign
chemical components may cause a svigke 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 soldion, and its composition can be adjusted over a wide raageerally,for the
lowest formation energy and composition tuning over an entire range during the formation of
solid solutions, crystallographic parameters, cationic/anionic radius, chemicatejabnd
quantum properties of the components should be consitfeBasically, the formation of
solid solutions is guided by a set of principles according to the followunge Rothery
rules® 84 (i) the two components should possess similar crystalfiiic 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 compositioge rand avert phase
segregation, andii) The two components must have comgide 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 betweenwbespecies should bE5% or lesgo
enable a random substitution. If the difference in size between the two component exceeds
15%, then the size factor is said to be unf
limited. In homogeneous multicomportephases such as solid solutions, stoichiometry
influences the mat eri al 6s physi cmecessanamildi c a | e
predictable manner, the variation being often monotonic with composition. This behavior can
be well demonstrated by Vegal 6 s whiehwelates 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 soltftiBasides
the size, other features such as thermal stability, electronic and optical propertiesralso v
regularly with composition.

Nanostructuring of solid solutions is considered a promising stretegsealizing
tailored properties and superior performance in numerous applications such as
photodegradation of organic pollutants, clearergy harvesting and storage, optoelectronic
nanodevices, and bicelated applicationgCompared with the bulk materials, nanostructured
solid solutions offers more advantagesyich includelarge specific surface area, quantum
confinement effect, and quantum size efféctvide range ofolid solutiors both in bulk and
nanoscale, includinthe selenidesRbS..Sg,?” and SNS.xSe,®® ), sulphides Bis.oxShySs
and Ni,C0s,S4),% oxides (MnxCoFe0,," and Zn,,Mn,Fe0.),% tellurides (ZrCdh xTe)*
and phosphides (#Ba xP)* have been prepared

1.2.4 Classification of semiconductor solid solutions

Solid solutions can be classified basediwm number of component elements present
in the system/compound and the nature of cation/anion occupantlye host crystal

structure.

1.2.4.1Classification 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 solidolutions are the most common type of solid solutionsied when two
or more chemical species (cation/anion) with the same vatancenutually substitute each
other within the same crystal systeinence takingip corresponding crystallographic sites.
Simply, it involves cationic and/or anionic substitutions in the same cry3tathe other
hand, interstitial solid solutions are formed when the foreign atom/ion occupies an existing
empty siteihterstices/voidsand no species are left out in the cristastem® 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, lithiwwarbon 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 accommddatezltwo basic
types, a significanvariety 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 dfigcds

illustrates the formation of both interstitial and substitutional solid solutions.

(b)

‘. @ Solute atoms

Fig. 1.5 Representatioof (a) substitutional solid solutioand(b) interstitial solid solution.

1.2.4.2 Classification of solid solutions based on the number of componeelements

On the basis of the number of component elememtations or anions), crystalline
solid solutions can be classified as binary (two elements), ternary (three elements) or
guaternary (four elements). Even though all these solid solutions atsanalar 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 substiin process involves metallic ions (cations), the
resulting solid solution is called cationic solid solution, whereas an anionic solid solution

involves substitution between naometallic ions (anions).

1.2.5 Progress on the synthesis of crystalline solid sdlans

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, morphedand 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, tellsirideides, 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, seidohosphides tellurides, oxides, nitrides, and oxysulfides.
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1.2.5.1Binary solid solutions

In this category, the gbe x system is the most popular and widely explored
crystalline solid solutiofl’ Ideally, the similarity in crystallographic structure and
comparable lattice parameters between germanium, Ge (eubi6.658 A), and silicon Si
(cubic,a = 5.431 A) permit a wide range of composition tunargd bandgap control from
0.66 t01.12 eV. Basd on nanostructured,Sie; x solid solution, numerous microelectronic
and optoelectronic devices can be achieved via the accurate regulation of their
physicochemical properties. The synthesis @fiSi hanoparticles having Ge concentration
in the s@a®.@8fl,0h@s been r ep etraltbydepogitingSi,hi ev e
Ge, and Si@followed by annealing at 1100 “€ However, another study by Yarej al
employing SiH and GeH precursors irthe chemical vapor depositiofCVD) process was
found to extend the amount ofxOGs&Theresuliign t he
nanosized 3ixGe; displayed tuneable thermal conductivity, energy bgaps, andgood
crystallinity. Further ratinal control of the starting materials (Qieind GeH) in the course
of the CVD process could yield composition programmed&e, nanowires.” *% Selective
and continuous adjustment of the ratio of Si and Ge in the precursor mixture permitted
complete mmdi fi cati on of t he s i gap | aad opteeleatranicr e 6 s
behaviour. The fabrication of such individual; 66, nanowires with composition
engineered energyand gap paved new horizons in realizing highformance
photodetectors for selective wavelength detection over a wide 3nge.

Binary CaCuuio0x (X = 10, 25, 50, 60, 75, and 90) systems have been successfully
prepaed via mechanical alloyingKRD measurements showed tladiter 20 h of mechanical
alloying, all the samples displayed an entirely faeatered cubic phaselRTEM images
demonstrated the formation of ultrafigeained 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 scle.

1.2.5.2 Ternary solid solutions

Ternary solid solutions can be formed by combining two separate binary compounds,
having an identicatrystallographic system. The two compounds must be composed of either
similar cation or ani on. For eX axmANRB) al | oy
si mplAWNBANjwhere AN and ANjNj are two wunl-i ke me
metalic i on. Similarly, all oyABg@or shiply ABaBg. ABd& ¢
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Notable examples include Abd;xSe obtained from ZnSe and CdSe, @u§Se ., obtained
by alloying CdS and CdSe\lternatively, ternary solid solutiencan be obtained from
elemental doping process, wherdime cation oranion inthe binary host compound is
replaced by artber cation omnion from the same grodf® The presence of a large number
of material systems able to form ternary solid solutidifer anore opportunities to finune

their properties and more prospects to real.|

1.2.5.2.1 Ternary cationic solid solutions

Ternary cationic solid solutions can be formed by combining two isostructural binary
semicondators 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 chaugebér of
ternary cationic alloys or solid solutiohave been reportedly prepared.

The use of xanthate complexes in the fabrication of ternary metal sulfide solid
solutions has been reported. Algahtamt al reported the use of trigf
ethylxanthate)bisoth(lll) and trisQO-ethylxanthate)antimony(lll) complexes for the
preparation of Bi;, S ( 0 x@ 1) s ol bydemployihga fadileonmel metho’

The synthesis was carried out by decomposition of stoichiometric mixtures oCBIEkL

and Sb[SCOEtl complexes at 200, 250, and 300 °C under nitrogen for 1 h. TXRDp

peaks of the resulting solid solutions over the whole composition corroborated well with the
orthorhombic crystal system. The inclusion of Sb into th&ystem led to a change in the
material sdé optical properties with an obviou
eV forx = 0 tox = 1, correspondingly.

Similarly, Kun et al. achieved the fabrication of (BiSh) S ( 0 O x O
solutions via thermolysis of Bi and Sb piperidine dithiocarbamate compl&ese typical
hot injection procedure was carried out by dispersing a known amount of the two complexes
in a mixture of 1dodecanethiol 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-neaarexpansion of the
lattice constants as a function of antimony content in the precursor feedmparson
between the particle composition and the lattice constants showed a slight deviation from
Vegard's lawThe HRTEM images and their SAED patterns showed the formation of highly
polycrystalline powders exhibiting twadimensional lattice fringesH{g. 1.6). Additionally,

TEM results showed the formation of nanorods over the whole composition Fagge.7).
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Fig.16HRTEM i mages of tShbe )sySnt h(e sOi z®epxodu@d 1) n a
from ref. 1Q1).

Fig. 1.7 TEM i mages showing 1tShhe J)as$S syntohe@i xed
(Reproducedrom ref. 1@1).
Likewise, Algahtaniet al described the synthesis of,MIn.xS; (M = Bi/Sb) solid

solutions by solventless thermolysis of a mixture of tris(@ylxanhato) bismuth (lII),
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tris(O-ethylxanthato) antimony (lll) and tris(@hylxanthato) indium (lll) complexes at 300
°C1%|n the precursor mixture (IngSOEt): and M(SCOEt); ), the mole fraction of indium
was varied in the r an glgsis offthe 8loy€d films bERD. St r u
revealed that the inclusion of In up xo00 O 0 . 4S; systet @ouldinot change the
orthorhombic crystal system of the parent material. The SEM micrographs obihiBE;
samples showed that their morphologyred considerably with variation in the amount of
indium in the precursor mixture. In addition, the computed band gapefi3iS; and Shk.
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 thermadysf xanthate complexes by using different methods.
The study by Liet al has successfully fabricated uniform,Zo,S ( 0.x13 10
nanocrystals by thermal decomposition of cadmium (Il) and zinc (ll) ethylxanthate
complexes® The choice of ethyl xahate precursors was due to their response to thermal
decomposition at a fairly lowemperature range (1810 °C) under the presence of hot
coordinating solvents. The composition of the solid solutions was precisely attuned by
regulating the molar ratio @&d(ll) and Zn(ll) ethylxanthate complexes in the precursor feed.
The alloyed CgZni4S nanoparticles prepared in coordinating solvents exhibited
compositiondependent properties. With the decreasing amount of Zn in the mixture, the
morphology of CdZn,.«S nanoparticles was observed to change from dot to sargied rod
and then to multarmed rod. They also showed good optical properties with PL peak shift
from 368 to 472 nm.

Wang et al have synthesized nanoparticulate,@h,S (O0OxO @. 95) sol
sdutions via a chemical reduction technique at ambient temper&fute. 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 ZpGCdCl salts, and KBl powders for 12 h. After
washing the precipitates using ethanol and water, the product was consequently dried to yield
the highest quality monophasic &t S nanoparticles. The size of the pads ranging
from 4 to 8 nmwas obtainedA gradual change of lattice structure from cubic to hexagonal
was noted at a higher amount of zinc in thgAdel,S system. Moreover, the nanoparticles
prepared by the chemical reduction method showed very lerogs$ion peaks that shifted to

lower wavelengths due to Zn content i, ,S.
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Zhongodés group reported thegChsSy nth.esbdxO0.f5
quantum dots witlgood emission properties by employing a hot injection metf{ddhe
preparabn procedure was carried out by reacting Za@®d CdQoleic acid precursors with
sulfur at 300 °C in a neooordinating octadecene solvent. ThRXRD analysis revealed the
shift of diffraction patterns to higher diffraction angles with increasing zincesaration.
Additionally, the estimated lattice constant measured freXRp 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 sssidtion nanoparticles. Moreover,
increasing the amount of Zn in the solid solution resulted in systematisthiftiag of the
photoluminescence spectra from 474 to 391 nm, signifying the formation of the
nanostructured alloyed crystals.

Thin films of ZnCd,S ( 0xO1 0053) have been remobrted,I
al. via the vacuum thermal evaporation method and the physicochemical properties evaluated
as a function of zinc compositidf p-XRD studies showed that the prepared films exhibit
diffraction patterns from both pristine CdS and ZnS systems. Investigation of optical
properties of ZgCdy ;& thin films confirmed the nelinearity of the optical band gap
spanning from 2.42 to 3.49 eV with respect to zinc content from 0 to 1. Another study
repated a novel ultrasonicatiemssisted hydrothermal route for the fabrication ofCth ; §

(0 O x O 1) solid ¥xPliandlysimconfirmethe presencesof Zm,| e | i
Cd, and S in the samples. Also, #feft of the binding energiesemonstrated the successful
synthesis of solid solutions at different dopant lewaleen the amount of Zn was increased,
the UV-visible absorption spectra of Abd; ; § solid solutions displayed a clear bhkhsft

from 576 to 343 nm, accompanied by chanigethe color of samples from dadtange to
gray-white. Additionally, a gradual increasetbk optical band gap of the solid solutions was
noticed from 2.15 to 3.61 eV with respect to Zn cont&€he study demonstrated that x = 0.3
to x = 0.5 was the ophum composition of ZfCd, ;1 §, 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 ofCdpn;S solid solutions from diverse
precursors ahby different synthetic methods:**°

Lehmann reported that solid solutions of, G@d,S 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 sulfurich conditions. The resulting solid solutions displayed a linear
relationship between the lattice constant and cadmium cditert! Interestingly, the

findings of Lehmannos wor k regarding t he
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compositionx in the range of 0.05 0.10 triggered more interest in the ;G&dAS system.

Investigations conducted by Susaal'?? |12

and Kobayashet al™° reported the possibility of
extending the solid solubility range of G&dS at high pressures up to 2 GPath®e extent

that only a fairly slight miscibility gap in the range £ 0.8 to 0.95 existThe workby
Ray!** and Viney'® reported the study of the photoluminescence of ;CaS solid
solution for compositionxj in the range of G 0.40. Under 298 m excitation at ambient
temperature, their findings confirmed the occurrence of short wavelength luminescence
extending into the ultraviolet regioBuilding on the work of Ragt al,*** solid solutions of

Ca xCdS with mole ratioganging from0.001 to 0.20 have also been synthesize8#nyett

et al*®® via sintering of the mixture of microcrystalline particles of CaS, CdS, and sulfur. In a
study by Kobayashet al, rock salt type solid solution systems of:G&nS, Cd xPhsS,

Cd; xCaS, Cd xSKS, and CdxMg,S were also synthesized at high pressures by utilizing
appropriate quantities of pure binary sulfid® Measurements of their semiconductive
properties revealed that CRCaS solid solution exhibited a high electrical resistivity of
more than 3 x 18q -cm, compared to that of €gPhS system, which was found in the span
of 1-1 0-gm, and decreased with the increasing amount of substituent.

Thin films of Zn;,\Mg,S (0x® ©®. 9) were pretplausigd by
radiofrequency (RFmagnetron ceputtering from ZnS and MgS binary target materials
under different applied RF pow&? Variation of stoichiometric ratio of ZnMg,S films
was done by altering the RF power at 200 °C. Crystallographic studies showed that the as
prepared ZnMg,S 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 Cu.xZnS (x = 0.01, 0.05, 0.1 nanoparticles have been hydrothermally
fabricatedfrom pyrolysis of tris(thiourea)copper(l) sulphate and Zn{N®H,O precursors
at 140 AC ¥Toe pXRBD phteraof €u..Zn,S nanoparticles showed a well
ordered pureovellite phase exhibiting hexagonal crystal structure. FESEM showed that Cu
xZNS 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 contestr¢:8)
exhibited a small band gap value289 eV compared to 2.96 eV of CuS &2 eV of
Cup.9eZNp 01S. Photocatalytic studies indicated that (AnS (x = 0.1) was able to meove

95% methylene blue in the presence gDkHunder UV light in 90 min. Moreover, evaluation
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of the materialsd anticancer activiit@®l showe
had great capacity to removetldéép G2cancer cells.

Kudo and Sekizawa described a precipitation reaction between a mixzire @nd
copper nitrates with an aqueous,Saolution which resulted into the formation ofiZBuS
solid solution*® The pXRD patternof the synthesized material showed a cigpbalerite
(zinc blende) structure, indicating the successful incorporation of Cu in the ZnS lattice.
Measurements of the ionic radii of Znand Cd" were found to be 0.60 and 0.63 A°,
respectively. Measurements of the optical property indicated absomitianS in the UV
region only, whereas £ps:Clyo43S absorption edge extended to a visible light range of
about 500 nm. The ZRs/Cu043S solid solution exhibited an optical band gap of 2.5 eV and
the color was pale yellowConversely, absorption @ZuS was observed in the whole UV
range and visible light and without a distinct absorption edge. This observation further
confirmed that Zges7Cup 043S solid solution was formed, ruling out the presence of a mixture
of ZnS and CusS in the final product.

Ternary NiRuw ;S with different metal contentén the range o0 O x O 1  we
reportedly prepared using stefpy-step impregnation and sulfidation reactidfisin the
synthesis, RuGI3H,O, NiCl, and HS were used as Ru, Ni and S sources, respectively.
Through pXRD, XPS, TPR, and STEM analyses, a series of ternafguNi S materials
exhibiting a pyritelike 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 measurementthéhat
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 thirtyfold rise in hydrogenation activity. The enhanaadalytic 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 ruthenitimased systems such asf®ea : $,*? CrhRu, 1 S
and MnRu; ; S, have also been reped.

In an effort to study the growth and optical behavioteohary 11FV nanowires Berg
et al described the growth of mefpérticlefree vertical pure wurtzite crystalf@a P (0.26
Ox O 0 .ndndwire arrays synthesized by selectivea epitaxy>* Analysis of optical
behaviour of the synthesized nanowires by cathodoluminescence spectroscopy revealed an
emission wavelength ranging from 87800 nm.

The synthesis of ternary gNixPs( 0x@® 0. 1) nanoneedl e array:s
by Fuet al via asimple hydrothermal treatment @fo;.xNix(OH)F precursors at 120 °C
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followed by phosphidation reacticat 750 "C.** p-XRD studies showed that all samples
exhibited the cubic system of the skutterudiytge CoR, implying that the crystal structure
was maintained upomcorporating Ni atoms in the range ®f 30 0. 1. I nvestig
electrochemical properties of the synthesized samples showed that the electronic structure
was modified by doping a suitable cemtration of Ni, and the resulting &&NiooPs
exhibited good HER performance with an overpotential of 87 mV at 10 nfAfcaikaline
solution. Also, the CgpNigoAPs demonstrated an OER overpotential of 221 mV at 20
mA/cn?. The prepared skutteruditmsed Cg,Ni,P; nanocatalysts revealed hopeful potential
for overall electrochemical water splitting in alkaline electrolyte.

Benefiting from the crystal structure similarity of botiPN and MoP, Xiacet al
prepared a series of NMo,P (00 A ) Mo Pox NOX@® 1) sol t*Thesol ut i
reaction involved thermolyzing a pprepared solution comprising a mixture of
(NH4)sM070242 4,8 and (NH),HPO, and Ni(NG).a 6,8 solution at 383 K with constant
stirring, followed by annealing dhe product at 773 K in the air for 5 h. A gradual change in
the lattice constant was observed with respect to Mo and Ni content in the two sets of solid
solution. This trend agreed well with Vegar
uniformly substitutedHRTEM images of the two pristine members of solid solutiong? Ni
and NiMoP, exhibited an K crystal structure with unit cell constagtemparable tdhose
in the literature data.

Another study explored effective ways of developing binfietadhosphides with
tunable catalytic properties by making use of the electronic and synergistic contributions of
multiple metal combinations. Thermolysis of a precursor mixture comprising){NPIO,,
FeNG;.9H,0 and (NH)sM070,4.4H,0 afforded FeMo, ; R solid solutions via modulation of
the composition of Fe and Mo in the-XRBnge of
confirmed the formation ofso-structural series of FeMoP withbrthorhombic structure at
different compositions. Selected ardace&ron 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 moleatio of Fe in the range of 0.99..14 demonstrated high selectivity teCC
bond breaking of phenol with2Ho form benzené&®’

In the quest for stable, earlibundant, and efficient catalysts to replace the noble
metals a series of NixColP ( 0 x @ 3) catalysts were prepared hy et al via solid-state

phosphorization of Ni; «Cen.s(OH). precursors by Na#PO, at elevated temperatut.
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The stoichiometric ratio of the total metal (nickel and cobalt) to P being 1:5. Structural
investigationof the Ni, xCoP catalystsby p-XRD showed the formation of monophasic
hexagonal phosphide (M#-type) materials. Increasing Co levels resulted in the slight shifting
ofpXRD patterns toward the high 2d values, w |
of cobalt into the crystal lattice of Bif. The HRTEM images of NikCoP catalysts revealed
high crystallinity of the samples with a | a
planar spacing (1.69 A) of (300) facet of the;MNiElucidation of catalyt performance
showed that increasing Co contentNi xCo,P effectively augments the HER performance.
Among all compositionsthe NiCoP (x = 1) catalyst yielded the best catalytic activity,
recording a low overpotential of 59 mV at 10 mAfgcmvhich is considerably smaller
compared to 130, 119, 98, and 80 mV fopM\iNip gCoy P, Ni4CaeP, and NiCaopgP,
respectively, at the same current density.

The hightemperature rapid injection method has been extensively employed and is
considered the mostfettive in yielding highly monodisperse colloidal nanomateriatgs
method was adopted by Zhorg al**° in the fabrication of uniform Z€dSe quantum
dots. In the procedure, solutions composed of ZznBhd TORSe precursors were rapidly
injected into a hot solution of pyaepared CdSe quantum dots in the presence of capping
agents. With the increase in Zn, a compositependent emission across a large portion of
the visible spectrum was manifested gystematic blushift in emission wavelengtiihe
photoluminescence characteristics of theeepared ZgCd,Se nanoparticles was found in
the range of 70- 85%, which is comparable to other previously reported &iSed
guantum dotsHRTEM micrograps confirmedthe synthesis of the high monodisperse and
crystalline nature of the resulting nanocrystdlse systematic change in the position of the
diffraction peaks toward higher angles with the increasing Zn content indicated the reduction
inlatticeconst ant and agreed well with Vegardods |
segregation and served as proof for the formation of a uniform solid solution.

Similarly, the formation of ZyCd;«Se quantum dots have reportedly been prepared
from ZnSe seds or pr@repared ZnSe quantum dot8. *** Moreover, the use of capping
agents such as aminothiols have been used in the colloidal preparationGCuh. &
nanocrystal$?* *3Wwith this strategy, the experiment is conducted at fairly low tempesatur
(<100 °C) by employing less harmful/less toxic starting materials of Zn salts such as ZnCl
This approach can be easily extended to afford {acgée synthesis of biocompatible
nanoalloys. Meanwhile, the use of stabilizing or capping agents hasdyigdaecrystalline

ZnCdi,Se with improved stability** Apart from nanoparticles, thin films of €gn,Se(0
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<xO O0ha® )been synthesized by Bagadel via aseltorganized arrested precipitation
method*** p-XRD studies revealed the formation of nanocrystalline films exhibiting a cubic

crystal structure and crystallite size in the range of 3666.3 nm. Investigations on the

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

gap spanning from 1.771.98 eV corresponding to zinc concentration from x =-0008.

Reports are also available on the fabricatiol©dfZnSe thin films via different methods,

including chememechanical synthesté® thermalevaporatiort*” *® successive ionic layer
adsorption and reactidfi? closed space sublimatidr, chemical bath deposition’ and

vacuum evaporation techniques.*?

A singlestep solvothermal procedure was used for ihesitu growth of
(NixCo, x)sSes solid solutions on nickel foam by varying nickel content from x = 0 t&' 1.
Thermolysis of stoichiometric amounts of SeOo(Ac).4H,0, and Ni(Ac).4H,O at 180 °C
for 15 h in the presence of benzyl alcohol yielded cubic solid solutions in the rangexdd 0 <
0.2. However, increasing Ni content beyond x = 0.2 resulted in impurity peaks corresponding
to an intermediate phase of hexagonal CoSe. This tedica= 0.2 as the maximum limit
beyond which the formation of (RGo; x)sSe& could not be realizedhen the amount of Ni
was increased further, mixed cubic and hexagonal phases were observed, indicating that
structure transformation from cubic to hexaglophase occurs at higheickel 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 giayed 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 A, corresponding to (222) and (311) planes of
(NixCo x)oS&, respectively Electrochemical studies showed thahe optimized
(NixCo; x)oSe 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 nanoparticlessed on Pb chalcogenides
have been reported. Arachchige and Kanatzidis have synthesized asgtSofPle ( 0. 14 Ox
O 0.86) n an o p atentperatureecslloidali senthedic appomoach by reacting a
mixture composed of [(M&i),N],Sn, Pb(ll) oleateand TOPTe at 150 °C>° The reaction
employed oleylamine as a stabilizing agent to assist the integration of Sn into the crystal
lattice of PbTe. The gsrepared nanocrystals were found to be solid solutions crystallizing in
a cubic rock salt structure &h are virtually spherical in shape, and exhibiting band gap

energy in the midR 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 tothe 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 e¥ @67.

Ternary solid solutions of (Bbhy.x).Tes have also been prepared via the traveling
heater metho&® While the polycrystalline ingot was prepared via melting of Bi, Sb, and Te
in a closed quartampoule, extra pure samples were obtained from single crystalline ingots
by employing an annealing ts@ation method at temperatures in the range of-5300°C.
Thermoelectric measurements of thesgge 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 was receded for the BjShsTeso solid solution. Zhang et al demonstrated the
controlled preparation of BBk, 3Tes ( 0 O x nardplateletdy employing a modified
solvothermalmethod By means of the spark plasma sintering process, the synthesized
nanoplateletsvere successfully sintered into nanometric bulk pelletXRP and raman
spectroscopy studies revealed the synthesis of highly crystalline and -phase
nanoplateletslt was demonstrated from the composition dependent thermoelectric property
of p-type BixShy xTe; pellets that the optimized 8iShy sTe; sample exhibited ZT ~0.51 at
375K ™" The synthesis and thermoelectric propertBiSh, xTe; have also been reported by
Honget al'*®

Acetate precursors have been employed in the solution based sy/ofh@sde solid
solutions.Naveenand Selladuraireported the synthesend physicochemical properties of
MnCosOs( 0 Ox O 0. 2%°The typical pyathesis was carsed out by dissolving
stoichiometric amounts of cobalt and manganese acetates in extra fjomezed water. The
solution mixture was precipitated by using ammonia solution followed by calcination at 400
°C for 4 h, affordig a mixed metal oxide. Structural and compositional analysisXRD,

FTIR and XPS technigues 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 amclivsion.
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 qmivalt oxide.
Additionally, the addition of Mn improved the current density, columbic efficiency

reversibility, and capacitance retention of J@0;,0, electrodes. In another studyins.
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LoOsnanoparticles with ¢ onxp<olsweredbtaimed from the he r a
reaction of Mn(CHCOO.4H,O and Co(CHCOO).4H,0O precursors at room
temperaturé® p-XRD measurements indicated that the prepared @00, solid solutions

were monophasic and their peaks corresponded to the distorted spinel stwittiutiee
tetragonalstructure. Analysis of particle morphology by TEMvealedthe formation of

isotropic nanoparticles exhibiting average particle sizes ranging from 15 nm.
Investigation of the electrochemical property revealed a dramatic improvesheéDER
performance with an increase in the amount of Co in the precursorNetbly, higher

specific OER activity (1700% of M@, at 1.76 V vs. RHE) was observed for MGy ¢O4

along with prolonged stability over 100 cycles.

A series of NfF&sx0, (0 O x O 1.5) solid solution ha
precipitation method and their electrochemical activity were evaluated in an alkaline
medium®®* The substituted ferries were prepared by precipitation of analytical grade
Fe(N().9H,0 and Ni(NQ).6H,O at 80 °C under NaOH solution as a precipitating agent. P
XRD and IR analyses showed thermation of phas@ure NixFe;xO4 solid solution
crystallizing in a cubic spinel systenthe inclusion of Ni in the R®, crystal lattice
enhanced the electroagheal activity, with NisFe 504 exhibiting significantly higher
current density (158.0 mA/c@nthan that of pristine iron oxide23.7 mA/cnr), NiFeO,

(107.0 mA/cni), and Ni sFe.504 (89.4 mA/cA).

Pyrolysis of Mn(ll) oleate and Co(ll) steargieecursors at 578 K in the presence of
1-octadecene afforded the formation of @0, :Q( 0 O »solidsolGtiond Yith tuneable
composition*®® Structural studies by-ERD analysis proved the formation of solid solutions
crystallizing in a cubic rockadt crystal structure analogous to that of pristine MnO or CoO.
The structural cell constants of the-@epared CgMn; O solid solutions were found to
decrease linearly with the increasing amount of Co, satisfying Vegard's law. Examination of
the catalyic performance of Cdns; O, nanoparticles towards-@volution by linear sweep
voltammetry showed an increase in the current density gf@G0O, nanoparticles as a
function of Co content. Notably, the @dn3; xO4 nanoparticles with 40 % Co demonstrated a
high current density of 2.8 mA/émat 1.9 V ¢sRHE), which is relatively 3.9 times larger
than that of pure My©, nanopatrticles.

Since their discovery, the utility of most metal peroxides has been largely hampered
by the corresponding pyrolytitemperatures, 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 temperatuggs 76

27



address this, ihgampalliet al. demonstrated the formation of ,&hg, ; @. (1 > x > 0) solid
solution in the entire solubility range by pyrolysis of peroxides of Zafd MgQ with
decomposition temperaturesg.Jof D 200 °C and 300 °C, respectivefif. The choice of
using MgG, and ZnQ 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 mixture ofMgO and Zr(CH3;COO).2H,0 in ultrapure
water 80 °C utilizing HO, as peroxidation reagent. TheXiRD diffractogramfor the solid
solution matched well with the parent Mgé@nd ZnQ, and their cubic structure was retained.
Interestingly, decomposition temperatures of the resulting solutions were found between
the parent phases and varied steadily with the compasition

Al l oyed fi |-(AsGa@.D:;(Dpithed O 1) were effect
MgAI,O, substrates by employing the molecular beam epitaxy method. The crystaliime
of the alloy films was significaGal;ffimbetter
showing more flexibility and sensitivity of the A); lattice to the epitaxial force exerted by
the substrate than &3; crystal lattice. DeefV spectroscop measurements showed direct
and indirect energy gaps in the range of 4.6®7 and 4.80 6.86 eV, respectivel}f*

Nanostructured G&YxOzx2 ( X OO0 . 35) solid solutions we
carbonate crecipitation of metal nitrate precursors utilizing ammonium carbonate as a
precipitating agent®® In the typical procedure, carbonate solid solutions were directly formed
during precipitabn, enabling the direct formation of Cé& 1O, solid solution at a low
calcination temperature of ~301 °C for 2 RXBD analysis showed that Y,@ could be
soluble in Ce@in the composition range of 2735 mol%, with Y;Os-related typeC phase
appeaing 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 coarskming
calcination. A gradual increase in the activation energy for crystallite coarsening was
observed from 68.7 to 138.6 kJ/mol for parent €a@d CeQ@doped with 35 mol% Y,
respectively.

Owing to their special properties and chemical stabilitirid@ semiconductors are
considered appealing materials for electronic applications. To further modulate their property
and enhance their performance, composiporgrammed synthesis of nitrides has been
reported as a promising strate@@auerset al desribed thefabrication of thin films of
MgZraiN2( 0.5 O x O 1.8) by -spuiteringityd nitrogenplasm®.i nat or
Compositional analysis demonstrated that the formation of nitride solid solutions exhibiting
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low oxygen content (<1%) coule achi eved with magnesium con

higher oxygen content was detected. When magnesium content reached x = 1.6, the
MgxZr, 1 N2 thin films crystallized in a rocksafterived crystal system, as disclosed by p
XRD results. With Mg contert 1.6 the films swiftly oxidized, making x = 1.6 the optimum
mole ratio needed to yield a solid solution. The electrical conductivity of tegraisesized

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

Mg-rich (x O 1) films increased with an increas

semiconducting property of Mgch MgiZr, iN2. Interestingly, evaluation of optical
behaviour showed a clear absorption onset of theribhg series at 1.8 eV, which is
suggestive ofamiconducting character.

Alloyed AlScg xN films have been deposited directly on MgO substrates and were
found stabilize in a uniform monophasic rock salt wken 0%’ Fhe pXRD 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 allojhe uniformityrange of the rocksalt phase
was extended up to aluminum compositier, 0. &2 12®&r nm t hi ck fil m
a 20 nm b uTiNbetween tlzeyMgQ® sulzstrate and theSa; \N film. In the same
range of homogeneity, the prepared material showed a modest direct bandgap bowing
parameter of 1. 41 Nd,Qhe in&tastablée.rockSatt alimmiem mttidé e r

a

h

recorded a direct bandgap of 4.70 N 0.20 eV.

The decrease of carrier concentration in ScN and thin film alloysygeSgMn;.«N
was described by Saleaal*®® Nevertheless, a relatively large amount of maega of about
11% Mn on Sc sites was needed to transform ScN intdypgpsemiconductor. Also, very
smal | hol e rfi\tshwaslobseryed in-tiype 36sdlmaiN, and in depth analyses
of electronic character with respect to temperature were miskiapired by the desire to
fabricate ScN based energy conversion devices, 8ala&*®® conducted another study in
which MgNy was incorporated in ScN to form S#gyN solid solution alloys, diminishing
its carrier concentration and transforming Scitd iap-type semiconductor at high amount of
dopant. Evaluation of room temperature optical properties revealed a direct band gap of
2. 21 pristinefSoN while that of SgMgxN thin-film alloys were found in the range of
221-2. 24 e \k<0a4. Notablys comparably higher absorption coefficients were
displayed by the qype than the 1type Sg.xMgxN alloy films. Moreover, the pristine-type
ScN and the alloyed-fype SG.96dV1go.03dN thin films exhibited large thermoelectric power
factors 0fD3.0 x 10° andD0.8 x 10° W/m-K?, correspondingly, at elevated temperatures in
the range of 600850 K.
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Wanget al reported the deposition of epitaxiah TMgN( 001) (0 O x O 0.
on MgO(001) by employing reactive magnetronspuittering using Tand Mg targets under
pure N> supply at 600 °C’° 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 fragier density with respect to compositian,
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 O to 0.49. The scemed plasma energy was successfully tuned from visible to
infrared, exhibiting energy in the range of 2:64.33 eV for Mg composition in the range of
0 - 0.39, which is equivalent to wavelength in the range of-&3D nm, indicating a tunable
plasmonicactivity.

In an attempt to modulate the band gap of molybdenum disulfiieng et al
employed a chemical vapour deposition method to synthesizegWaS, and MoS ( 9$ex
alloy monolayerswith good homogeneity and tunable compositi@uring the synthesis
process,S powder was used as a chalcogenide source, while; Mo WQ were used as
Mo and W sources, respectively. The mixture of Ma@d WQ was heated at 750 °C while
S powder was subjected to 150 °“The morphological analysisonfirmed the formation of
triangular singlecrystals. A compositiolependent band gap was obtained in the range of
1.83 (MoS) - 1.97 eV (W$S).*™* In another study, noveVloW; S ( 000 1) i norgan
fullerenes were synthesized WAOCVD setup using b5 as a sulfur sourc&he particles
exhibited an average size of 20.45.nAvaluation ofthe tribological performance of the
prepared samples showed the best performance for samples with composition rang®0.5 <
0.812 Other Mo, W1 S, alloyed systemsdve also been prepared via different approaches

and investigated for their potential in energy conversion and storage appli¢atidhs.

1.2.5.2.2 Ternary 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 ABN] and AB\jNjB.Npgjsiniply ABMB NiNA B Njwhi ch BNj and B
distinct anions and A is the common cation. A notable example is the allofyingary CdS
and CdSeo form CdSSe. 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 saoup.gNumerous studies have
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reported the synthesis of ternary anionic solid solutions by employing different precursors
and synthetic methods.

The growth of Mogu.»Sex (x = 0- 1) alloys with controlled morphology has been
achieved by Fengt al via physical vapor depositioh.” The synthesis was achieved via
evaporation of MoSepowders and MoSpowders in addition to Se powders which were
introduced upstream of the furnace at 300 °C. While representative TEM micrograph of
MoS, 785@ 22 showed the formtion of triangleshaped materials, SEM images indicated
diverse shapes such as triangles, hexagons depending on the deposition tempéeture.
SAED pattern revealed only a single set of hexagon spots, signifying-siygtal nature of
the M0 7sS6e 2. The band gap photoluminescence was observed to be constantly tuned from
1.86eVatx=0tol.55eVatx=1.

Another reportby Zhang et al demonstrated the use of the chemical vapour
deposition method to prepare uniform Mq§$ex alloy monolayers exhibitingriangular
singlecrystalline shapeDuring the synthesis process, selenium and sydwders were
utilized as chalcogenide sources, while the source of molybdenum was. Mo©Mo0O;
precursor was subjected at 680 °C, while the concoction of S and Se powders was placed at
280 °C because of the difference in the melting points of the precursors. Measurements of
optical properties demonstrated that the bandgap could be extended fio(Ma$) - 1.97
eV (MoSe).'"*

The fabrication &MNNjn an owshtircuhc t EUNj eadn dC d EENNN;]
chalcogens) solid solutions have largely been dependent on similar synthetic protocols
employed for binary cadmium chalcogenide nanopasicMostly, 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 (Il) precursor in high boiling
solvents aD300 °C, followed byhe growth stage. By employing this meth&ayafford et
al. produced uniform CdSe. ( 0 O xsoli® sollition nanocrystals in all proportiol8.
Typically, a mixture composed of known amounts of CdO, OA, and ODE in a 100 mL three
neck flask was thermalitreated at 315 °C under an inert environment. A colourless solution
was observed at a temperature range of-2ZZ&D °C, representing the formation of cadmium
oleate. To obtain CdSe.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 valuekhe same approach was successfullyduisy Bailey

and Nié’?in obtaining alloyed Cd$&e,., quantum dots by varying the amount of selenium
and sulfur in the reaction mixture. Another study bySalim et al. has reportedly utilized
organic solvents having distinct coordinating behavior ia thbrication of nanoscopic
CdSSe. solid solutions®® Thermolysis of a mixture oadmium acetateselenium and

sulfur powders a230 - 300 °C in coordinating solvents slowed down the crystal growth,
affording hexagonal phase. In contrast, raoordinding solvents lead to faster crystal
growth, enabling the formation of the cubic phase. It was observed that by choosing proper
solvents, Cdge.« solid solutions could be selectively fabricated at temperatures as high as
300 °C. Studies on evolution 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 crystallingXeggranoparticles

has been morted by Piveret al.via concurrent injection of NaHSe and NaHTe in a solution

of Cdthiolate under the alkaline condition at ambient temperaftrehe growth of solid
solution nanoparticles was observed to be faster compared to those of pristinanddSe
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 solutticaiation 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 ofibl-capped watesoluble CdSe and CdTe
nanomaterials. Monodisperse nanoparticles having sizes in the range-4%9 31t were
confirmed from TEM analysis. The shape of the nanopatrticles was described to be edged
within a truncated tetrahedral model. By ryiag the composition of Cdg{Bei
nanoparticles, the optical absorption spectra were tuned in the range ©6960hm. The

solid solution nanoparticles demonstrated badde emission with relatively low intensity
compared to the pristine CdTe nanoparticimilarly, Ouyang and cworkers synthesized
uniformly CdSSe.x nanoalloys via a scalable and reproducible-imjection approach®?

The formation of photoluminescent G&® .« quantum dots was achieved by allowing air
stable precursors cadmium acetate dihydrate (Cd(£2&4)O), eemental Se and S to react

at 240 AC under t he pditeobishenzothiazolé, anth @DEhespt i ¢ a cC |
XRD results showed thathe fabricated CdSe.x nanocrystals assume a cubic crystal
system.Additionally, their diffraction peaks shifedo | ar ge 2d values wi

amount of S, serving as evidence of its successful inclusion into the CdSe lattice and
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affording the formation of CdSe.x solid solution. Insights about the particle morphology

and size revealed the formation of spta shaped nanocrystals exhibiting high crystallinity

and with a narrow size distribution in the range of 3.850 nm. It was further demonstrated

that as the S content in the precursor feed increased, the particle size also increased.
Moreover, the eésultant ternary CdSe . solid solutions could easily be tailored to emit in

the visible region showing wavelength in the range of 4380 nm, an emission window
which is difficult to achieve with lbiary CdS and CdSe quantum dots.

Large scale synthestd compositioatunable tetrapodal Cdgle;.x nanocrystals were
reported®® These alloyed tetrapods were prepared via thermolysis of a mixture of the
organometallic Cd source and the-pté x ed ( Se + Te ) -ligandesolutions o r
The pXRD diffractogramof the parentCdTe and CdSe as well as that of Cd®e,
tetrapods matched well with the wurtzgbase structure, and the gradual peak shifting to
larger diffraction angles rules out phase segregation or separated nucleation of CdTe/CdSe in
the CdSeTeyx system.Analysis of optical band propertiegvealed that the Cdgee;«
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 CdSex( 0 O solid éblutbons via vacuum fusi of CdS and
CdSe was reported by Blahass®* 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 ratorresponding to Vegard's law. In the same
study, the deposition of thin fims of Cg8x ( 0 O xon @lasslsybstrates via
conventional thermal evaporation of fpeepared solid solution ingots was reported.
Structural studies confirmed the formation ofypoystalline films withhexagonal 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 reseahnelversynthesized
solid solutions of I¥WI 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*® in which Pb$ xS6, PbSe xTe, and PbTe S, solid solutions with compositior =
0.2 and 0.8 was successfully prepared. Similar series of solid solutions with composition
0.4 and 0.6 were synthesized and investigated for their structural, optical and electrical
properties®® The pXRD measurments 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 foabout 1 cm'* which increased abruptly below a particular
wavelength. Analysis of optical band gap showed a linear variatidn bfversush @ver a

broad spectrum of photon energies demonstrating the direct type of transitions.

Likewise, monodispees Pb§Se.x nanoparticles have been obtained by rapid
injection of a mixture of trioctylphosphine (TOP) and selenium (Se) solution,
bis(trimethylsilyl) sulfide (TMSS), diphenylphosphine (DPP), ODE into a hot solution
containing a mixture of PbO, ODE andeis acid under inert atmosphéefé.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 83« sydem. Investigating the potential of ternary RB& «
nanocrystals for application in photovoltaic devices demonstrated higher efficiency than
binary PbSe and PbS based nanocrystal devices.

Bis(N,N-diethylN Mjaphthoylthioureato)lead(ll) and bis(NdNethyl-N Nj
naphthoylselenoureato)lead (lI) complexes were successfully employed as single source
precursors to afford the synthesis of nanocrystalling RB&( O x@ 1) sol i d sol ut
hot injection method. The-KRD analysis of the PhS S& series shaved 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 mé&igrials (

1.8 (ae)). The absorption band gap for thikoyed systems showed a linear shift from PbS to
PbSe with respect to the mole fraction of &g.(1.8 (f)),and is attributed to the change in

the lattice parametefs.
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Fig. 1.8.TEM images of Pb&e 15 obtained aksevalues of (a) 0, (b) 0.3, (€5, (d) 0.8, (e)
1. (f).UV-Vis-NIR spectra of PbSSe( 0xG® 1) nanoparticles. (Repr

The synthesis of polycrystalline thin films of Zi$® % with compaosition in the range
of 0 O x O 1 have been ac hdersbyedplojingaciosp ur e 2
spaced evaporation techniqii®.The deposition of the films onto glass substrates was
performed at ifferent substrate temperatures ranging from 2004 0 0 AXRD p
measurements showed that the deposition ox&aSx films was achieved at a temperature
range of 275300 AC, and the films exhibited a cu
revealed the formation of nearly stoichiometric films at a deposition temperature range of 275
-325 AC. ;S@hftmsBoaBed at 300 AC exhibited an a
bet ween 2 and 6 nm. The obtained optical
transparency of the films. The films recorded energy band gaps in the range-032.66 0 e V,
which increased with respecb tsulfur content. Another study by Nandkishet al
demonstrated the preparation of zinc sulphoselenide,S&nS ( 0 O thin @msl )
crystallizing in a cubic zinc blende crystal system. A computerized chespicay 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 theSgngsystem resulted in
the energy banw tgoap3.fSr7one V2. 8Cv eer al | | t he pr
semiconducting propertié&’ The synthesis of ZnSe y films has also been reported by
other researchef§'%

The synthesis of SnSSe (0 ¢ x ¢ 1) solid solution from chalcogenfhio/seleno)
benzoate complexes of organotin, by both colloidal hot injection and solventless method, has
been describe® Both methods afforded the formation of crystalliSmS ;Se solid
solutions over the whole composition range (Fig. 1.9 (i &ii)). The EDX reshltsved that
the colloidal hot injection route offerdoketter 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 EDMysie also demonstrated a
broader deviation from the expected percentdde 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 inimgpé#rom SnSe to SnS.
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Fig. 1.9.p-XRD pattern o¢xccInpeepared BYO kot ifjextion method in
OLA at 200 °C, (ii)the solveniess route 8330 °C (Reproduced from ref8B

Fig.1.10 SEM images of SnSSeg (0 ¢ x ¢ 1) (i) synthesizedy the hot injection method,

(i) synthesized by solventlesnethod (Reproduced from re8)8

The preparation of Zn$e;« 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 aflleezteo f 0. 35 J/ ¢ n
sulfuri nduced states were formed above the vale
ZnTe for the ZngTerx (x = 3% 2 %) .
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A complete SES;.4Se (0 ¢ x ¢ 3) solid solution has been reportedly formed between
ShS; and SbSe by using elemental Sb, S and Se as precursors. The -XRfle

measurements indicate that no phase change occurs throughout the solid solutibti range.

1.2.5.3 Quaternary solid solutions

In contrast to binary and ternary solid solutions, quaternary crystatiiftes®lutions
wi t h ¢ o mplohiBj/E iyNare foAnRfl by alloying of two binary compounds that are
composed of distinct cations and anions. Notable example involves the formatiofCof-Zn
$Sey(0 O x,y O 1) by al |l oyermarygand bindry @ommbundsd S e .
can also produce a quaternary alloyed system as revealed by the formation of
(CulnS)(ZnS).«.**® Quaternary solid solutions can alternatively be formed via concurrent
doping or partial substitution of cations and anionsimaty host compounds:or example,
partial substitution of Co with Ni in CuG8, by Ni yields a quaternary substitutional solid
solution of CuCaxNixS:( 0 O 3%Cor@parkd)ta binary and ternary semiconductor solid
solutions, quaternary solid solutioqpsovide 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 aniomsd cations can be concurrently incorporated in the host
system. During the nucleation and crystallizatjgnocess,the anions and cations of the
dopant substitute anions and cations of the host compound to afford a completely new solid
phase. Unfortunatey, 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 equilibriun® 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 ldr mig
cause the formation of comhell structured® 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 phasg 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

37



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 Quaternary 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 atteraptiniprove the
supercapacitive performance of the pristine G8,0Gaoet al demonstrated the synthesis
of monophasic CuGa NixS; solid solution by a simple hydrothermal technique, where Ni
partially replaced Co in CuG8;.>" The synthesis was carried out Hye thermolysis of
Ni(NO3),.6H,0, Co(NQ),.6H,O and Cu(N@)..3H,O precursors al 50 AC f or 2 h,
subsequent washing and calcinatio8a&d® A C f o r -XRD2eslits derfionstratep that
Co could be simply replaced WwilNi 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-phate composite
at high content of Ni. The EDX elemental mappings confirmed homogeneous dispersion of
Cu, Co, Ni and 3n the solid solutions. SEM images showed the formation of spherical
clusters consisting of a large numbernainorodswhich 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 smaftlanoparticulate crystalwi t h si zes varying frc
Compared to the pristine Cug&® and NiCoS,;, the solid solution with composition
CuCo > Nig.755, displayed a casiderably high specific capacitance @&7F/ g a't 1 A
Furthermore, asymmetric capacitors assembled by employing1GyNig;sS, and activated
carbon as anode and cathode respectively prc
the power density of 412.5 W/  kg. 2Nk se fir
solid solutions are hopeful electrode materials for dggHomance electrochemical
capacitors.

Similarly, Chenet al prepared a set of fCuw ;G0,S, solid solutions by a
hydrothermal approach using Ni(NG)..6H,O, Cu(NQ)..4H,O and Co(NQ@),.6H,O
precursors and evaluated their potential for supercapacitor applgafiesesubstitutional
solid solutionswvereproduced owing to similar atom occupmatiand comparable crystal size
of Ni (0.69 A) and Cu (0.71 A) in the crystal lattice of metal sulfides. As inferred X
data, the crystal structures of all the samples conformed to the cubigew CuCeS,
phases with the same Fd3m space grouporg all solid solution series, N 380,y
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displayed excellent electrochemical activity recording the highest specific capacitance of
1340.48 F/g at 1 Alg, demonstrating an excellent rate capability.

Polycrystalline C@&Zn #n:Ss (0 O x O 0.6) solid solutioca
heating stoichiometric mixture of the corresponding sulfides in a sealed quartz tube at 900°C.
X-ray and spectroscopic investigations showed that the,&ptgpe structure existed up o
= 0.6, and the & ions were distributed in the tetrahedral and octahedral voids of the
lattice?® Spinel CdCiIN2Ss (0 O x O 1) solid solutions we
mixing and annealing of the Cd, In and Cr sulfides. The spinel phase was found in tee whol
range of compositions.-RRD analysis proved the formation of phgag&e spinels, and the
lattice constants varied linearly as a function of substituent concentidtion.

Quaternary alloys have also been reportedly formed via alloying of terikry I,
semiconductors, famously known as chalcopyrites. The most prominent example includes the
tetragonal CulfGa.4xSe, which was synthesized by Tamg al by alloying CulnSg and
CuGaSe®* The solid solution was obtained from the higmperature thermgsis reaction
of analytical grade gallium, copper and indium salts, and Se powder in oleylamine. The
resulting CulpGa.xSe nanoparticles displayed strong bNS-NIR absorption around 1000
nm, conforming to band gap of 1.2 eV, which is the ideal valusifigiejunction solar cells.

Thermal decompositiorof diisopropyldiselenophosphinato complexes of Ga(lll),
Cu(l) and In(lll) in HDA/TOP at 250 °C has been employed by Metikl to afford Culr.
»GaSe solid solutions.The pXRD patterns showed the formation of the tetragonal
chalcopyritecrystallographic phaselhe linear increase ithe lattice parameters with the
increasing indium composition confirmed the formation of a homogeneous alloy structure.
TEM analysis of th tetragonal nanoparticles showed an average diameter of 4 nm.

Arrested precipitation othloride salts and elemental selenium as the metal and
selenium sources, respectively, was employed by Pantttaal to produce crystalline
CulnGa.,Se nanopaticles®® In the quaternary Cuia.,Se 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, Guet al have successfully prepared a nanocrystalcmksisting
of CulnGaxS; through the rapid introduction of S solution into a solution composed of
oleylamine and the metal chloride precursors at 225°®Evaluation of the photovoltaic
performance revealed that a power conversion efficacy of 4.76%xtasited by the solar
cells fabricated by utilizing the CulBa..xSe absorber films.

Panet al. prepared homogeneous nanocrystalline (C&nS),  solid solutions by

thermolysis of Zn, Cu and In dithiocarbamates in the presence of octadeceneacioleind
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oleylamine as nowoordinating, capping and activation agents, respectively. TEM images
showednearly monodisperse nanoparticles having cubic and hexagonal structures of mean
size in the range of 32.4 and 5.7 nm. The alloyed nanoparticles edtibaie gap tunability

from 1.5 to 3.7 eV by varying the mole ratio of Cudre®d ZnS-* Similarly, solid solutions

of CuGaln;S:5( 0 O x O L)xSssd®d OCxl O 2) have al so be
and ceworkers via a wet chemical synthesis method by utilizingsi@ble metal
dithiocarbamate precursd?®. Thermal decomposition of the Cu, Ga and In dithiocarbamate
complexes at 180 °C for 90 min in oleicid oleylamine and toluene led to the formation of
CuGaln; S35 solid solutions. On the other hand, the formation of upnS; s was made
possible by the injection of oleylamine into a hot solution of Cu, In, and Tl dithiocarbamates
in oleic acid andbctadecene at 200 °CEM analysis indicated that the-psepared quasi
spherical solid solution nanoparticles exhibited an average size of approximately 6t2 nm.
was also observed that the inclusion of Ga and Tl permitted accurate regulation ofdhe ban
gap energy in the range of 1.372.42 eV with respect to composition. Such bandgap
tuneability in these materials may provide accucatetrol over the optical properties, which

is of interest for optoelectronapplications.

Colloidal synthesis ofrodlike (ZnS)(Culn$);x nanoalloys was performed by
employing a simple nemjection method. The preparation procedure involved thermolysis of
metal dithiocarbamate precursors in a solution containing OA, DDT and ODE at 250 8C
under argon atmosphereX®RD results showed that the prepared nanorods crystallize in the
hexagonal wurtzite structure. Al s o, di f fract
values, indicating the formation of a uniform solid solution. The bandgap of the quarternary
alloyed nanorods was expediently adjusted by changing the stoichiometric amounts of ZnS
and Culn$in the alloyed systerf?”

Pyrolysis of a mixture of [FE(EENEL)s], [Zn(S;CNEL),], ["Bu.Sn(SCNE®),] and
[CU(SCNEL),] precursors in oleylamine was reported &fford the formation of
nanostructured Gidn, 1ReSnS (0 O  x sercontiyctor alloy®? In depth structural
studies according to-gRD patternindicated that the synthesiz€ibZn; ; ke&<SnS material
preserved a stannite structure. The morphologyCafZn; ; kReSnS nanoparticles was
identified to be rhombohedral as opposed to oblate spheroids,Be€&nuSg nanostructures.

This smooth evolution of morphology was evident through hexagonal crystals with
composition, x = 0.5. TEM analysis showed smaller nartapes exhibiting particle sizes of
about 9 + 2 nm. Magnetic studies showed that the solid solutions were ferromagnetic at low

temperaturesThe photoluminescence properties using hexane as a dispersing solvent were
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obvious in the range of 5000 nm dter excitation at 400 nnT. he mat er i al s6 ban

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 cdirmed 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 lsTe; and GaTe; were reportedly used as molecular solvents for Cugele
afford solid solutions of (CuGalk ;(In.Tes)x and (CuGaTg: ; (GaTes)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 90FH5° 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 @gtivo about D75% in the whole
temperature range.

In the search for active photocatalysts for hydrogen HE#®RoQ et al. reported the
preparation of (CuGa)Zn»S, (0 O  xsoli®sollitipn. The typical synthesis employed
solid state reaction in whicstoichiometric quantities of G8, GaS; and ZnS were mixed
and sealed in a quartz ampule after evacuation, followed by calcination at 1073 K fdf 10 h.
Structural analysis by -KRD measurements indicated the formation aoimonophasic
chalcopyrite structre for all (CuGa);4n:S, solid solutions irrespective of zinc
composition, X. Also, slight shifting of the-XRD peaks to lower diffraction angles
confirmed the successful formation of solid solutions between ZnS and @uGey also
reported a slighyl small band gap of 2.2 eV for (CuGakn,S, compared to 2.3 eV of
CuGa$S. Moreover, the alloyed (CuGa)4n,«S, displayed enhanced photocatalytic activity
compared to CuGasconfirming the contribution of Zn in modifying the band structure of
the prisine material.

Another solid solution of (CulRlny(1.x)S, with composition, x = 0.0t 0.5 was
reportedly synthesized by Tsut al, and employed as photocatalysts foredolution under
visiblelight irradiation?** The synthesis procedure involved precipitating a mixture of
IN(NO3)3.6H,0, Zn(NG),.6H,O and CuCl precursors under inert conditionsS Kjas was
then bubbled through the aqueous solution and continuously agitated to yield the precipitates,
which was thenwashed thoroughly and calcined at 1123 K for 5 h. The resulting solid
solutions exhibited a ziAkblende 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 stucture with different compositions of the solid solutions. Notably, Pt (0.5 wt %)
loaded (Culmy.oeZn; 82, exhibiting a band gap of a 2.3 eV demonstrated the highgst H
evolution activity and the apparent quantum yield at 420 nm was 12.5%.

Yuanet al hawe successfully prepared (Agiah, ( 1 $»quantum dots by thermolysis
of metal acetates i.dn(CH3;COO), Ag(CH;COO), and Zn(ChICOO).2H,0 in the presence
of oleylamine and -Hodecanthiol at 250 °C undep How.?*? It was evident from the-XRD
results that the diffraction patterns of (Agi, ( 1 $xquantum dots with composition, x >
0.5 were similar to the pristine Agla®hile some peaks for samples with x < 0.5 matched
with those for the pure ZnS. Clearly, thbifting of diffraction peaks to lower angles with
respect to x values was an indication of the realization of a complete solid solution between
the parent Agingand ZnS. Analysis of particle size and morphology by TEM revealed the
formation of sphericauantum dots with an average diameter of 3.4 nm. However, the
particle size was found to depend on the concentration of the metal acetates employed, and it
changed from 3.4 nm with 20 mM metal acetate precursors to 2.1 and 4.4 nm when 10 and 60
mM metal @etate precursors were used, respectively. HRTEM images showectsatled
lattice fringes with high crystallinity. Continuous composition tuning for (AgIm) ( 1$x )
from x = 0 (ZnS) to x = 1 (AgIng resulted to gradual modulation of bandgap from &85
to 1.80 eV. The highest photocatalytic performance of (Agm) 1 $xfyrther demonstrated
the contribution of bandgap tuning on the efficiency of photocatalytigdferation. With
monochromatic irradiation at 450 nm, the photocatalytic systemdaffoa high apparent

guantum yield of 8.2%.

A series of C¢yMnyn;S4s ol i d solution with compositio

were reportedly prepared by the melt and annealing method, and grown by the chemical
vapor transport method.-YRD structure renements 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 revealammplete 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 positiofis.

With the use of iodine as a transport agent, single crystal pfFeédn,S, (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 donatrgducingthe ampoule in the furnace such
that the source temperature was kept at 850 °Ctlamdieposition temperature at 800 °C,

respectively. The electron probe miapalysis 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 solidt&wia exhibiting a cubic structufé?

Khandale and Bhoga have synthesized NggCuOx (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 reactioneti The pXRD results confirmed the
optimal solid solubility up to x = 0.2, and all the diffraction peaks matched with the
tetragonal NgCuO, phase. Studies on the variation of d.c conductivity as a function of
temperature showed a transition from positivanegative temperature coefficient at 625 °C
for Ndb ; Ge,CuO, within the solid solubility rangé"

Moussaouiet al employed the cprecipitation method to carmyut the synthesis of
spinel SA,MN,Fe&0, (0 O x O 1) nanoferritesg MAiGhbamd appr c
SnCh salts**® The mixed metal hydroxides formed during the reaction were precipitated by
using ammonia hydroxide 80 °C for 30 min, and the product wasshed andiried at 80
°C overnight to yield crystalline solid solution®-XRD confirmed the formation of
monophasic cubic spinel structure for; SMnFe,0,4 solid solutions having crystallite sizes
ranging from 3.9% 4.61 nm. It was observed from TEM studies that themmealed ferrite
nanoparticles exhibited ellipsoid morphology with particle sizes ranging froni® nm.

Also, for all SnMnFeO, spinels over the entire composition range, the increase of
magnetzation and coercive fields as a function of manganese content was also obvious.

Zhao et al elucidated the electrocatalytic activity of quaternaryQgi«FeO,

( @0 . namgspheres prepared hydrothermally from metal suffates.stoichiometric
mixture of (NH4).Fe(SQ),.6H,0, CoSQ.7H,O and NiSQ.6H,O in deionized water was
thermolyzed afl60 °C in an autoclave for 24 bpon 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 shHmoken spherical nanoparticles with a characteristic
hollow structure for all ompositions. Their study found that partial replacement of Co by Ni
in CoFeO,4 enhances the electrochemical activity toward ORR. In partidhlicomposition
NipsCay sFe04 demonstrated more onset positive potergidl 1T 0. 15 V -0d&-mpar ed
0.17,and-0.20 V of CoFgO,, Nip24Cay 7804, and Np74C0op 2960, respectively. It also
exhibited adiffusion-limited current densitpf -6.64 mA/cnf, comparably higher than other
compositions. On the other hand, (MNCay.osFe04 solid solutions exhibited excellent

catalytic activity for OER, showinthe highest current density of 36.0 mAfcrompared to
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33.0, 29.2 and 30.7 mA/@mof CoFeOs;, Nig,Co-Fe0; and NisCosFeOs,,

correspondingly.

Maruthapandiaet al. employeda sotgel combustion method to synthesize nanoscale

CoNigixFeO, (0 < x < 1) solid solution from their corresponding metal nitrate precursors

and studied their electrochemical performance toward 8ERhe nanoparticles exhibited
crystallite size 067.3 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 NiFeO,4 has superior catalytic activity manifested by a lower overpotential of 381

mV, surpasing CeNi.xFe0, solid solutions, which exhibited overpotentials in the range of

450-470 mV at 10 mA/crhin alkaline solution. The inclusion of Co in the crystal lattices of

nickel ferrite was observed to inhibit the catalytic activity.

Our grouprecently synthesized homogeneous doFe0; ( 0 x@® 1)

solid sol

nanoparticles by solventless thermolysis of nickel, cobalt and iron acetylacetonates at 450

°C2® The pXRD measurements revealed the formation of a series of monophasic cubic

nanotrrites with space gro&ol3m (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
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exhibiting an average size around23L2 nm. Evaluation of the synthesized nanopatrticles for

supercapacitance showed that the spingh®by F&0,4 electrode exhibited a longer charge

discharge time (Fig. 1.12 (a)), suggesting excellentgehsiorage capacity compared to other

samples. For efficient HER, the ]NCay /&0, and CoFgO, electrodes demonstarted low

overpotential of 168 and 169 mV (Fig. 1.12 (b)), correspondingly along with high stability,

which suggests better catalytic activity. Likewise, oy FeO, showed a lower

overpotential of 320 mV (Fig. 1.12(c)), indicativeimproved OER activity.
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Fig. 1.11(a) p-XRD diffractogramof Ni; xCoFeO0,( 0x@® 1) seri es, (b) wvar
constant (lefy-axis) and the optical band gap (righéxis) of Ni,CoFeO,( 0 x@® 1) sol i d
solutions (Reproduced from ré&fl19).
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Fig.1.12(a).GCD graphs of the = 0.6 electrode for various current densitie2(1Ad %) (b)
HER polarization curves, (c) OER polarization curves, fof 8BoFeO; ( 0 x©O 1)
(Reproduced from ref19).

The synthesis of spinel NiFgCr,O4,( 0 O x O 1) solid solutio
via the precipitation method, and their physicochemical and electrochemical properties
evaluated® The NiFe, «Cr,O, solid solutions were synthesized following hydroxide
precipitation at 70 °C, monitoring the solution pH at 11 and continugusukibling. The
SO, Hree precipitate was then dried for 24 h at 100 °C and subsequently annealed at 400 °C
for 24 h. Nickel suhte, chromium chloride, and ferrous ammonium sulfate were used as
precursors. {XRD analysis showed that NiFgCrO,4 nanoparticles crystallize in a cubic
crystal and their crystal size was found in the range e2115m. The resultsshowed the
increasectlectrocatalytic activity towards OER upon Cr substitution in spinel matrix from
= 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 vyield a current density of 1.0 mAvhite the
base oxide demanded significantly higher overpotentials of 337 and 371 mV.

Kambaleet al synthesized a series ofiNiCoFeO,( 0. 2 O x O 0.8) sol
a standarderamic route andxamined their electric and magnetic propeftfédhe method
involved milling and calcining a mixture &fiCO3;, CoCQ and FgOs; at 1000 °C and finally
sintering the product at 1200 °C. The method afforded highly crystalline monophasic ferrites
crystallizing in the cubic structurdleasurements of resigiiy 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 congatibn were characterized by semiconducting
properties.

The chemical precipitation route was also used to prepa@aZiFe0s( 0 O x 0O1)
ferrites by utilizing metal nitrate precurséfé. The resulting spherical crystalline
nanoparticles exhibited a cabsépinel structure and small crystallite size in the range-026
nm. Investigation of the magnetic behaviour of all ferrite samples at ambient temperature
showed saturation magnetization ranging from 0.38.065, coercivity (66 1834 Oe), and
remanege magnetization (0.0571.282 emu/g). From the nature of the hysteresis loop, the
solid solutions were considered to be soft magnetic materials.

Singh et al prepared nanospinel Cusk€r,0, ( 0 O x O 1) sol i d
investigated theielectrocatalytic activity towards OER. Hydroxidesisted c@recipitation
of copper sulfate, chromium chloride and ferrous ammonium sulfate at 70 °C for 24 h yielded
cubic nanospinels with crystallite size in the range e1931m?* The results indicatethat
partial replacement of Fe by Cr in the CpBgespinel 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 inclusio@ran the crystal lattice of
CuFe0Q; significantly increased the electrocatalytic activity of the oxide materials enabling to
produce a high current density of 48.7 mAfdor CuFe Cro O, compared to 3.3 mA/ch
of the base Cuk8,.

Co-precipitation of stoichiometric ratios of cobalt sulfate, nickel sulfate, ferrous
sulfate and ferric chloride has been reportedly employed by Arcttaalato yield CaNi.4
oF&e Fe''O4 (x =0, 0.1, 0.2, 0.3, and 0.4) nanopartiéiésthe pXRD patternof the spinel
ferrites at different metal compositions confirmed the formation of monophasic, pure-and co
substituted ferrites, and the size of the particle was arourdd 5nm. Electrochemical
investigation of the synthesized nanoparticles revealed uhaubstituted F&e'"' O,
material showed a high overpotential of about 450 mV at 10 mAfmmpared to the
substituted CaNi4xFene F&"Os (x = 0.1, 0.2, 0.3, and 0,4). In particul&@gy Nio 2Fey.
1Fe"O, demonstrated dow overpotential ® 270 mV and 275 mV at 10 mA/@n
corresponding to substantially higher OER and HER activities, respectivelgs presumed
that the monophasic Qi .4xFe e Fe'' O, displayed superior HER and OER due to the
synergistic influence of Co, Ni and Fe in the oxide structure.

Spinel CaMg1Fe0,( 0 O nanof@ritels have been prepared from metal nitrates
by using the setjel method® A cubic spinel system waauthentiated from structural

analysis by Raman spectroscopy, XRD, and the arrangement of cations and inversion degree
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hinged on the composition, x. The crystallite siz@&s observed to increase with respect to
composition, from 34 nm for Mgi@, to 48 nm for CoFg,. The SEM images showed
multigrain coalesced nanoparticles in which the extent of agglomeration decreases with the
substitution of the highly magnetic €awith diamagnetic Mg 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 diamagnetit Myplacing magnetic Gdions. The
coercive field augmented the range of 74 1000 Oe corresponding to a transition between
pure MgFeO, and CoFgO,, 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 strongreliance of the band gap on the amount of cation and the size of crystallites,
exhibiting a decreasing trend in the range of 2.0212 eV for a transition between MgiEra

and CoFgO..

Pengpenget al employed the sintering technique to prepas@ii,Fe&0s( 0. 2 O x
0.8) and examined their magnetic propéffiincreasing the amount of zinc led to the initial
increase insaturation magnetization, which was then observed to decrease, reaching a
minimum value of 43.8 Am/kg foNiZn;xF&O, (X = 0.6). The residual magnetic flux
density ofNixZn;«FeO, started to increase when zinc was introduced and then decreased,
reaching a minimum magnitude of 0.31 T f¥iZn;«FeO, (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 CgV.0sg, yielding a set of Cify 1 )fesxV20g by varying the mole ratio of Fe in the
systent?’ Thermolysis of the mixture of Fe£bH,O and Co(CHCOO.4H,O in the
presencef DMF and CHOH, sodium metavanadate and water at 180 °C for 24 h, followed
by postsynthetic procedures afforded 4{o;)FesV.0s 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
Co,sFe 5V20g nanoparticle was obtained to B 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, respectiVéilg. electrochemical activity of
Cos(1 1)FesxV20g towards OER was found tdepend heavily on the amount of iron in the
solid solution system, and among all,;@6e; sV,0g displayed a relatively low overpotential
of 290 mV at 10 mA/cr Additionally, the CegsFe 5V.0g catalyst demonstrated strong
durability for 10 h during theong-term stability test.

47



Solid solution of CeyGok.yYyOoosxWwi t h composi tion x = 0.15
X, have been reportedly synthesized via glyaiiteate strategy by employing metal nitrates
as precursors® The pXRD measurements indicatatiat the resulting ceribased solid
solutions exhibited fluoritéype structure with particle size ranging from 1@0 nm as
estimated by TEM analysis. Compared with singly doped ceria, the doping of two cations
resulted in significant improvement ofettconductivity with the caloped ceria exhibiting
significantly higher ionic conductivities ranging from 67373 K. Remarkably, the ionic
conductivity of CggGtho5Y 015010 at 773 K increased threefold (0.013 S/cm) surpassing that
of CegGth 019 This indicated that GaGok.yYyO.05¢ could serve as perfect electrolyte
materials of intermediate temperature solid oxide fuel cells.

A novel solid solution of C&n,,GeQ, (0 00 ) have been synthesized via
hydrothermal technique and its structunadprphological and photocatalytic activity was
studied. The resulting product matched perfectly to the rhombohedral structure, as confirmed
by pXRD analysis. The solid solution exhibited a mixture of nanorods and nanosheets
morphologies. Compared with ptine ZnGeQ,, the CdZn,xGeQ, solid solutions exhibited
a narrower band gap and responded to a broad spectrum of sunlight. In addition, the hydrogen
evolution activities of CgZn,«GeQ, solid solutions were significantly higher than that of the
pure ZnGeQ,. Specifically, the highest Hproduction rate (15.00 mmol/gh) was obtained
over the CgoZn; ¢GeQy, which was about 24.2 times higher than that of pui&£6ay (0.62
mmol/gh)?*®

A pulsed laser deposition approach has been utilized to deposit,Fa&s (0 x©@

1) epitaxial films on LaAlQ(001) substrates. Prior to deposition, BadmOs targets were
synthesized via a higtemperature pyrolysis of a mixture of pure BaCOnQ, and TiQ

precursors. High resolution XRD analysis showed a linear decrease in the film lattice
constantswith respectto Ticontent f ol | owi ng Vegardés | aw. Ass
indicated that all films exhibit optical transmittance of >70% in the \g@sdotd infrared
wavelength range. Remarkably, the bandgap nonlinearity of Ba&@; films was noticed,

and the film with Ti content of x = 0.25 exhibited the largest bandgap value of 434 ev.

To study the change of magnetic behavior from ferromagnet€oP, to
paramagnetic LakB,, Kovnir et al?*! synthesized a series of LaBex P ( 0 Xx® 1) sol i d
solutions by adopting the tin flux synthetic method described by Reehuis and Jeitéchko.
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 Klmiremove
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tin flux, the samples were soaked in dil. HCI, leaving behind single crystals which were
selected from the final product for analysis. Powder XRD measurements confirmed the
formation of phase pure Laf&n,; P, solid solutions exhibiting a The3i, 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 LaFe3Co, /P, and LaFgsCo; 5P, samples.

Jia et al. reported the fabrication, magnetic and structural characteristics of
Ca(Fe iGo)P,( 0 Ox O 1)Gopmd0 cC@x ND 1) 8Thé symthesiso | ut i
of these polycrystalline materials was carried out using elemental P, red, Ca, Fe, 8b, and
powder. The process started by preparing FeP, CoP, afy &ticording to the protocol
described by McQueert al?®** Then, CaFg, and CaCgP, were prepared by mixing
stoichiometric quantities of Ca, FeP, CoP, and P powders. On the other hand, the parent
CaNpP, was synthesized from a mixture of stoichiometric amounts of G, Nnd P
powders. The next step involved placing sample mixturedumina 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 Qa(eP.( 0 Ox O
1) and Ca(Ni;1Go).P. ( 0 Ox O idresults dhavgs thattboth sets of solid solutions
evolve from a Pauli paramagnetic Cag&eand CaNiP, to antiferromagnetic CaGB; as a
function of Co content, through changes in the band structures.

The synthesis of TIGQNISe solid solutions over dine range of compositions i.e., 0
O x O 2 has afpXRDoreveated tHat thecamepdresl dnaterials exist in
ThCr,Si; type tetragonal crystal structure. The synthesized materials were found to possess a
hi gh met al | Di0*16qacm)a Whilethe pgrant TIGSe shows CuriéWeiss
characteristics frond100-300 K and behaves as antiferromagnetic materig| at97 K, the
TINi,Se counterpart is paramagnetic. Also, the solid solutions ZIBRSe with
composition (0.25 O x O 1.5) show afNasferror
a function of nickel composition, is maximumyat 0.5, suggesting that incorporation of Ni
atxO 0.5 improves antiferromagnetic interact:i

Nanostructured alloys of (ZnS€FulnSe)1x and CulnSgs,« have been reportedly
prepared over the entire composition range using a hot injection approach. During the
synthesis, CuCl, Zng|lInCl;.4H,0O, S powder, and Se powder were used as precursors, while
oleylamine and oleic acid were respectively employed as dispersing solvent and capping
agents. The XRD data showed that the zinc blende structure was conserved throughout the

composition range. T alloyed nanostructures displayed narrow size distribution. The
49



average size of (ZnSg) CulnSe)os and CulnSegeS: o estimated from TEM was 17.1 and
15.0 nm, respectivel y. Modul ati on of the mat
2.82- 0.96eV and 1.43 0.98 eV, for (ZnSgJCulnSe):1.x and CulnSgS,., respectively.
This broad band gap tunability in these alloyed nanocrystals renders them a high potential for
photovoltaic and photocatalytic applicatictis.

CdCrixnSe and CdyyIn,Cr,Se solid solutions were synthesized by Shaburghal
using pure CdSe, Cr powder, OSCh#£2&e and Is5e precursors, and their composition
ranges were explored. The solid solutions was prepared by pyrolysis of their respective
precursors at 600°C in quatizbes set at 16 Pa for one week, followed by-grinding and
re-firing the samples at 550 600°C for equilibration. IXRD studies showed that the
increase in the mole ratio of In in the solid solution system augmented the lattice constant
while theCurie temperature decreased. Analysis of magnetic property revealed the existence

of paramagnetiéerromagnetiespin-glass phase transition in both solid solution systeéfms.

1.2.5.3.2 Quaternary anionic solid solutions

Zhang and cavorkers have declared largeale fabrication of CuSb{Se i)e
nanosheets in a oot colloidal routé® The synthesis was performed by reacting
stoichiometric amounts of Cu(N®.3H,O, SbC} and SeQ@ precursors in a mixture of
oleylamine and dodecanethiol at 200 °C. It was oleskthat when the temperature was
increased, more S from the dodecanethiol was incorporated, yielding G88&hb(g
nanosheets with high sulfur conteMorphological analysis by SEM indicated rectangle
shaped nanosheet$he resultant CuSb{Se 1)e solid solutions displayed composition
tunable band gaps in the range of 0191 eV.

A facile hotinjection route towards the preparation of,Ga(S ;1 $8) (0 O x O
nanocrystals was described by Yamg al.?*° The preparation of GGe(S :S$8) was
performed by injecting GeGlin a solution of Cu(acag)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 thupeo
CwGe(S 1$8) nanocrystals. TEM results showed a narrow size distribution of 19 nm
of the CuGe($Si%¢) (0 O x O 3) solid solutions, and
amount of Se to some extent. The incréasBe contents in thEwGe($S:%¢) (0 O x O

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 exampldgp obtain materials with enhanced insulating behavior, &ea.
fabricated Bi,ShTes;,Sg solid solutions and studied the transport properties for a wide
composition range and temperature. The synthesis of single crystals,8bBie;.,Sg was
achieved by melting stoichiometric quantities of pure Bi, Sh, Te 3 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. TheXRD diffractogramof all thesamples were similar and could be
indexed with the rhombohedral structure, indicating that the solid solutions preserved the
same crystal structure as their parent materials gF.BiBi,Se, and SbTe;. Except for
Bio.7sShy 2sTep sSe 5 all the Bp.xShTes Sg samples at the optimized mole ratios displayed
|l arge resistivity values beyond 1 gcm at | ow
elevated temperaturé®. Similar Bi,xShTes,Sg system with a highly insulating bulk and
tunable Diracarrier was reported byrakare et al***

Compositiontunable quantum dots of ZBdi,SSey,( 0 O x O 1, 0 O y C
size tunability in the range of 4:0L0.0 nm have been reportedly prepared in paraffin liquid
by Denget al via a colloidal routé* p-XRD results showed that all the LS, Sey
alloyed compounds over the wholengoosition corresponded to a facentered 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 Cdand Se r especti vel vy, and was found in c
band gap of the synthesized quantum solid solutions could also be tailored by adjusting either
the material 6s 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 suolidthe
solubilities and physicochemical properties of a large number of pseudobinary systems. For
example, investigations on the solid solubility and bandgap energy of sevekgl-(l1+VI)
systems revealed the quaternary alloy systems of Za8g, GaFZnSe, and GafZnS
exhibited a wide spectrum of solid solubilities, enabling the formation of solid solutions
across the whole systeior the GaAsZnSe system, the lattice parameters varied sublinearly

51


https://www.nature.com/articles/ncomms1639#auth-T_-Arakane

with composition, whereas an approximately linear vammativas found in GaZnSe and
GaRZnS systems. Moreover, a sublinear reliance of optical bandgap on composition was
revealed for th&saAsZnSe systemLikewise, the GafZnSe and GalZnS systems showed
an anomalously sublinear relationship between composditd band gap, with the large
variation occurring near the-l end componert*®

Likewise, a pseudobinary solid solution of (GaRgXnS), (ZnS):x(GaP) and
(GaN);x(ZnO),, were synthesized by Liet al by employing a vapeiquid-solid process in
the presence of Au nanoparticles as catalysts. The resulting nanewimiésted a single
phase with all four elements merged mutually and entirely in the studied composition range.
With the aid ofHRTEM and DS analyses, it was revealed that the structural homogeneity
and a lattice match between the two parent binary compounds were crucial in obtaining
guaternary solid solution nanostructures. Studies of electrical transport on both GaP and
(GaP);«(ZnS) sysems 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 fHsulator.
Table 1.4 presents a list of quaternary-W)h ; (iI-VI)x solid solutions reported in the
literature.

Table 1.4.Pseudobinary quaternary solid solutions of¥)L ; (1-V1) x Systems

Pseudobinary systen (nr-v) (1m-vi Solubility (x) Reference
compound compound

(AIP)14(ZnS), AlP ZnS x<0.01 244
(AISb).x(CdTe) AlSb CdTe 0 x® 1 243
(AISb);.(ZnTe) AlSb ZnTe x<0.18 244
(GaN).x(ZnO), GaN ZnO 0.05 < » 62
(GaP).( ZnS) GaP Zns 0 x@® 1 8243248249
(GaP1.«(ZnSe) GaP ZnSe 0 x@1 243, 249251
(GaA91..(ZnS) GaAs ZnS 0<x<1 245
(GaAs).«(ZnSe) GaAs ZnSe 0 x® 1 243, 252
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(GaAs)..(ZnTe), GaAs ZnTe xO 0.9 243

(INP)4(CdSX InP Cds O0<x<1 245, 253

(INP)«(ZnS) InP ZnS x<0.1,x> 0.94 253

(INPhx(ZnSe) InP ZnSe x< 0.06,x>0.94 253
(InAs)14(CdTe) InAs CdTe X< 0.33,x>0.7 245, 253
(INAs)1.(HgTe) InAs HgTe 0 x@&1 253
(INSh).x(CdTe) InSb CdTe x < 0.05 245, 253

Numerous pseudobinary solid solutions of reaeth oxysulfides have been
documented in the literature as appropriate phosphor materials. The oxysulfide phosphors are
composed of a host compound (e.g0OXS, La0,S) and an activator (e.g., EBS, ThO,S)
which together form a solid solution. Motivated by a desire to study new phosphors and
unlock the subsolidus phase relations in the isostructurakeatle oxysulfile series, Leskela
and Niinisto investigated the solid solubility on the pseudobinary systept®S-La,0,S
(whereLn=Nd, Sm, Eu, Gd, Dy, Yb, Lu, and Y). From the results, onlyQ48-La,O,S and
SmO,S-La;,0,S showed complete solid solubility, while themaining systems exhibited
two phasesThe solid solubility in the isostructural oxysulfide series could be explained by
comparable ionic radii of the two raearth elements?*

The successful formation of diverse solid solutions from different grouppsaous
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 andnsyate 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 lgeorifferent groups:

(1) Structure compatibility: Crystallographically, in order to form a stable compound,
the internal strains and higher lerenge atomic ordering must be as few as possible. The
formation of a single crystal requires the two compdsi@m 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. Consequenthg 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 exceegdithe solubility limit in favor of structural stability and
avoiding phase separatidi. So far, it has been pointed out that sequential composition
tuning has been a challenge in both bulk and nanostructured pseudobinary &stéras.

lower solubilityin nanoscale quaternary compounds can be attributed to thgeselfated
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?*®

(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 tlee latatching but
also the chemical similari?® 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 restitte 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
guaternary compounds becomes entcglly 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
phasepure product and increases thece 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 thisvork.

(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 gaivéttion 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 quater(@aP) ; (nS)k nanowires was
achieved on Atcoated Si substrate by employing a ss§embled protocol, during which
the GaP substrate and elevated growth temperature were essential for in situ lattice

penetratior?
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1.2.6 Fabrication approaches of crystdine 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 stoiefigp 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 compound8: " Therefore, to get rid of probable phase separation and obtain
uniform solid solution nanoparticles, a wdksigned synthetic protocol along with accurate
control of the reaction conditions is required. Virtually all strategies encompassing physical
and temical transformation can be employed to synthesize solid solutions. They are grouped
into three general sets, namely, solution phase, -pbde, and vapgrhase synthetic
approachesThe solidphase techniques include mechanochemical processing afrfyes
via traditional baHmilling (high-temperature solid phase) and thermochemical or thermal
decomposition method©n the other handhe solutiorbased strategies comprise-gel,
coprecipitation, heatip, hotinjection, hydrothermal/ solvothermalknicrowaveassisted
heating, microemulsion methods, etc. Moreover, the vppase transport methods include
both chemical and physical vapour deposition techniques. In some cases, a modified
technique omablend of several reaction protocols is employeditain nanoparticulate sotid
solutions having unique properti&sAlthough enormous efforts have been devoted towards
developing robust and versatile synthetic protocols for the rational fabrication of a diverse
range of nanoscale solid solutions, insthterature reiew only the solventless thermolysis

approach will be briefly discussed.

1.2.6.1Solventless thermolysis (Melt) method

Generally, solvenfree approaches are grouped into mechanochemical and
thermochemical methods. Mechanochemical methodsg, (eall milling and mortapestle
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 precursongsjng microwave or traditional heatifitf. In
recent years, the solventless thermolysis or melt method has gained substantiaf§nt&rest.
259265 This method has been reportedly used to fabricate bulk and nanoscopic materials. In
the solventless themiysis 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 tle material being synthesized. The reaction starts by melting the reactants to form
reactive precursor melts, which then undergo thermolysis to yield the corresponding
compound matéals. A great deal of researatbnducted 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 abseswréastants or capping
agents because the stabilization of the resulting particles is done by the ligands produced in
the course of precursor decompositfdh?°® 2°’Therefore, the approach is often referred to

as the seltapping method. The level @&urface 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 precurs8fsThere are, nevertheless, a few
studies in which the falmation of the nanomaterials has been conducted in the presence of
capping agent®®?° |n some instances, catalysts are also utilized to permit reactions to
proceed under mild conditioR&"

In the traditional soliestate methods, solid state reactiores @arried out by heating a
mixture of pure elements or simpler compounds at elevated temperatures. Consequently, the
reactions take a very |l ong time to compl et
elevated temperatures, upscaling of the produad composition preservation becomes
challenging. On the other hand, solventless thermolysis has proven to be a simple,
economical, timeeffective, and scalable approdth.Moreover, the fabrication of
nanomaterials in the absence of surface passivatjagmds maximizes the probability of
obtaining nanomaterials with copious exposed active sites for improved electrochemical
performancé>® 2" 2"2The selection of suitable precursors for the solventless synthesis of
nanomaterials is guided by a set oheel requirements: the precursor should possess a low
melting point and decomposition temperature; the formed decompositiprotycts should
be highly volatile to ensure the synthesis of high purity materials; for industrial realization,
the precursortould be stable, netoxic, and coseffective?’

1.2.7 Statement 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 thed case
semiconductor spinel ferrites and their corresponding solid solutions, their synthesis has been

predominantly based on wehemical syntheses, which offer versatile and robust routes of
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obtaining nanomaterials with exceptional control of their properNotwithstanding the
versatility and success of the watemical synthetic protocols, their owetiance on toxic
and/or expensive chemicals and capping agents and the technical hitches causing hindrance in
largescale production, remain a challenge. Liksay thepresence of the bulky surfactants on
the surface of the nanomaterials aatsinsulating shells and impede the charge transfer
behaviour of resulting nanomaterials. Therefore, there is a pressing need for the development
of green, economical andaable fabrication routes that avoid the use of expensive and/or
injurious chemicals and insulating surface passivating ligands.

As a sustainable alternative to the solui@sed routeghe solventless thermolysis route
has recently been proven as aaigfintforward, coseffective, seHcapping and highly
effective technique for the fabrication of nanoscale mateftatsworth noting thatinder the
solventless thermolysis method, the synthesis proceeds in the absence of coordinating ligands
because th ligands produced in the course of precursor thermolysis can then stabilize the
synthesized nanopatrticles. Notably, performing the synthesis in the absence of capping agents
further increases the probability of obtaining nanomaterials with copious exgcsesi sites
for improved electrochemical properties. Another advantage of the solventless thermolysis
method is the absence of pggnthetic annealing procedures which are common in sofution
based techniques. Moreover, in contrast to conventional-stalid strategies in which the
syntheses arearried out under harsh conditions at high temperature and prolongedhime
solventfree thermolysis method is tiredficient, requires low/mild temperature, and permits
precise control over the stoichiomewy the precursors. Different organometallic precursor
materials such as metal oleates, metal acetylacetomad¢sl, acetatemetal carbonyls, and
metal oxalate, as well as metal salts such as nitrates, chlorides and sulfates, have been utilized
in the symhesis of nanoparticulate ferrite materials of diverse morphologies and properties.
Inspired by the above rationalé this work, we describehe rational synthesis of
nanostructuredNi;xCoFe0s, Co.xZnFe0s NiixMgxFe0Os, NipxZnFeOs and Co.
xMgxFe0O, 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 presemitecdtomparison to other precursors
available for the synthesis of spinel metal ferrites, the selection of metal acetylacetonates is
based on their low melting points, efte@endliness, affordability, and their clean
decomposition.They also have low moisture sensitivity, making them lesseptible to

hydrolysis, which is a common limitation of metal halides and alkoxides.
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1.2.8 Aim and objectives

The aim of this research work is to employ the solventless thermolysis approach to synthesize
nanostructured spinel ferrite solid solutions amestigate their performance for

electrochemical energy conversion and storage.
The research objectives are:

I. To employ solventless thermolysis method to synthesize nanostrucNired
xCoFe0,, CoxZnFe0,4 NiixMgxFe0s, NiixZnFeO, and CexMgsFe0, solid
solutions from their corresponding metal acetylacetonate precursors.

il. To characterize the synthesized nanoferrite solid solutions for their structural,
compositional, morphological and optical properties.

iii. To investigate the effect of substituentdathe 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 evolutiontiora@nd oxygen

evolution reaction.
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CHAPTER 2

Solventless synthesis of nanospinel NCo,Fe,0,( 0 O x O 1
solid solutions for efficient electrochemical water splitting and
supercapacitance
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2.1 Introduction

In the wake of theéncreasing demand for clean arehewable energy supply coupled
with rapid depletion and nerenewability of fossil fuelsinnovative energy generation and
storage technologies are highly desited.Electrocatalytic water splitting represents an
efficient and flexible pathway for hydrogen production, a -narbonrbased alternative
energy source. However, water splitting reactions have sluggish kinetics, large overpotential,
and poor energy efficienckesulting from intricate processes of electrons/ions transfer in
oxygen evolution (OER) and hydrogen evolution (HER) reactigdthough preciousmetat
based catalysts have reportedly been employed to overcome these hurdles, their scarcity and
substantibcost restrict their use in largeale industrial applicatiorfs®> 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 ésfttelowever,
their relatively low energy density has prevented their widespread use irerfeghy
applications. In this regard, research endeavours are focused on developirapeaddmt,
low-cost, and stable noble mefete electrocatalysts for watsplitting and supercapacitofs.

Spinel ferrites with a general formula AR (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 towardagater splitting and supercapacitaricé. 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 propeies!®®® Spinel ferrites, such as Nif@ and CoFgO., are composed of
inexpensive, environmentally benign and easily accessible mat&ffalStudies have
indicated their applicability as electrode material in supercapaditof§, lithium-ion

?2 as well as catalysts for electrochemical water splittihng®® Their

batteres?"
electrochemical performance is ascribed to the presence of electrochemically active
multivalent cations of Ni/Ni**, Co™/Co™* and F&'/F€*. 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 resistaficEsLikewise, their use as
bifunctional catalysts for overall water splitting is hampered by their limited activitggd

the electrochemical performance of these materials still necessitates further improvement.
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A promising approach for the improvemeott hese spi nel ferriteo
performance is to design a nanostructured solid solution. Consequently, the resultant solid
solutions possess the additional compositiependent synergistic effect of different
elements, apart from properties amating from the quantum confinement effétdn
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 otinuum?’ Interestingly, both NiFg, and CoFgO, are
isostructural and consist of isovalenfNand C4", thus theyare characterized by the ability
to form a highly diverse range of substitutional solid solutions following HRot@ery
rules?® The resiltant 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
NiFe,O4 and CoFgO,.

Likewise, controlled preparation of solid solutions i€likto augment the number of
exposed atoms, surface area, number of active sites and electrical conduwfiiity,permit
facile iondiffusion and increased electrodiectrolyte interfacial interactioff: 2° *° This
approach affords the fabrication ofmore sophisticated electrode materials for
supercapacitors, HER and OER with enhanced actiVitfor example, nanospinel
NiFeGrOs( 0 O x O 1), prepared by a simple prec
OER activity when Cr content was increased from 0.2 to 1.0 mol in the spinel lattice of
NiFe,0,.% In addition, the synthesis of CuRegr,Os (0 O x O 1) has beer
employing a precipitation route, and the improvement in electronic properties was found in
favour of OER catalysis in basic medfa.

Nevertheless, for solid solutions, the composition control and nucleation in the nano
regime are quite challenging. Partany, the growth dynamics, solubility and crystallization
process vary vastly when the component elements increase. In this regarddesigakd
reaction protocol and accurate control of the growth parameters are indispensable for
obtaining homogeneousolid solution nanostructures and avoiding any probable phase
segregatiori* Recently, solventless thermolysis has emerged as an alternative method for the
largescale fabrication of diverse homogeneous nanostructures. It is an environmentally
benign, sciable and straightforward approach in which precursor materials underge solid
state decomposition by thermal treatm&nt® Comparedwith the most frequently used
solutionbased techniquegshis approach resures 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. Thefore, the synthesis of bare surface nanoparticles may show much enhanced
catalytic activity due to exposed active sites. Moreover, inbadeen extensively utilized to
synthesize nanoferrite solid solut®ffom metalorganic precursors.

In this studywe have utilized the solventless thermolysis method to prepare uncapped
solid solutions of NiyCoFeO; ( 0 O XromChe Iespective 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 MEoFe&Os ( 0 O  xsolidOsolutigns from metal

acetylacetonates.

2.2 Experimental

2.2.1 Chemicals

Nickel (Il) acetylacetonate (98%, Mer8chuchardt), cobalt (II) acetylacetonate
(98%, MerckSchuchardtgnd iron (lll) acetylacetonate (97%, Sigrdddrich). All metal

acetylacetonate complexes were used as received.

2.2.2 Solventless synthesis of NjCo,F&04( 0 O sglid $dlutibns

The NixCoFeO, ( 0 O solid éplutions of different stoichiometric compositions
were prepared by solventless thermolysis of metal acetylacetoRatdbe typical synthesis
of ternaryNiFe,O, nanoparticles, 0.10 g (0.39 mmol) of nickel acetylacetonate and 0.27 g
(0.78 mmol) ofiron acetylacetonate were mixed and the solid mixture was grounded using
pestle and mortar for & 20 minutes to obtai.l
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 annealivegheating 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 afoFeO, nanoparticles was achieved by employing
similar procedures except thatobalt acetylacetonate was used instead nafkel
acetylacetonate anthe amount of cobalt and iron complexes were maintained in the same

mole ratio of 1:2.
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For the synthesis ajuaternaryNi;xCoFeO, (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 ergeges of solid solutions westmilar to those

employed to synthesize the ternary nickel and cobalt ferrites.

2.3 Characterization techniques for NixCoFe04( 0 O srlid $lutibns
2.3.1 Powder X-ray diffraction analysis

The crystalline phase of the spinel{NtoFeOs ( 0 O  solid®olutions was
ascertained by powder-day diffraction (pXRD) analysisemploying a Bruker AXS D8
Advance Xray diffractometer. The instrumentises nickeHfiltered Cu KU radiat:i
(&=1.5418ij) athe&Oarkadl ysti0s mhas performed in t
10 to 80%nd the data obtained were also utilizeddmpute the structural parameters such as

cell volume, latticeonstants and crystallite size.

2.3.2 Scanning electron microscopyand energy dispersive Xray analyses

Scanning electron microsco$sEM) analysis was performed on ZEISSAuriga
CobraSEM while energy dispersive Xay (EDX) elemental analysis was carried out on a

Zeiss Ultra Plus Field Emission Gun Scanning Electron Microscope (FEG SEM).

2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XP&)alysis was conducted using Kratos Axis
Ultra DLD X-ray Photoelectron spectrophotometeor 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
Torr, hybrid lens, and resolutioto 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 cordevel spectra were acquired at 40 eV pass energy in slot mode centred at
285 eV forC 1s, and the step size was 0.05 eV and dwell time at 500 ms.

2.3.4 Transmission electron microscopy (TEM) and High resolution TEM (HRTEM)
analyses

The TEM and HRTEM imaging techniques were collectively used to determine the

morphological and microstruatal features of the NiCoFeO,( 0 O x O 1) sol i d
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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 Ultraviolet-visible (UV-Vis) spectroscopy

The optical absorbance measurements were conducted in thdsBpectral range
on a Varian Cary 50 UV/Vis spectrophotometer.

2.4 Electrochemical studies

The electrochemical behaviour of the synthesidkgd,CoFeOs (0 O x O 1)
solutions was investigated by Gamry Potentiostat using a thleetrode system. A paste
comprisingNi1xCoFe0O, sample (80 wt.%), polyvinylidene difluoride (PVDF, 10 wt.%) and
acetylene black (10 wt.%) was prepared usingé&thyl pyrrolidinone (NMP) as solvent.

This paste was then applied to qoteaned 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, respechivehll
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 galvanostaticeatiaoparge (GCD) at
different current densities. Studies on the electrocatalytic activi§igiCoFe0, electrodes

were carried out by linear sweep voltammetry (LSV), chronoamperometry (CA) and cyclic
voltammetry. For both OER and HER measurements, W&¥ 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 Results and discussion
2.5.1 Powder 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 decompogitiaihough they
have been used to prepare spinel ferrites,GFeO,( 0 O  solid Golutioh has not
been prepared from metal acetylacetonates.

The crystalline phase dfli.xCoFe0; ( 0 O solid@olufiopnswas investigated
using powder Xray diffraction(p-XRD) analysis. Fig2.1 (a) indicates theXRD patternof

Ni.,CoFeO, (0 O x O 1) solid solutions whose di
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(311), (222), (400), (422), (511) and (440) planes, confirming the formation of a-phrege

cubic pinels withFd3mspace group. The diffraction peaks of the pristine pOg€x = 0)

and CoFgO, (x = 1) were found to match well with the standard diffraction peaks of pure
NiFeO4 (ICDD # 00044-1485) and CoR©, ((ICDD # 00001-1121), respectively. Also, the
diffraction peaks of th&li;.\CoFe0, 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 ferritsystems 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 Nge® and CoFgO,. The diffraction pattern was similarrfo

pristine and the alloyed compositions, which indicates that the lattice symmetry was retained

during the substitution of Kii by C&* ions. Italso indicates the successful inclusion of Co
into the NiFgO, lattice systemAdditionally, the observed ddrences 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>Cor uneven cation distribution at the
tetrahedral and octahedral positions, respelti? 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 cobalibstitutionin the pristineNiFe,0,.3% *°
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The lattice constants (a = b = c) of the synthesized nanospinels were calculated from

the pXRD data and their values presented in Table 2.1. The estimation of the average values

was achieved by considering the mean valuea cdmputed for each diffractiopeak by
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from Br agg sk ahda represents Miker indice®. 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*Nions (0.69 A) is replaced by slightly larger Cions

(0.74 A) in Ni.,CoFe0, 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 symmetryemains 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.
experimental values for lattice constant (8.313A) for pure MXdFare consistenwith the
standard values (8.337 A, ICDD #:-084-1485). 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 spheresaspin a rigid fashioff A plot of

the lattice constants with respect to’Coontent 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 cphimnce with Vegard's la?

The crystallite sizes of NiCoFe0, solid solutions were estimated fror{RD data
using Debye S c¢*h BEhe estimafion wds odone by aonsidering the line
broadening of the most intense peak (311) and the cryestailies of NiyCoFeO, were
found to be in the range ofB 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 micrstrain in the latticestructure. However, a namiform trend in the

changes of crystallite sizes with respect t§'@ontent was noted.

2.5.2 EDX composition analysis

EDX analysis was performed to provide both qualitative and quantitative description of
elemental compositiom the synthesized NjCoFeO,( 0 O x O 1) solid sol
The EDX spectra of pristine Nif®, (x = 0) authenticated the presence of Ni, Fe and O
while that of pure CoR©®, (x = 1) confirmed the presence of Co, Fe and O. The EDX
patterns oiNi;.«CoFe0, 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 théRD results which shows the formatioh a
series of phaspure 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 ratioiffgresht 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 digpd in Figs. 2.3 and 2.4

indicate uniform distribution of the respective elements in al8FeO, (0 O x O 1)

nanospinel ferrites.

Element At.%
Ni 10.57
Co 2.98
Fe 25.76
o 60.68
(x=0.2)
0 5 10 15 1'5 ! ! ) !
1T - Element At.% ‘Element At%
Ni 8.34 = Ni 5.71
. Co 5.65 " Co 9.10
. Fe 28.03 N Fe 28.57
S | o 57.99 3" o 56.62
Rl .
) =
! ‘ . (x = 0.4) : (x =0.6)
AR AR SR S L ARARRARAA MMM SR SR
Element At.% Element At.%
= Ni 4.09 Co 15.02
o Co 11.42 Fe 29.53
; Fe 28.60 0 55.45
e o 55.89

nanopartic

Fig. 2.3.EDX elemental mapping of NiE®. (x = 0) and CoF£, (x = 1) showing a uniform

distribution of elements.
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2.5um

Fig. 2.4.EDX elemental mapping of NiCoFeO,( 0. 2 O x O 0.8) solid

uniform distribution of elements.

Table 2.1 Latticeparameter (a), crystallite size (d), unit cell volume (V), band Egp &nd

EDX compositions of NixCoFe,04 solid solutions at different cobalt contents (x).

Target ferrite Stoichiometry a (i d(m) V i Eg(eV)
composition  obtained from EDX
(x)
0 NiFe0, Niz.01Fer 740426 8.313 19.40 574.48 1.99
0.2 NipgCxFeOs Nig7Lm21FE 800425 8.317 8.91 575.31 1.95

0.4  NipggCmpaFeOs NigsdCoadFe glaos 8.321 14.43 576.14 1.95
0.6  NigsCopdFeOs Nigsdlede ofsos 8.334 10.73 578.84 1.81
0.8  Nipg2CopgFeOs Nigafl7F€ 00391  8.349 12.90 581.97 1.75

1 CoFe0q4 Co10F€.003.88 8.351 9.68 582.39 1.67

2.5.3 XPS Analysis

The XPS was used to investigate the chemical states and to determine quantitative
surface composition of NiCoFeO,4 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 exgcted from the prepared samples for (i) x = 0.2, (ii) x = 0.4 and (iii) x = 0.6.

84



s
G
N

x Ci1s Ofs Fe2p Co2p Ni2p
02167 263 270 53 247
04 121 345 377 64 94
06150 360 350 54 85

w
Ni 2p

Co 2p
Fe 2p

N
O1s

[}

O

-

Intensity (x10¢ cps)

(= L - I N
%)

Intensity (x 10° cps)

0 v r . - i
1000 800 600 400 200 0 740
Binding energy (eV)

—~
©
~
—_
2
-~

75

o
[}

6.0 1

o
>

4.5

o
'S

3.0 4

Intensity (x 102 cps)

o
[}

1.5 4

Intensity (x 102 cps)

0.0 i = ) £o i 0
5% 533 o3 520 877 525 293 291 289 287 285 283 28
Binding energy (eV)

Biinding energy (eV)

Fig. 2.5 (a) Survey spectra for NiCoFeOy: (i) x = 0.2, (ii) x = 0.4, (iii) x = 0.6. (b) High
resolution cordevel spectra of Fe 2p for x = 0.8PS high resolutioncorelevel spectra of
(c) O 1s and (d) C 1s of the ternaryMoFe0,4 (X = 0.4).

The presence of C 1s (284 eV) is probably ascribed to the surface ligands produced
during decomposition of metal acetylacetonate precurSossdditionally, carbon is the
material which is always present in atmosphereit $® likely to find some monolayers of
contamination from environmental air, especiatlye ubiquitous 28&V signal. Also,
although it is possible to minimize it under very restrictive circumstances danalgsis, 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 Cls shows the possibiligdsbrbed CO or CQOn
which O1s contains ©, C=0, OC=0, OC-O related binding energies between &X&eV.

The elemental composition of each sample is shown in the afideg. 2.5(a) The XPS
results further shows that the composition of Ni to désignated 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 O.@spectively. The results confirmed the increase in
the amount of Co with the decreasing Ni content. The high resolutiodex@lespectra of Fe

2p in Fig. 2.5(b) is similar to the samples prepared. The fitting shows multiple oxidation
states of F& F&" and F&*. The high resolution of cofevel spectra of Co 2p and Ni 2p
could not be deconvoluted due to very small signals. The high resoluticteeerspectra of

85



O 1s and C 1s shown Fig. 2.5 (c) and (d), respectively, for the téna@oFe04 (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 synth&Bis,6bFe0,

at 450 °C.

2.5.4 SEM, 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 presenteBign 2.6show the surface morphologie$
Ni1.xCoFe 0, 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
monophasic Ni,CoFeO. solid solutions was achieved at different’?Cstoichiometries. It
can also be inferred from the SEM images that the uniformity of particles vary with different
guantities of cobalt, incorporated in the crystal lattice of elidkrrite. 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®> The appearance of somewhat aggérated NixCo/FeO, nanoparticles
is a result of interaction arising from the magnetic nature of the nanoparticles, which make
them to be held together due to intensive \WWer Waals attractive forcé®. 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 bieanalue of crystallite size
computed according to Scherrer formula fror”KRD data (12.7 nm). However, SEM
analysis has its limitations in image magnifications and in addition, this disparity in particle
size between XRD and SEM could probably be attitable to the aggregation of the

nanoparticle&®
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Fig. 2.6.SEM images of Ni,CoFeO,( 0 O x O 1) solid solutions.

In order to have a better understanding of the size and morphology,;ti@offieO,4
(0 O x O 1) solid s olTEM analysis (Figv8.7).eWellepasated anal y
cubic and octahedreshaped nanoparticles are observed, having average size around 14
232 nm. $me particles areagglomerated possibly due tmterfacial forces. Such
aggregation of particles has also been reported in the litefafTine. average particle sizes of
Nii,CoFeOs (0 O x O 1) solid solutions observed

those estimated from}RD.

Fig. 2.7.TEM images ofNi.xCoFeO,( 0 O x O 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 espacingof 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 Nig; and CoFgO, nanospinelé® *° The absence of secaamy
phase in HRTEM analysis suggests a good agreement witRXR®pesults.

A

d= 026 nm
\"/

10 nm

Fig. 2.8.HRTEM images oNi;,CoFe0s( 0 O x O 1) solid solution

2.5.5 Analysis of optical properties

The optical properties of the synthesized. )dioFe,0, solid solutions were studied by
UV-Vis spectroscopy and the results obtained are displayed in FigT2e9absorption
spectra of the prepared solid solution series show an absorption in the range860408.
The values of band gap were computed fronret Tauc pFfws sphdt didJhgher g
(Fi g. 2.10), where U stands for abs-Wis ption
radiation and h is Planck's constahfThe estimated values of band gap were found to
decrease slightly from 1.98 to 1.6¥ with the increase in cobalt content (Table 2.1 and Fig.
2.1(b)), and is related to the inclusion of slightly largef*Gans in NiFeO, which creates
less deep CB 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 s exchange interactions occurring between libad electrons and eh
localized d electrons of Gbreplacing Nf* ions®* A similar observation in the absorption
edge was previously reported in copper substituted nickel féfritegeneral, it is worth

noting that the range of band gap values obtained in this study suggests the applicability of

the synthesized NiCoFeO, solid solutions in photocatalysis and optoelectronics.
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Fig. 2.9.UV-Vis absorption spectrum ofi;,CoFeO,( 0 O x
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2.5.6 Electrochemical performance ofNi.xCoFeO4( 0 O x O 1) solid sol
2.5.6.1 Supercapacitance

The supercapacitazharacteristicof the NixCoFeO; (0 O x O 1) el ect
evaluated usingyclic voltammetry (CV) and galvanostatic chadjscharge (GCD) curves
in 3M KOH electrolyte within gotential range (0 0.6 V vs. Hg/HgO). Fig. 2.1#lispays
the CV graphof Ni;«CofFe0, 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 Ni
xCoFe0, 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 diffusi@ontrolled chargaransfer process is éhpredominant charge
transport process.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 chaagsfer procesy.
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Fig. 2.11.CV graphs oNi.xCoFe&Os,( 0 O x O 1) el ectrodeis at V.
300mV/s).

Quantitative analysis of the electrochemical performance giQ¢iFeO,( 0 O x O 1)
working electrodes was carried out by deducing the specific capacitance from the CV data
using equation (1) given below:
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Where A denotes the area under the CV curve, V stands for the potential wirdevthe

scan rate, and m is the masstbé Ni CoFeO, 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 ohgllesadecreases 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, thesemore 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 henough 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 chargestoregalues of
specific capacitance obtained at 2 mV/s are 388, 534, 332, 513, 470 and 254 F/g for Ni
xCoFe 04 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 cotipusix = 0.2 and 0.6 recorded
higher specific capacitance than other compositions, particularly the pristingONiHéis
might be caused by the appreciable content and uniform distribution %fi@s in the
NiFe,O, lattice. The distribution of Cd ions in the octahedral sites causes a change in the
lattice parameters and bond length due to the ionic size difference betw&eanGd\i?
ions. Consequently, stronger interaction betweefi” @nd G ions occurs, leading to the
splitting of degeneraterbitals, and when there are more chances for the working electrode to
react with the electrolyte, the increase in specific capacitance becomes Gbvious.

The variation of specific capacitance with respeatuent density for NixCoFe,0,
solid solutons is displayed in Fig. 2.12(b). The obtained specific capacitance was derived
from equation (2) below.

O 0o

0 = -——
Q w a

Where | is thedischarge current, t is the discharge time, V is the applied potential window,
and m is the mass of NiCoFe,0O, 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 asdeLtikely,
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at the current density of 1 A/g.he specific capacitance of the NCoFeO, 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 etetds 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 fastharging devies. 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 limiss in diffusion movements of electrolyte iot{sAt low current densities, the inner

active sites of nanoscale NCoFeO, electrodes are fully utilized due to low ohmic drop,
which offers enough time for redox reactions, resulting in the high specifiacitp
However, the high chargdischarge 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, amddarge storage center is limited on

the outer surfac® The superior supercapacitor performance ofNhgCoFe0; (x = 0.6)

sample was compared with other studies on binary and ternary metal oxides for
supercapacitor application¥he Bhujun group employed a sa@el method to synthesize
ternary transition metal ferrites of NiCof&a, NiCuFeO,4, andCuCoFeO,, which acquired

the maximum specific capacitance of 50, 44, 76.9 F/g, respectively at the current density of 1
A/g.’® In addition, binay transition metal oxide, NiMn©synthesized via a hydrothermal

route recorded a specific capacitance of 230 F/g at TAWhen compared with other
binary/ternary metal oxideshe nanospinel Ni,CoFe O, electrode with compositiorx =

0.6 synthesized vigolventlessthermolysismethod showed an excellent electrochemical
performancelt is also believed that Gbtends to offer additional holes while Niprovides

extra electrons in the redox reactions, thus enhancing conductivily capacitive
performance.Table 2.2 presents a detailedmparison of the specific capacitance of

Nio 4Cop dFe04 electrode with other previously repattenetal oxidebased 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 thalel€€tg), V
is the applied window potential (Volt), and t is the time (seconds).

o Pso o
C
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5 3
Among all the samples examinethe nanoscopic NkCo/FeO, electrode with x = 0.6
displayed a superior energy density of 10.B/Kg while also showing a high power density
with apeak value of 4208 (W/kg). The power density of )ioFe0O,4 (x = 0.6) obtained in
this study by employing a solventless pyrolysis approach is much supetioe tdiFeO,
(62.64 W/kg), CasNigsFeOs (60.45 WIkg), and Cok©4(62.13 WI/kg) nanoparticles
prepared hydrothermally by Sharifit al Likewise, the energy density of 10.3 Wh/kg
demonstrated by MNiCoFeO, (x = 0.6) surpasses that of NpER (6.64 Wh/kQ),
CaysNigsFe04 (7.43 Wh/kg), and Cok©4(9.32 Wh/kg) nanoparticle5§.

5 ( ) ———x=0 = 400 —— X =0 ———X=0
= 6001 (a : 2 (b) ——X=0.2 _ 54 (c)
g 500 T 300 ot § 4
< c e X =08
b 400 pui —t—X=1.0 = 3
g S 200 £
2 300 a B
G @ g 2
£ 200 °
= L 100 = 1
& 100 G . H
* 2 g 0
0
0 50 100 150 200 250 300 w 0 0 5 10 15 20 0 2 4 6 8 10
Scan rate (mV/s) Current density (Alg) Energy density (Wh/kg)

Fig. 2.12.(a) Specific capacitance versus scan rate, (b) Specific capacitance versus current

density, (c) Variation of energy and power density, far,BbFe0s( 0 O x O 1 sampl

The galvanostatic chargéischarge studies dfli;xCoFeO, samplesconducted at
different chargalischarge current densities{20 A/g) are presented in Fig.13. As seen in
the chargalischarge curves at various current densities, an apparent plateaondindarity
were observed, suggesting psewdpacitance behaviour of the ;NCo/FeO, electrode
materials with various stoichiometric compositions. Among all the compositions investigated,
nanospinel ferrite electrodes with x = 0.6 demonstrated a lociggngedischarge time,

signifying superiority in charge storage capacity.
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The longterm stability tests for alNi,.xCoFe,O,4 electrodes shown in Fig. 2.1dere

conducted up to 4,000 cycles at current density 7 A/g. Compared to other samples, an

electrode with x = 0.6 demonstrated abb00% retention in the charge storage capacity at
the end of 4,000 cycles of chargescharge study with about 97% Coulomieiiciency.
Other compositions dli;xCoFe04 (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 clthsgharge study.
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Based on CV, GCD, and stability tests, #he 0.6 electrodeshows 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 Mo -0, electrode with other
metal oxidebased electrodes.

Electrode material Synthesis route Specific Current Reference
capacitance density
(Fl9) (Alg)
ClosCopsFe0, Solgel 76.9 1 16
MnFeO, Co-precipitation 173 1 60
MgFeO, Solgel 61 0.5 61
Nig sCon sFe0, Solgel 50 1 16
Fe,0O4 Solvothermal 97 3 62
NiC0,0,4 Solgel 217 1 63
Nig sClo sFe0; Solgel 44 1 16
MnFeO, /graphene  Solvothermal 120 0.1 o4
CoMnFeQ Solgel 150 1 es
CdMn,O, Electrospinning 210 1 66
Nio.2sMgo.7sF&0; Hydrothermal 133.95 0.5 67
MgCr,0, Sokgel 21 0.5 68
Nig 4C0g eFe04 Solventless 237 1 This study

2.5.6.2 Hydrogen evolution reaction (HER)

The electrocatalytic behaviour of theiNCoFe0, ( 0 O electr@lesifor 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 requixesd for
0, 0.2, 0.4, 0.6, 0.8, and 1 electrodes, respectivetieliver the current density 10 mA/ém
All results showed very low overpotential, but among them, x = 0.4 (168 mV) showed fairly
low overpotential followed by x = 1 (169 mMndicating better catalytic activity than other
samples. There are many repargarding the synthesis of efficient HER catalysts by using
Ni, Fe, and Co, which are relatively cheap and abundant on earth, instead of expensive noble
met al materi al s. For exampl e-Fe bhayamesaloorides gr o
electrocatalystwhich exhibited the overpotential value of 220 mV at current derigity
mA/cn?, signifying much higher activity thaBoO (387 mV) and R, (431 mV) at 10
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mA/cn?.®® Also, nanostructured flowdike nickelcobalt oxide were synthesized liye
Elakkiya group It demanded the overpotential of 370 mV at 10 mA/cwhich is higher
activity than NiO (400 mV) and GO4 (410 mV) comprising the nickelobalt oxide
nanomaterial®Compared with other groupOsFeM®=k, the
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 NiCoFe, 04 (X = 0.4) with other reported NifEbased electrocatalysts

in alkaline electrolyte. Fig. 2.15(b) shows the Tafel slope, an indicator of electrocatalytic
kinetics. |t was plotted with the aid of t
overpotential, a is a constant, b is the Tafels|@nd j is the current density. The calculated
Tafel slopes are 128, 157, 120, 135, 131 and 113 mV/dec for electrodes with compwpsitions
=0, 0.2, 0.4, 0.6, 0.8, and fespectively. Since the lower Tafel slope indicates the faster
kinetics, thus electdes with molar ratiox = 0.4 (120 mV/dec) and x = .13 mV/dec)

exhibit better reaction ketics than other samples. In Fig. 2.16, stability tests of all samples
were performed by comparing' polarization curve with the 108olarization 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, ahdshagility. Overall, the
Ni1.xCoxFeO, (x = 0.4) electrodgrepared by the solventless method, possess these crucial
elements andshow favourable electrocatalytic properties for HER, outperforming other
electrode compositions examined in this study. Iditazh, the effect of electronic push in
cobalt substituent on the HER performance oblised materials has been established in the
literature, where partial electrons adjacent to nickel sites are pushed by cobalt substituent
resulting in an increase imé number of lattice © groups and consequently boosting H

adsorption and charge transfer for the HER.

“E od @ 237TmV 0.4{—%0, (b)
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Fig. 2.15. (a) HER polarization curves, (b) Tafel slopes fir,CoFeO, ( 0 O x O

samples.

Fig. 2.16.HER polarization curves at various cyclesfog,CoFeO,( 0 O samples. 1)

Table 2.3.Comparison of HER performance of the synthesizeg®y /6,0, and CoFgO,

with other reported Ni/Ctased electrocatalysts in alkaline electrolyte.

Catalyst Synthetic method  hio(mVin1 Tafelslope Reference
M KOH (mV/dec)
NiFe Sponges Polyol-assisted 190 82 2
chemical synthesis
NiCoP NW/CFP Hydrothermal 170 73.0 &
Ni1.sCo, sSINW/CFP  followed by 237 112.9 &
sulfuration and
phosphorization
CoFe0Q4/SWNTs Sonochemical 263 46 “
Ni-MoSe Hydrothermal 206 81 »
NiMnP Colloidal 490 238 e
FeSe/CoFeO, Hydrothermal 231 88.76 "
CoCuzn/C Electrodeposition 213 92 8
NiC0,Sy/Ni foam hydrothermal 210 - ”
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