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Keywords: Molten-salt synthesis (MSS) method becomes an excellent bottom-up synthesis technique of
Molten salt synthesis nanomaterials with various chemical compositions and morphologies because of its meritorious
Nanomaterials

Metal oxides
Nanoparticles

features including environmental friendliness, low cost, simple to operate, easy to scale-up, etc.
This review article highlights the status, potential and challenges of MSS for the synthesis of metal
oxide nanomaterials. It gives a concise flavour on the importance of synthesis on the properties

and application of nanomaterials. We have compiled a brief write-up on a few frequently used
synthesis methods and their advantages and disadvantages. This review article encompasses
different aspects of MSS such as the role of molten salt, the choice of molten salt, the effect of
various synthesis parameters, typical oxosalts and their electrochemical aspects. Some advanced
modifications of the MSS method and their implications are also discussed in brief citing a few
examples. For readers to have a completed understanding and feel of MSS, both pros and cons of it
have been discussed as well. The recent progress in MSS of inorganic metal oxide nanoparticles is
reviewed in this article. We start with simple binary oxides and then explain a few technologically
important cases of complex metal oxide nanomaterials. This review article also highlights how the
MSS method has been successful in synthesizing ABO, delafossite, ABO3 perovskite, AB2O4 spinel
and AB,07 pyrochlore nanomaterials. This review article opens a new avenue for exploring MSS
in making size and shape tunable nanomaterials for various catalytic, optoelectronic, magnetic,

and electrical applications.

1. Introduction

Nanomaterials are not only a very important footmark in the area of miniaturization, but also an important milestone as the
nanosized domain lies in between atomic and quantum realm and the bulk scale. Once a material goes down to nanodomain, their
physical, biological and chemical properties are governed mostly by quantum physics, rather than classical physics governing the bulk
phase [1]. Such differences arise mainly due to enhanced surface area, increased chemical reactivity and mechanical strength [2].
Based on different parameters such dimension, phase composition and manufacturing process, they can be classified into various
categories (Table 1) [3]. These properties of nanomaterials have led to their use for various applications which are classified mostly
based on surface properties (Table 2). Particularly for applications in the areas of optics, magnetism and catalysis, nanomaterials have

been fetching lot of attention in the scientific community.
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The properties governing these applications are strongly influenced by particle size, phase composition and shape of nanomaterials,
therefore, synthesis plays a very important role in designing well defined, monodisperse and uniform nanostructured materials
[10-12]. There has been a great deal of effort invested in nanoscience related research pertaining to improved design strategies for
making size and phase specific nanomaterials with well-defined morphology and narrow size distribution in order to improve their
existing chemical and physical behaviours [13-16]. Specifically, in order to have improved optical, magnetic and catalytic properties,
it was found that nanomaterials need to have optimum size, shape, crystallinity, pH, surface area, etc. [17-19]. The perfect balance of
all these characteristics of nanomaterials are needed for them to work efficiently for specific applications. Other than optimizing these
properties, synthesis methods should be simple enough to be reproducible, cheap, easily scalable, green, and clean, and not lead to any
kind of hazards in a lab or industrial scale. Particularly green chemistry is the demand of scientific and social community. The gen-
eration of hazardous substances and waste production also should be bare minimum.

Because of various favourable and non-toxic properties associated with oxide systems, there have been increased demands for metal
oxide nanomaterials for many scientific and technological applications particularly in the areas of medical sciences, information
technology, catalysis, energy storage and sensors [20]. Consequently, there has been an upsurge in research related to designing new
synthesis strategies for metal oxide nanomaterials. There have been many wet chemical routes reported in literature for the synthesis of
nanomaterials such as hydrothermal, sol-gel, co-precipitation, microemulsion, combustion, etc. [21]. Many of these techniques
involve toxic and costly chemicals, sophisticated instrumentation, organic solvent for washing, etc.

Through molten salt synthesis (MSS) method it is reported that metal oxide nanoparticles (NPs) can be synthesized very rapidly and
efficiently from suitable metal ion precursors along with proper flux/molten salt at temperatures beyond the melting point of the salts
[22,23]. MSS is a simple techniques which is cheap, clean and scalable [14,24]. Because of its various favourable properties and easy to
scale, MSS is expected to be used for nanomaterial synthesis at industrial level [14,22,23,25-30].

Compared to conventional solid-state synthesis route where chemical reactivity is limited by the large diffusion length and slow
diffusion of the reacting constituents, the MSS method has lower formation temperature of products as it facilitates fast movement of
solids in liquid molten salt phase by means of convection and diffusion. In wet chemical synthesis, solvation is the most crucial step.
Most of molecular solvents used in synthesis fail to solvate all metal ions and inorganics. In case of the MSS method, ionic molten salts
are used to facilitate chemical reactions at low temperature. Unlike in other synthesis systems, it is possible that most of the metal ions
or ionic/covalent bond can get easily destabilized in the MSS process by solvents from the strong polarization induced by molten salt (a
pool of ionized cations and anions) at relatively high temperature. One of other important aspects of the MSS method is the high
aqueous solubility of molten salts which allows their easy removal at the end of chemical reaction and makes the efficient isolation of
products from synthesis reaction mixture. These kinds of molten salts have been used in both academia for research purpose and
industry. In fact, molten salts have been used in many inorganic and organic chemical reactions as suitable solvent media and help in
growth of crystalline products for quite a long time [31-33].

The aim of this review article is to present the state of the art of the current researches performed by the nanoscience community on
the recent synthesis advances of inorganic materials via the MSS method particularly in nanodomain. To give a concise flavor of the
MSS method for nanomaterials, we start with a general and brief introduction of synthesis methods for nanomaterial. Then we describe
the role of molten salts and their chemical and physical aspects with some widely used salt melt systems as examples. Afterwards, we
discussed the synthesis parameters, pros/cons, and some advanced techniques of the MSS method. Finally, we summarize the
nanomaterials obtained by the MSS approach in the categories of binary and complex metal oxides. Only a few examples in each type of
above-mentioned materials are mentioned since an exhaustive presentation of all accessible materials is impossible.

2. General synthesis methods for nanomaterials

For getting desired properties from nanomaterials, it is especially important to synthesize them in a controlled manner. Particularly
size and shape of nanomaterials have huge role in optimizing their properties for specific applications. Some of the important synthesis

Table 1
Classification of nanomaterials with regard to different parameters [3].
Classification Examples
Dimension
3 dimensions < 100 nm Particles, quantum dots, hollow spheres, etc.
2 dimensions < 100 nm Tubes, fibers, wires, platelets, etc.
1 dimension < 100 nm Films, coatings, multilayer, etc.
Phase composition
Multi-phase solids Matrix composites, coated particles, etc.
Single-phase solids Crystalline, amorphous particles and layers, etc.
Multi-phase systems Colloids, aerogels, ferrofluids, etc.
Manufacturing process
Gas phase reaction Flame synthesis, condensation, chemical vapor deposition, etc.
Liquid phase reaction Microemulsion (reverse micelle), sol-gel, precipitation, hydrothermal/solvothermal process, sonochemical process,
etc.
Mechanical procedures High energy ball milling, plastic deformation, etc.
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Table 2
Properties and applications of nanomaterials.
Surface Properties Application examples
Mechanical properties (e.g. tribology, hardness, scratch- Wear protection of machinery and equipment, mechanical protection of soft materials (polymers,
resistance). wood, textiles, etc.) [4]
Wetting properties (e.g. anti-adhesive, hydrophobic, and Anti-graffiti, anti-fouling, lotus-effect, self-cleaning surface for textiles and ceramics, etc. [5]
hydrophilic).
Thermal and chemical properties (e.g. heat resistance and Corrosion protection for machinery and equipment, heat resistance for turbines and engines,
insulation, corrosion resistance). thermal insulation equipment and building materials, etc. [6]
Biological properties (biocompatibility, anti-infective). Biocompatible implants, anti-bacterial medical tools and wound dressings, etc. [7]
Electronic and magnetic properties (e.g. magneto resistance,  Ultra-thin dielectrics for field-effect transistors, magneto-resistive sensors and data memory, etc.
dielectric). [8]
Optical properties (e. anti-reflection, photo- and electro- Photo- and electro-chromic windows, anti-reflective screens and solar cells, etc. [9]
chromatic).

parameters which play decisive roles in fine tuning the size, shape, and surface properties of nanomaterials are precursor used,
annealing time, rate of heating and cooling, annealing temperature, pH, concentration, etc. [34].

Nanomaterials can be synthesized by various methods that are categorised into bottom-up and top-down approaches. A simplified
representation of these two processes is shown in Fig. 1. Top-down methods involve the breaking of bulk materials into NPs. Some of
the widely explored examples of these methods are nanolithography, laser ablation, mechanical milling, sputtering and thermal
decomposition [35]. Most of these methods need highly sophisticated, costly and complex instrumentation for specific conditions. Also
there are associated problems of large surface defects and non-uniform shapes by top-down methods which drastically limit their
applications [35].

On the other hand, bottom-up methods are entirely opposite to the top-down methods in a sense that molecular species are in-
tegrated to form nanomaterials. They resulted from bonding atom to clusters and then to nanomaterials. Some of the well-known
examples include sol-gel, electrospinning, chemical/physical vapour deposition, combustion, hydrothermal, solvothermal, MSS,
sonochemical, micro emulsion, co-precipitation, polymer precursor route, pyrolysis, and biosynthesis. In general, the bottom-up
approaches are relatively simple, inexpensive, and easy to carry out in laboratory scale compared to the top-down approaches.
Moreover, they also allow better control over size, composition and shape of nanostructured materials which directly impact their
properties. Because of these reasons bottom-up approaches based on wet chemical synthesis are more successful and widely used
techniques in research community working on nanomaterials. Some of the bottoms up approaches involving wet chemical routes are
discussed briefly in the following sections. All these wet chemical routes have a major advantage over solid-state synthesis methods
that they lead to drastic reduction in diffusion path lengths and therefore reaction completes in much shorter time and requires less
thermal energy.

2.1. Sol-gel method

Sol-gel synthesis technique of nanomaterials proceeds via the formation of inorganic network through the synergy of sol (colloidal
suspension of solid particles) and gel (3D continuous solid porous networks). One of the requirements of the sol-gel method is a water-
soluble metal precursor such as metal alkoxides. Formation of particles in nanodomain requires stringent control over nucleation and
growth kinetics. These steps are rather difficult to acquire in sol-gel process because of the complexity involved in the formation of sol
and gel through hydrolysis and condensation steps. Such complexity in sol-gel process arises mainly due to a large number of process
parameters which need to be controlled at microlevel to provide good reproducibility. Some of them are kinetics of hydrolysis and
condensation steps, pH of the solution, step duration, reaction temperature, catalyst concentration, etc. [37]. Fig. 2a schematically
shows the formation of sol and gel in a sol-gel process utilizing metal alkoxides as precursors and resorcinol-formaldehyde.

2.2. Polymeric precursor method

Polymeric precursor method for the synthesis of nanomaterials is based on Pechini-type reaction route [41]. The process initiates

Bottom-up
method

e »-4. ol o [

Fig. 1. General synthesis processes for nanomaterials [36]. Copyright 2017. Reproduced with permission from IOP publishing.
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Fig. 2. (a) Sol-gel methods showing the formation of sol and gel starting from silicon alkoxides and resorcinol/formaldehyde [38]. Copyright 2016.
Reproduced with permission from Royal Society of Chemistry. (b) Typical steps in complex polymerization method used for the synthesis of BaMoO,4
[39]. Copyright 2006. Reproduced with permission from Elsevier. (c) Schematic representation of the steps for conventional solution combustion
synthesis process [40]. Copyright 2017. Reproduced with permission from Elsevier.

by formation of polymeric gel which is formed as a result of chemical reaction involving citric acid (complexing agent), ethylene glycol
(stabilizing agent) and the metal ionic precursor. In this reaction the metal ions get immobilized in polymeric gel and finally charred
off on heating. Fig. 2b shows the various steps involved in polymeric precursor synthesis of BaMoO,4. Some of the most important
advantages associated with this process are low synthesis temperature, homogenous product formation, stabilization of metastable
phase, etc. There are also several limitations, such as complex chemicals are used, it is difficult to maintain stoichiometry in few cases,
sometimes it becomes very difficult to find suitable chemical precursors (for example, pentavalent tantalum and niobium ions
immediately hydrolyze and precipitate in aqueous solution).

2.3. Gel-combustion method

Combustion synthesis is also explored extensively for synthesis of nanomaterial in scientific community. It basically involves two
steps: precursor formation and auto-ignition (Fig. 2¢) [42]. In combustion synthesis, product formation takes place via exothermic
reaction that takes place between metal ion precursors (mostly water soluble) and a fuel (citric acid, glycine, urea, etc.) which gen-
erates sufficient amount of heat for combustion reaction. This heat of combustion pushes the reaction in forward direction [43]. One
can tune the size of NPs by changing the fuel to oxidant ratio and therefore choice and composition of fuel is of paramount importance.
Various advantages and limitations of this method over other routes are mentioned in Table 3.

Table 3
Advantages and disadvantages of combustion synthesis route.
Advantages Disadvantages
1 Requires less thermal energy as result of reduced diffusion length Safety is major issue
2 Particle size can be controlled by altering fuel to oxidant ratio Evolution of NOy which is highly toxic
3 Cost efficient Morphology tuning is an issue
4 Metastable states can be synthesized Non-oxide ceramic is very difficult to synthesize
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2.4. Microemulsion method (reverse micellar route)

Synthesis of NPs via microemulsions is a simple and powerful technique, which does not require specialized or expensive equip-
ment. Here chemical reaction takes place in small aqueous core which is dispersed in non-polar solvent. Such reverse micelles are
stabilized by employing surfactant/co-surfactant [44]. It leads to the formation of highly homogenous product because requisite
stoichiometry is maintained throughout the chemical reaction. Microemulsion can assume different kind of shapes based on the
constituents and the location within the phase diagram. One can tune the size and shape of NPs by changing the water to surfactant
ratio of microemulsion. While the reverse micelle method clearly leads to lowering of the calcination temperatures for the formation of
single phase, a question that follows is the cost of the reverse micelle method itself and the feasibility of employing this method for
scale-up. Such method is also not considered as a chemically ‘green’ process.

2.5. Hydrothermal/solvothermal synthesis

Hydrothermal/solvothermal synthesis involves fabricating ceramic compounds directly from solutions at elevated temperature and
pressure [45]. The size and stability of the final compound is highly dependent on pH of the reaction medium, composition, tem-
perature and time [1]. Reaction rate in hydrothermal/solvothermal process can be significantly increased by coupling it with mi-
crowave radiation, ultrasonication, electromagnetic radiation, etc. There are several issues in hydrothermal/solvothermal synthesis,
such as various synthesis steps, usage of large amount of organic reagents, which increases the cost and at the same time leads to
environmental pollution, making them not easy to scale up.

3. MSS

Fused/molten salts or their mixtures are dissociated commonly into ions during operation and are widely used in many industrial
processes which need to be free from the limitations associated with the use of aqueous and organic solvents. A number of their
properties, including their high thermal stability, generally low vapor pressure, high thermal and electrical conductivity, and low
viscosity, has qualified them as excellent reaction media, so molten salts have been widely adopted to high-temperature chemistry with
fast reaction rates [33]. Their ability to dissolve many inorganic compounds makes them ideal solvents useful in electrometallurgy,

[Oxides Salt
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Mixing of oxides with salt

U Fused salt

Stage Il

Melting and wetting of salt}
Rearrangement and
diffusion of species

Stage Il

Nucleation and growth
of perovskite phase

Fig. 3. Schematic illustration of the main processing stages of the MSS method for synthesis of perovskite oxide powders [68]. Copyright 2006.
Reproduced with permission from Elsevier.
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metal coating, treatment of byproducts, and energy conversion.

Laboratory research using molten salts has never stopped to explore new ways for interesting applications. Here the MSS method is
explored as one of simple, green, scalable, cost efficient, versatile and generalizable synthesis techniques for making high quality
nanomaterials because of various favorable properties of molten salts such as non-toxicity, cost efficient, low vapor pressure, easy
availability, high heat capacity, large electrochemical range, and high ionic conductivity [14,24,30,46-48]. The two most important
aspects of MSS which makes it a highly superior technique among its peers is the reduction of product formation temperature and its
efficacy in generating uniform particles. The increased reactivity of the MSS method is attributed to two aspects: enhancement in
mobility and contact area of reactant molecules in the molten salts. So far, it has been demonstrated to prepare nanomaterials with
different morphologies [23]. The final products by the MSS method are formed in a flux of salts with low melting point which tends to
partially dissolve the reacting species and hence facilitates efficient ionic diffusion and chemical reactions among reactants. Therefore,
products are formed at relatively lower temperature in the MSS process compared with conventional solid state reaction (SSR) route
[49]. Moreover, the MSS does not require any sophisticated instrumentation or costly chemicals and can be easily performed in
common chemistry laboratory.

All these properties are ideal and make the MSS highly feasible for large scale industrial synthesis of nanomaterials for various
scientific and technological applications using this simple, green and cheap approach [14,22,23,25-30,50]. It is also successful in
producing other complex nanomaterials such as Si [51], metal boride [52], SiC [53,54], Ge [55], boron based nanocomposites [56],
porous B-doped carbons [57], intermetallics [58], graphite [59], KSroNbsO15 [60], TigN3 [61], etc. There have been a few recent
reports on the exploration of MSS for stable colloids [62], 2D metal oxide [63], metal ion doping [64], non-metal doping [65],
quantum dots [66], etc. Molten salts act as a solvent and help form crystalline products from both inorganic and organic chemical
reactions [31-33]. Nanomaterials with different morphologies and tunable sizes have also been reported by the MSS synthesis method
[46,671].

As pictorially depicted in Fig. 3, three different stages are defined in an MSS process. Stage I involves the mixing of precursors with a
salt (e.g., NaNO3, KNOs, NaCl, and KCl) or with a eutectic mixture (e.g., NaCl-KCl, NaOH-KOH, and NaNO3-KNO3). The second stage
involves the heating of precursor and salt mixture above the melting temperature of the salt to form a molten flux. At this stage, various
physical processes take place within the molten salt: uniform dispersion of precursor molecules, dissociation, rearrangement and
diffusion. At stage III, nucleation and growth of the product particles starts via solution-precipitation process. Growth of the particles
may be governed by Ostwald ripening. The particles which are much smaller than certain critical size get dissolved in molten salt as the
expense of the growth of large particles. The heating temperature and time play important roles in controlling final powder charac-
teristics. Once annealing is done on the mixture of precursor and salt in a furnace, they are cooled slowly and washed with water which
is the most suitable solvent for the MSS to remove the used salt.

For a long time, molten salts have been used in flux synthesis method to increase the rate of reaction as an additive. Usually the
amount of molten salts used in flux synthesis reactions is small. On the other hand, large amount of molten salts is used as solvents in
MSS process to synthesize particles and control their final powder characteristics. This is the basic difference between MSS and flux
method: MSS uses molten salts as solvents where flux method employs them as additives [69]. MSS proceeds via two important
mechanisms before final products are formed: first one is that all reactant species are fully dissolved in molten salts and rapidly diffuse
into each other [70]. The second one is that there is higher solubility of one reactant compared to that of others in molten salts which
diffuses to other components rapidly and reacts with them, therefore, products have similar morphology as that of low solubility
component [71]. Because the important roles of the selected molten salts in a MSS process, selection criteria of molten salts, and types
of molten salts are described in the following sections.

3.1. Selection criteria of molten salts

The selection of salts for the MSS method is an important part of the entire MSS process. Oxosalts are the most commonly employed
choices which include hydroxides, nitrates, sulfates, and carbonates. Most extensively used salts in MSS include nitrates, hydroxides,
chlorides, and sulfates. The synthesis of many complex metal oxides requires eutectic salt mixtures to lower the melting temperature to
assist product formation. The melting temperatures of individual alkali halides of NaCl and KClI are 801 °C and 770 °C, respectively,
and that of 0.5NaCl-0.5KCl (50-50 eutectic composition) is 650 °C. The mixture of 0.635Li»S04-0.365NasS0O;4 is one of the most
frequently used eutectic mixtures because of its low eutectic point of 594 °C. The eutectic point of Na3S04-K2SO4 is 823 °C. Oxides
solubility in molten salts varies typically between 1 x 102 and 1 x 10~/ mole fraction [72]. In many cases of solid state synthesis, the
product formation takes place with the presence of solid reactant particles aided with molten salts. Molten salts differ from normal
solvents in a sense that all reactant species are dissolved in solvents and the product formation takes place from a homogeneous liquid
phase. On the other hand, MSS exploits the use of low-melting point solvents like alkali chlorides, sulfates, nitrates, or hydroxides, for
the synthesis of the ceramics in nanosized and bulk forms.

Therefore, molten salts play a variety of crucial roles in the MSS process: enhances the chemical reactivity of reactant species,
reduces synthesis temperature, decreases the degree of final product agglomeration, and makes final product powder homogeneous
[69]. Therefore, the selection of suitable molten salts in a MSS process is of paramount importance and it should satisfy three most
important features: low melting point, compatibility with reactants and high aqueous solubility so that it can be easily eliminated after
synthesis just by simple washing with water [30].

Other important requirements of molten salts are high stability, low reactivity, ease of availability and cost efficient. Vapor pressure
of molten salts at heating temperature should be low so that unnecessary evaporation and loss could be minimal. Their low reactivity
could avoid reactions of molten salts with reactants/products. One example of unsuitable salts is LiCl for the MSS of LiFesOg [73]. LiCl
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enhances the chemical reaction between Fe;03 and LizCOs to yield LiFesOg, but its high volatility and hygroscopic nature makes the
synthesis setup cumbersome [74]. Moreover, it picks up water easily and forms Li,O which reacts with LiFesOg to form LiFeO,. Lin
et al. successfully synthesized bulk LiFesOg using LipSO4—NasSO4 eutectic mixture [75].

3.2. Categories of molten salts

3.2.1. Metal halide systems

Based on the chemical characteristics, molten salts are classified into inert and reactive systems. For example, metal halides fall in
the former category whereas metal hydroxides belong to the latter category. Inert halides are frequently used in MSS. Table 4 shows the
list of various alkali metal halides along their melting points. Inertness of molten salt is also important for efficient MSS. The inert
nature of alkali halides provides them with a large electrochemical window. It means that they are stable in the presence of strong
reducing or oxidizing reagents, especially for fluorides and chlorides.

3.2.2. Oxosalt systems

For the synthesis of metal oxides nanoceramics, oxosalt systems, such as metal nitrate and sulfate, are preferred choices as a molten
salt. Metal hydroxides are also considered good salts for the synthesis of oxide ceramics and behave similar to oxide ion when melting
into mobile cations (M*") and anions (OH ™). Similar to water autoprotolysis, a Lux-Flood type acid-base equilibrium exists for oxide
based molten salts by the reaction [77,78]:

Oxobase (oxide donor) « Oxoacid (oxide acceptor) + 0> (€]

Proposed by German chemist Hermann Lux in 1939, this acid-base theory is a revisit to oxygen theory of acids and bases. It is
further modified by Hakon Flood circa in 1947. It was found to be highly useful in explaining modern geochemistry and the elec-
trochemistry of molten salts [79].

In this equation, the 0%~ ion acts a simple base. The basicity of the molten salt is defined as pO?~ = —log m(0%"), similar to pH.
Reaction feasibility in molten salts is determined by the magnitude of pO?~. For example, if the value of pO®~ is moderate, TiO,
precipitation occurs via:

Ti** + 20%” - TiO, (2)
If the value of pO%~ goes down further low, TiO, precipitate gets dissolved in titanates.
TiO, + 0%~ - Ti03~ 3

Metal nitrates, sulfates and hydroxides are considered as decent bases, so they can be good oxidizing agent and serve as good
oxygen donors. For example, molten hydroxide has been used in a MSS process as a great alternative to synthesize lead free
Ko 5Nag sNbO3 [80]. The potential of metal hydroxides in the MSS has also been harnessed recently for the first synthesis of Sr4Mn301¢
at the mesoscale as platelets at 600 °C [81]. Moreover, Hu et al. have reported on the rapid large scale production of 2D metal oxides/
hydroxides using the MSS employing metal nitrates as salts [63]. Fig. 4 shows different ceramic materials synthesized using nitrates,
hydroxides and sulfates as the molten salts. Fig. 4a depicts the general MSS scheme for 2D nanosheets of oxides and hydroxides. The
molten salt used was a NaNO3-KNO3 mixture. The nanosheet formation is facilitated by very rapid reaction between ionized com-
ponents from the NaNO3-KNO3 mixture and the precursor. In this work, the same strategy led to several cation and anion intercalated
(CIC and AIC) oxides and hydroxides in nanometer thickness such as CIC manganese oxides (NagssMnpO4-1.5H20 and
Ko 27MnO3-¢.54H20), CIC tungsten oxides (Li;WO4 and Nay;W4O;3), and AIC metal hydroxides (Zns(OH)g(NOs)2-2H,0 and
Cuy(OH)3NO3) in a short time [63]. On the other hand, Fig. 4b shows the formation of multicationic Sr4Mn30;¢ platelets at the

Table 4
Melting points and compositions of some commonly used metal halides, hydroxides and oxosalt systems [23]. Copyright 2013. Reproduced with
permission from the Royal society of Chemistry.

Salt System Composition (mol%) Melting point (°C)
Halides LiCl/KCl 59/41 352
NaCl/KCl 50/50 658
AlCl3/NaCl 50/50 154
KCl/ZnCl, 48/52 228
LiF/NaF/KF 46.5/11.5/42 459
LI/KI 63/37 286
Oxosalts NaOH/KOH 51/49 170
LiNO3/KNO3 43/57 132
Li2S04/K2S04 71.6/28.4 535
Li»CO3/K2CO3 50/50 503
Li»CO3/NayCOs3 [76] 50/50 500
NaNO3/KNOj3 [76] 50/50 228
LiBO2/KBO, [76] 56/44 582
Na,Si03/K,Si03 [76] 18/82 753
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Fig. 4. MSS synthesis of (a) 2D oxides and hydroxides using metal nitrates [63]. Copyright 2017. Reproduced with permission from Springer Nature
Publishing. (ii) multicationic mesostructures using metal hydroxides [81]. Copyright 2018. Reproduced with permission from Royal Society of Chemistry.
(c) Mullite nanowires synthesized using metal sulfates [82]. Copyright 2017. Reproduced with permission from American Scientific Publishers.

mesoscale with the dimension of the basal face at 100 s of nm and the thickness in the range of 20-100 nm using the MSS method with
Sr(OH) as the molten salt at 600°C . Fig. 4c displays the synthesis of single-crystalline mullite (3Al503-2Si02) nanowires in a large
quantity using the low cost and environmentally benign MSS method with NaSO4 as the molten salt but no surfactant or template at
1000°C.

3.2.3. Other systems: chalcogenides, chlorate and metalate

Other than metal halides and oxides, metal chalcogenides are another option in the MSS of complex metal oxide-based transition
metal ions though its role is slightly cumbersome. The chalcogenides play dual roles: act as both chalcogen donors and building blocks
to final products. They also do an additional job of controlling the texture and the crystal structure of the finished products [83]. It is
reported long back by Sunshine et al. that the synthesis of potassium titanium sulfide can be realized using the MSS at intermediate
temperature [84].

Strong oxidizing agents like chlorate (ClO3) can also be utilized for the MSS of materials where certain elements need to be sta-
bilized at high oxidation state. For example, KClO3 has been used for the synthesis of lead magnesium niobate Pb(Mg;,3Nbs/3)03
powder from PbO, MgO and NbyOs [85]. Its strong oxidizing nature makes it as a suitable flux for synthesis of Pb(Mg;,3Nby,3)O3
perovskite. Safety concerns related to metal chlorates restrict their applicability as it can leads to unwanted explosion when used in
large quantity [86].

To synthesize compounds using the MSS process with similar metalate anions as building units, the use of salts with metalate ions
could be extremely useful. For instance, the MSS of multicationic mesostructured SrsMn30; requires metalate ions like MnOg as a
building block [81].

3.2.4. Eutectic mixture systems

To lower the reaction temperature of the MSS process, instead of using individual ionic salts, eutectic mixtures of salts are preferred
owing to their lower melting point, reduced viscosity, and wider operation temperature range. Heterogeneous salt mixtures can
suitably adjust the acid-base equilibrium so that there is preferential precipitation of targeted products. For example, Helan and group
have explored chloride-carbonate mixed salt for the synthesis of LiMnyO4 [87].

3.3. Synthesis parameters

One can tune the size, shape and surface properties of the NPs synthesized by MSS with various salt-to-reactant (S/R) molar ratios,
MSS annealing temperatures, MSS processing times, and other reaction conditions such as pH [88]. Our group has done systematic
studies on exploring the effects of pH, processing time and annealing temperature on optical and scintillation properties of the MSS
synthesized pyrochlore NPs [89-91]. These synthesis parameters which can affect the quality of products by MSS are discussed
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systematically in the following sections.

Fig. 5 depicts the steps of the MSS method with the factors that can be manipulated to fine tune the physical and morphological
properties of the final NPs. In the first step to prepare single-source complex precursors, certain parameters, such as the pH of the
medium, can be adjusted to yield different sized NPs. Moreover, changing the molten salt mixture in the second step or the amount of
salts used can have big impact on the morphology of the final NPs. In the MSS step, there are multiple parameters that can be adjusted.
Changing the annealing temperature and ramp rate for example can alter the size and degree of agglomeration of the final products.
Also, changing the annealing atmosphere can affect the number of oxygen vacancies in products. Finally, the choice of washing
solvent, and technique used and dry the sample can also affect the agglomeration degree of the NPs.

3.3.1. Composition of salt (S.)

Salt composition (S.) plays an important role in MSS and its amount is basically decided by fact that how much interstitial space is
there in the reactants and how much is needed to coat the surface of reacting species [69]. There have been report where S is known to
affect the size of synthesized particles [92]. When S, is too small, the implication of the liquid phase is not fully expected. On the other
hand, if it is too high, there can be two main issues. The first one is that the reactant particles get separated sedimentation [73,93]. This
separation is attributed to different sedimentation rates of reactant molecules due to their distinct size and density which ultimately
affect the rate of reaction. The second problem is coming out of excess salts from reactant mixture due to limited availability of in-
terstices which fail to hold all salt molecules. These salts which come out of reactant mixture no longer act as solvent. Moreover, such
salts stick to the wall of alumina/SiC crucible and get converted to hard solid mass and dissolution of such filthy mass is very tedious
[69].

There is an issue in the particle size of the MSS synthesized products even when all the reacting species dissolved in molten salts.
Considering the case of bismuth tungstate which is synthesized using precursor of bismuth oxide and tungsten oxide in a NaCl-KCl
eutectic mixture. It was found that two different kinds of plate-like particles of bismuth tungstate (Px and Py) are formed depend-
ing upon the value of S. and heating conditions [94]. The size of Px is of the order of several microns whereas Py is approximately
around 100 um.

Let us assume two different scenarios in this case: (A) low S. and low heating and (B) high S. and high heating temperature. In
scenario A, the system is positioned at solid-liquid phase boundary in a phase diagram. Consequently, nucleation of bismuth tungstate
particles takes place on the surface of reacting molecules and large number of such particles is formed. In case B, the system is
positioned at liquid phase only in a phase diagram and therefore homogeneous nucleation of bismuth tungstate takes place and we get
more uniform particles. Compared to single crystals, the number of particles formed in an MSS process is much higher because of
higher cooling rate but the particle nucleating heterogeneously is low in number and therefore large sized particle is formed.

3.3.2. Salt-to-reactant (S/R) molar ratios
Akdogan et al. have found profound influence of salt to oxide ratio on the product morphology of Sr3Ti2O7 (Fig. 6) [95]. They found
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Fig. 6. Effect of salt to oxide ratio on the morphology of the MSS synthesized Sr3Ti»O; [95]. Copyright 2006. Reproduced with permission from
Springer nature.

Fig. 7. Morphology of Bi;,WOg powder synthesized in chloride flux at a salt/oxide ratio of 1.0 at different temperatures: (a) 650 °C, (b) 700 °C, (c)
800 °C, and (d) 850 °C [94]. Copyright 1982. Reproduced with permission from Springer nature.
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that with S/R = 1:1, the formed Sr3Ti»O7 particles were mostly of platelet morphology with some cubic and tetragonal shape existing
as well (Fig. 6a). At S/R = 1:3, Sr3Ti»O7 platelets of lower aspect ratio were formed (Fig. 7b). When S/R = 3:1, very fine and small sized
Sr3Ti07 was formed (Fig. 7c).

3.3.3. MSS operating temperature (MOT)

Normally the most suitable crucible to carry out the MSS heating is made of platinum. Considering the cost of platinum, one can
also opt for ceramic crucibles such as alumina and zirconia as long as no chemical interactions take place between reactants/products
with the crucibles. The criteria of selecting MSS processing time and temperature are decided by the products to be synthesized. The
main purpose of heating the salt and precursor mixture is to shorten the diffusion length and increase the transport rate of molecules to
react. Heating causes the evaporation of the used molten salts other than possibly the reactants, so it is recommended to cover the
crucibles with suitable lid to avoid evaporation and unnecessary contamination. MSS processing time is mostly dictated by the kinetics
of chemical reaction occurring in the MSS process and the size/shape of the product molecules. Heating rate is also known to have
profound influence on the size of formed particles [92].

MOT should be higher than the melting temperature of salt used in MSS. To have large temperature range of operation; hetero-
geneous salt system (A + B) having low eutectic temperature is used as discussed earlier also as seen in the case of chloride-carbonate
mixed salt for synthesis of LiMny04 [87]. The lists of different halides and oxosalt based molten salt with composition and their melting
point is mentioned in Table 4 [23]. MOT basically depends on two main factors: decomposition temperature and vapor pressure of the
selected salts. It is better to avoid the salt having high vapor pressure such as BaCly, CsI and ZnCl;, unless closed systems are used for
carrying out the reactions. These salts normally have mixed ionic and covalent bonding character.

Also, the particle size of the powders synthesized by the MSS method is dictated greatly by liquidus temperature (7). Below Tj,
unreacted precursors get solubilized in the molten salts and precipitate out as byproducts. Further raising the MOT keeps giving more
products, and thereby particle size increases. After the reaction is complete, particle continues to grow. Above Tj, all precursors get
solubilized in the molten salts and product precipitates on cooling. This precipitation is governed by nucleation followed by super-
saturation. Crystal growth is proportional to the degree of supersaturation. In this case, once the nuclei are formed, the growth of
particles happens very rapidly until supersaturation vanishes, which results in the formation of large plate-like BiaWOg¢ with well-
defined (010) facets.

Fig. 7 shows the influence of MOT on the morphology of particles at chloride salt/oxide (Bi + W) ratio of 1.0 and annealing time of
1 h. The particle morphology seems to be plate-like in the temperature range of 650-900 °C. The obtained particles are smaller in size
when synthesized below 800 °C (Px type) and kept increasing as the temperature was raised and became almost 100 um (Py) when the
synthesis temperature was beyond 850 °C. The effect was found to be similar for the chloride salt/oxide (Bi + W) ratio between 0.25
and 2.0. Both Px and Py particles were formed below and above a certain critical MOT, which was lowered by the increased amount of
the fused salts.

Fig. 8a shows the fractional completion for the formation of various ferrite compounds MFe;O4 (M = Ni, Zn, Mg) using SSR route
and with MSS employing Li»SO4-NaySO4 eutectic mixture. It can be seen from this plots that the MSS lowers the formation temperature
compared to the SSR route. It is quite interesting to see that MgFe;04, NiFeoO4 and ZnFey04 forms almost at identical temperatures by
the MSS method but SSR synthesis of these compounds requires different temperatures depending on the kind of metal ion M"*. The
MSS process leads to enhanced reaction rate and at lower temperature because the addition of molten salt increases in the contact area
between the reacting species and enhances the diffusion rate which is of the order of 107°-10~® cm? sec ™!, much higher than that in
SSR route [72,96]. In case of SSR route, the diffusion rate is on the order of 1078 cm? sec™!. For SSR, the contact area is also small
because the product formation only takes place at the point of contact of two different reactant. Surfaces of the reactants in the MSS are
shielded with salt-melt and they become available to the reaction.

The mechanistic view of material synthesis using the MSS and SSR route has also been well-explained in case of BaTiO3 by Hayashi
et al. [97]. Both methods could successfully produce rod-shaped BaTiOs with chloride based MSS at 700 °C and by SSR at 1000 °C. It
should be emphasized here that the dissolution rate of the precursors in molten salts also plays a very important role, which determines
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Fig. 8. (a) Formation of MFe;O4 (M = Ni, Zn, Mg) with (solid lines) and without (dashed lines) molten Li;SO4-K2SO4 salt, heated for 1 h [98].
Copyright 1980. Reproduced with permission from Japan Chemical Society. (b) Size distribution plot of BaTiO3 rods synthesized using the MSS and SSR
routes [97]. Copyright 1986. Reproduced with permission from Springer Nature.
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the morphology of the products. When the dissolution rate of TiO> is less than that of BaCO3, BaTiOg rods is formed. In the MSS process,
Ba2" ions diffuse though the BaTiO3 layer formed on the surface of TiOy, which leads to the formation of BaTiOs rods. On the other
hand, spherical/cubic/equiaxed BaTiOs particles are formed when the dissolution rate of TiO» is higher than that of BaCOs. This was
attributed to conversion of anatase TiO5 to equiaxed rutile under thermal treatment in molten salt before it could react with BaCO3. On
the other hand, the SSR between BaCOs and TiO, proceeds via the diffusion of Ba2* ion resulting in the shape of BaTiOs similar to that
of TiO,. Fig. 8b shows particle size distribution in the case of both SSR and MSS routes. It was found that the fraction of smaller
particles is larger in case of the MSS. Hard agglomerates was found from the SSR route whereas the inclusion of molten salt between the
solid precursors avoids such bonding by the MSS process.

3.3.4. Removal and solubility of molten salt

Once the heating is done and final product is formed; they need to be thoroughly washed to get rid of salt. The most preferred
solvent used for washing in MSS is water. That’s why it is a prerequisite to use water soluble salt in MSS. The preferred choice of salts
are metal nitrates, chlorides and sulphates due to their high solubility in water. In most cases, 2-3 times of washing are needed for
removing all of the remnant salt. But some time repetitive washing is required to get phase pure materials because the salts may get
adsorbed on the surface of product particles. Chloride ion is the most notorious of all and sometime hot water washing is needed to get
rid of that. Once done with washing, supernatant is decanted off and the remaining powder is kept for room temperature drying.
Sometime washing with low surface tension solvent such as acetone is very beneficial as it helps in avoiding formation of agglomerated
products.

Rate of reaction is highly proportional to the solubility of molten salt as it determines the amount of precursor that can be
accommodated by salt. For metals, neutral precursor, and gaseous molecules molten salts served as an excellent solvent at high
temperature. Solubility of salt melts in case where only the van der Waals interaction exists is dependent on extent of free volume
available during the solid to liquid transition. In most of the case, there exists higher order of chemical interaction via acid-base or
through metal ion coordination.

As far as metal halide salt is concerned most of the metals are soluble in their halides and are completely miscible above a specific
temperature. The solubility depends on many factors such as atomic size, electronegativity, polarity etc. For elements in the same
group, it increases with the increase of molecular weight. The solubility follows the trend of SrCl; (25 mol%) > CaCl, (16 mol%) >
MgCl; (1.1 mol%) at 1000 °C [33]. The number of electrons in the valence shell also dictates the solubility of some metal ions: the ones
with higher valence state exhibit higher solubility. The one which display intermediate oxidation state such as rare earth halide results
in formation of sub-halides. Structure of the metal-metal halides systems also plays a very important role in dictating the solubility.
Molten metals exist in the form of small droplets in the salt melt in case of system like Ba/BaCly, resulting in stable colloidal solution.
Based on conductivity measurement, it was confirmed that molten metals get ionized into metal ions and free electrons in many rare
earth halide-metal systems. System exhibits transition from delocalized to localized electronic states as the metal ion content goes
down [99-101].

Most of the metal oxides are soluble in metal salt at high temperatures which can be understood from the concept of hard-soft
acid-base (HSAB) theory [77-79]. Based on this theory, hard species (such as small, highly charged and weakly polarizable ions) like
to bind with hard ones and soft species (such as big, lowly charged and easily polarizable ions) with soft ones. Molten salts are mostly
soft in character, so they prefer interacting with soft/polarizable reactant. The fact that MgO is hard in character finds it difficult to get
dissolved in binary/multinary chloride systems (<0.05% at 800 °C). On the other hand, softer CaO easily dissolves in CaCl; (solubility
> 15% at 800 °C). Similarly, SiO» is also difficult to solubilize in metal halide salt due to opposite nature of Silicon and chloride center.
To tackle such situation, it is better to use metal fluoride as molten salt due to strong nucleophilic character of fluoride ion. In fact,
silica easily gets dissolved in metal fluoride unlike chlorides and bromide. So, we can pin-point that the solvation chemistry in salt
melts is rather cumbersome, but the old adage “similia similibus solvuntur” (Latin phrase which means “similar substances will
dissolve similar substances™) works perfectly in most cases.

3.4. MSS: Pros and Cons

3.4.1. Advantages of MSS

Unlike SSR with slow diffusion of the reactants, the MSS method endows reactions at lower temperatures with faster mass transfer
transport promoted in the liquid phase by convection and diffusion [102]. MSS method also provides the facility of using salts with the
nature to dissolve in water, which allows an easy way to purify final products [23]. Even though the MSS method may be not well-
known in the nanoscience community, it provides several advantages. These advantages included simplicity, reliability, scalability,
generalizability, and environmental friendliness, cost effectiveness, relative low synthesis temperature, free agglomeration of NPs with
clean surface, etc. [14].

3.4.1.1. Simplicity. The MSS method provides an easy way to make functional materials. It can be conducted within common labo-
ratories without requiring sophisticated instrumentation. In most cases, the synthetic steps can be handled in open air with the stability
of the materials used without the need to use a glove box.

3.4.1.2. Reliability. The MSS method can generate high quality and pure products once all initial synthetic parameters are adjusted
and optimized. It is a reliable route to make high quality final materials.
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3.4.1.3. Scalability. The attribute to make large quantity of products with specific size and shape characteristics is a vital aspect of
synthesis methods. The MSS method has the capability to generate large amount of product depending on its usage, either for labo-
ratory, research or industrial purposes. By manipulating the stoichiometric value during the initial stage, one can take into account of
the production amount of final products. The MSS method provides the ease of scalability which is an important feature at the level of
industry mass production [29,103].

3.4.1.4. Generalizability. One of the best features of the MSS method is the fact that it can be utilized to synthesize a variety of
structural phases with different compositions. This feature makes the MSS method a generalizable technique suitable to make simple
and complex metal oxides. It has been reported to successfully synthesized perovskites (ABO3) [29,104-107], spinel (AB2O4)
[108,109], pyrochlore (A2B207) [48,110-112], and orthorhombic structures (AsB4Og) [113-115]. More specifically, these nano-
materials include ferrites [116], titanates [117], niobates, mullite, aluminum borate [118], wollastonite and carbonated apatite. In
addition, the MSS method has been used to tune the morphological aspect of the produced nanomaterials such as nanospheres [48],
ceramics powder bodies [49], nanoflakes [119], nanoplates [118], nanorods [120], and core-shell NPs [121], depending on synthesis
conditions and crystal structure of the products.

3.4.1.5. Environmental friendliness. The MSS method is an environmentally friendly approach to make nanomaterials without the use
of toxic chemicals compared to traditional methods that use large amounts of organic solvents that can cause environmental issues. The
MSS method reduces the generation of waste and there is no byproduct formation [14]. Lastly, the use of renewable materials to make
desirable final products allows the minimization of energy used and therefore provides a green pathway to generate high quality
products.

3.4.1.6. Relative low synthesis temperature. Because the product formation temperature in the MSS process is relatively low, it has been
considered as one of the most suitable choices for nanomaterials synthesis owing to its low thermal energy consumption. Compared to
other methods such as conventional solid-state reaction [122] and sol-gel combustion reaction [123], the MSS method provides a more
effective way to make nanomaterials at relatively low temperature.

3.4.1.7. Cost effectiveness. The MSS method provides a cost-effective approach because it does not require harsh and costly reactants.
The used molten salts as a solvent are generally washed away with water which reduces the cost of purification. Also, the MSS method
does not require special instrumentation that required special training to operate. Simple glassware and furnaces are normally used to
make both simple and complex metal oxides.

3.4.1.8. Agglomeration free with clean surface and well-defined shape. As the molten salt media have high ionic strength, low viscosity,
and low density, the NPs that are formed from the MSS process are well dispersed [14]. For the benefits of the readers, we are hereby
comparing the physicochemical properties of one of the frequently used molten salt NaCl along with 0.1 M NaCl aqueous solution
(Table 5). Also, unlike colloidal and most hydrothermal synthesis methods, no protection layer is needed to be added on the particle
surface to prevent their growth and agglomeration. The following material As a comparative example, SrTiO3 powders were prepared
using both solid state and MSS methods (Fig. 9) [124]. Specifically, for the MSS synthesis of SrTiOs, reactions were performed at
1000 °C using LiCl, NaCl, KCl, and SrCl, as the molten salt media in a 1:1 salt-to-reactant molar ratio. The alkali metal halides are
unreactive, acting purely as solvents and avoiding the formation of undesired by-products (i.e., ATiO3, A = Li, Na, K). The metal
halides used act as mineralizers. The varied cation sizes of the molten salts affect their melting points, viscosities, supersaturation of the
solvent system, so well-defined particles with various defined morphologies were produced. On the other hand, the SSR route produced
irregularly shaped particles that are aggregated to ~5-15 pm.

3.4.1.9. Homogenous particles and narrow size distribution. Compared to other high temperature synthesis routes, the MSS method
accelerates the rate of materials transport and the forms homogenous final products in terms of both chemical composition and size. To
demonstrate the homogeneity of chemical composition clearly, Hayashi et al. have synthesized (Ni, Zn)Fe;O4 powders by MSS and
solid state route [126]. They checked whether the compositional powders (NiFe;O4 and ZnFep04) were reacted by MSS using LizSO4-
NaySO4 salt and by the solid-state reaction route at 900 °C for 4 h. Magnetic measurement was carried out as a function of nickel
concentration on both the samples to elucidate Curie temperature (T.) to see the compositional fluctuation in the obtained (Ni, Zn)
Fep04 (Fig. 10) [126]. They showed that the distribution plot from the particles made by the solid state route without the molten salt
looks broad which suggests large compositional fluctuation compared to the sample made by the MSS method where Li;SO4-NazSO4

Table 5
Physicochemical properties of molten NaCl at 850 °C and 0.1 M NaCl(aq) solution at room temperature [125].
Copyright 2016. Reproduced with permission from Springer Nature.

Molten NaCl Nacl solution
Ton concentration (M) 26 0.1
Density (g/cc) 1.53 1.00
Electrical conductivity (S em ™) 3.6 0.107
Viscosity (cP) 1.2 1.01
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Fig. 9. SEM images of SrTiO3 prepared by (a) the conventional SSR method and the MSS method using molten salts of (b) LiCl, (c) NaCl, (d and e)

KCl, and (f) SrCl,. The exposed crystal facets are labeled in (e) with the appropriate Miller indices of KCl [124]. Copyright 1985. Reproduced with
permission from Royal Society of Chemistry.
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Fig. 10. Distribution of the Curie temperature in (Ni,Zn)Fe;O4 powders prepared by the MSS and SSR routes, heated at 900 °C for 4 h [126].
Copyright 1985. Reproduced with permission from American ceramic society.
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salt was used.

In terms of the homogeneity of particle size and morphology, the surface of formed particles is well covered by molten salt during
the MSS process, which avoids neck formation between product particles and leads to low degree of agglomeration. On the other hand,
high degree of agglomeration happens in SSR route due to the concurrent occurrence of sintering and formation of products [127].
Theoretical aspect to explain the difference in the product characteristics formed by the MSS and SSR routes has been well-described by
Boltersdorf et al. [88]. High temperatures annealing is very important criterion in the SSR route to get phase-pure products as it in-
creases the rate of reaction and diffusion length. Diffusion kinetics is often the limiting step in the SSR route as reactions happen at the
solid-solid interface in the absence of any solvents. Palletization is often done to increase the surface contact among the SSR reactants.
High temperature treatment, repetitive grinding, frequent palletization in the SSR often result in non-uniform particles with irregular
shapes and large degree of agglomeration. Some of the recent investigations on the kinetic study of the SSR and MSS routes by x-ray
diffractions (XRD) measurements has thrown remarkably interesting results. XRD results clearly pinpointed the enhanced rate of
chemical reactions and crystal formation in case of the MSS compared to the SSR. In fact, it was found that the reaction time for product
formation in case of several metal oxides such as NaTi»O4, CuNb3Og, and RbCayNb3O1¢ has been reduced from 24 to 96 h by the SSR
route to as low as 15 min for the MSS method [128-134].

In case of the MSS, molten salts cover the surface of reactant species and thereby prevents extensive agglomeration unlike the SSR
route. Surface protection further helps in achieving high degree of homogeneity and anisometric particle growth which leads to well-
defined uniform particle distributions by the MSS method. The presence of molten salt during the product formation further leads to
uniform particle with well-defined facets and few grain boundaries typical of single crystals. Extended heating in molten salt leads to
crystal growth via the Ostwald ripening. Modulating the growth rate of metal-oxide surfaces can lead to materials with cubic, octa-
hedron, or cuboctahedron morphologies. Such morphologies can be clearly visualized in the cases of Pb3Ta4013 (Fig. 11) when the
growth rates along the [94,105], or intermediate directions are predominant for cubic systems, respectively.

3.4.2. Disadvantages of MSS

Selected salts for MSS processes may directly involve in reactions to form intercalates, solid solutions or other byproducts, and
eventually affect the purity of the final products. It is desirable that the selected salts act as pure solvents only and do not react with the
reactants and the products. Specifically, molten salts of borates, phosphates and silicates tend to form vitreous phase with reactants, so

(b)

Fig. 11. Depiction of (a) cube, (b) octahedron, and (c) cuboctahedron particle morphologies from cubic crystal structures (e.g., Fd-3m), as shown by
the SEM image for Pb3Ta40;3 on exposure of the [94,105], and [94]/[105]. faces, respectively [88]. Copyright 2015. Reproduced with permission from
Royal Society of Chemistry.
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they should be prevented in many MSS processes. For this reason, alkali metal chlorides or nitrates which are chemically inert and have
larger electrochemical window could be suitable salts to synthesize metallic and non-metallic products by the MSS method.

The strong interactions of the used molten salts with the products could be one of the major potential drawbacks of the MSS
method. This disadvantage must be considered carefully in controlling the quality of the as-obtained products. The final stage to
separate products from the used salts is crucial and mostly performed by washing with water. However, small amounts of salts or their
ionic components may remain on the surface of the final product due to the intrinsic interactions of the used salts with the products. It
is important that the molten salts used are highly water soluble.

The expense of the salts used could add up and increase the overall cost of MSS processes considering the high percentage of salts
applied in the salt and reactant mixture, especially for large scale production and if they are not recovered and recycled. The preferred
salt systems are composed of cheap and abundant elements, e.g. cheap salts like NaCl and KCl. On the other hand, Li salts are expensive
and should only be applied for high value products. The development and implement of salt recycling methods in the MSS processes
becomes important and economically necessary.

The MSS method could be potentially hazardous even though metallic halides (except fluorides) as selected molten salts are non-
toxic and direct exposure to skin does not lead to any harmful effects taking into the consideration of all safety regulations. However, if
handling of metal fluorides as used molten salts is necessary, extreme attention should be implemented due to the fact that they can
cause severe damage to human tissues. If acidic salts such as AlCl3 and alkalis like KOH are used, close awareness is required as these
substances are corrosive. In addition, heavy metal salts, such as BaCly, should also be processed with care as they are harmful to the
human body [23]. Moreover, at the stage when all salts are melted, the melts can present a potential danger due to the high tem-
perature and gases such as NOy and SO, possibly released from the process. Thus, it is a good practice to perform MSS reactions with
proper and continuous ventilation or in a fume hood.

Also, the choice of molten salt should be such that is does not react with reaction vessels such as crucibles. For instance, hydroxides
of alkali- and alkaline-earth-metal hydroxides and PbO fluxes are extensively explored to solubilize several reactants owing to their
high oxobasicity. However, it was found that they corrode AlyO3 and Pt crucibles which ultimately affects the purity of the final
products by Al/Pt contamination [88,135].

3.5. Advanced MSS methods

In order to synthesize materials with unusual oxidation state, metastable phases, improved purity, and uniform particles with
defined structure and composition, there are several modifications of the conventional MSS method such as topochemical MSS,
kinetically modified MSS, aerosol based MSS, etc. [102,136].

3.5.1. Aerosol MSS
Aerosol-molten-salt-synthesis (AMSS) is a new approach that provides a spatially and temporally confined crystal growth in molten
salts. It uses molten salt droplets to achieve nanoscale materials [137-139]. It can be thought as a new MSS method confined within
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Fig. 12. (a) Schematic lab scale spray-synthesis setup. Schematic of the various liquid-to-solid conversion routes observed in ultrasonic spray. Route
(b) displayed situation where the reactant diffusion rate 7, > evaporation rate of the solvent 7, with typical polycrystalline aggregates obtained (b;
and by) [141]. Copyright 1993. Reproduced with permission from Taylor and Francis. Route (c) depicts flux-mediated crystal growth. The coloration
adjacent to pathway (c) is a schematic of the temperature profile in the reactor, where red and blue represent high and low temperatures,
respectively [140]. Copyright 2015. Reproduced with permission from John Wiley and Sons. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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micro sized aerosol droplets which render unique pathway to control shape specially for compositions that are difficult to make at low
temperature [140]. In a typical AMSS setup (Figurel2a), an ultrasonic nebulizer creates water droplets containing precursors. The
droplets produced by the nebulizer are transported using a steady flow of gas to a tube furnace where solvent evaporation, solute
precipitation, precursor decomposition, reactions, and product densification take place. After this step, the final product is then
collected in water vessels. Other collection methods have also been implemented depending upon specific needs [141,142]. In the
absence of a fluid droplet phase, polycrystalline microspheres are the most common resultant powder [143]. Moreover, one can take
care of necessary conditions required for optimum crystallinity in final products such as supersaturation, and lower barriers to
diffusion can be achieved by proper thermal conditioning.

Compared to conventional SSR route, higher mass transport and heat diffusion rates in smaller volume lead to product formation in
shorter time under relatively milder conditions. Mostly polycrystalline microspheres are formed from processes of droplet evolution in
case of spray drying or liquid — solid state conversion (Fig. 12b) [141]. These droplets can be biased to molten salts and mediated
properly to align crystal growth (Fig. 12c), especially by judiciously selecting precursors whose decomposition products can easily
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Fig. 13. Variations of (a) diffusion coefficient, (b) thermal conductivity, and (c) Laplace pressure for several alkali metal nitrate and carbonate
molten salts for 1 mm spherical droplet and an external pressure of 1 atm [140]. Copyright 2015. Reproduced with permission from John Wiley
and Sons.
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dissolved in the molten salts. In such cases, molten salts themselves can prevent agglomeration of individual crystals forming within
the droplets.

Crystal growth in such case is driven by chemical potential difference between solution (parent phase) and new crystal (daughter
phase). Such driving force in case of solution chemistry is termed as supersaturation. The degree of supersaturation in case of AMSS can
be modulated via choice of flux, flux/precursor ratio (FPR), MOT, and residence time (Tyes) [140].

Liquid state of ionic melts can be modeled in terms of electrostatic interaction between the cations and anions and also the
polarizability of the solute and solvent [144,145].

Molten oxosalts such as NaNOs and NayCOj3 should be considered as possessing basic characteristics. Their property depends on its
ability to donate oxygen, similar to what has been depicted in Eq. (1).

Oxygen donating ability of molten oxosalts can be further adjusted by tuning its basicity which consequently modifies the system
solubility [76]. Compared to the conventional MSS wherein water is usually avoided, nebulization process in the AMSS involves an
aqueous solution of precursors. Consequently, droplets produced in the AMSS absorb moisture. For example, halide salts used in the
AMSS can be hydrolyzed to their respective acids and oxides at elevated temperature [146].

In case of the MSS for bulk material; polyhedral crystal growth happens when FPR > 8. At this FPR value, supersaturation is high
enough for nucleation but small enough for lowering diffusion assisted growth.

As discussed above, the crystal growth in the AMSS depends on supersaturation degree which in turns also depends on the residence
time (flow rate and heating zone length). Residence time in the AMSS can be adjusted by modulating the rate at which gas flows in
furnace. For tubular furnace (Fig. 12a), it is given by Eq. (4) [143]:

_ 006aR} T\ 1 -y,
res. — Q 71 _y?V

(€))

where R is the tube radius in cm, Q is the inlet flow rate in L/min, T is the air temperature in Kelvin, y,, is the mole fraction of water
vapor in air. Residence time varies from one system to another depending on the thermal conductivity of tubular furnace materials, the
size of the precursor, and the crystal growth regime of target product. Normally, the operational temperature is kept more than 100 °C
above the melting point of designated flux and the residence time is kept longer than usual to allow for growth of the particle.
Nucleation and growth of particles in the AMSS can happen in the hottest or coolest zone depending on the degree off supersaturation
of the droplets in the AMSS (Fig. 12c).

Compared to lower cooling rate in conventional MSS, lower residence time in hot zone results in large temperature gradients which
can lead to supercooling and crystal growth.

The morphology of the crystals formed in the AMSS ultimately depends on the physicochemical properties of the molten salt used as
it dictates the operation temperature and residence time [147]. Fig. 13 shows the physiochemical properties such as the diffusion
coefficient, thermal conductivity and Laplace pressure of various alkali metal nitrate and carbonate molten salts. Optimum thermal
conductivity of the flux in particular is very important to achieve positive solid-liquid thermal gradient which promotes smooth front
surface growth and is extremely desirable in case of polyhedral crystal. Laplace pressure is also very important because of the fact that
droplet dimension in the AMSS usually lies in the range of 100-200 nm.
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Fig. 14. Schematic showing the mechanisms of (a) the conventional MSS and (b) TMSS routes [171].

Reactant

18



S.K. Gupta and Y. Mao Progress in Materials Science 117 (2021) 100734

There have been many studies of the AMSS given on enabling synthesis conditions which induce flux-mediated crystal growth to
produce shape-defined NPs, mostly in case of complex metal oxides [88,148-150]. Selective growth particularly for complex metal
oxide NPs requires several critical steps such as (i) low reaction temperatures, (ii) shorter reaction duration, (iii) desired shape of
primary precursor, and (iv) enhanced rate of dissolution of precursors by judiciously adjusting the flux conditions [88]. Some of the
synthesized examples include CusNbgO,; [151], ATiO3 (A = Sr, Ba, Pb) [71,152-156], ANbOg3 (A = Li, Na, K) [25,157,158], LaMnOg
[153], BaTip0s [159], SraSbMnOg [160], and several Li-ion battery materials [161-165].

3.5.2. Topochemical MSS

The performance of materials to a large extent depends on their structure and morphology. On the other hand, the shape of
crystalline materials depends on their internal structure. For instance, system with cubic crystals leads to isotropic materials. Through
the conventional MSS method, it is difficult to achieve targeted morphology of the product. Using equiaxed regular perovskite ma-
terial, it is difficult to synthesize anisotropic particles via the conventional MSS. Here as discussed in Fig. 3, precursors disperse,
dissociate, rearrange and diffuse inside molten salts [166]. The product morphology is decided by the low energy minimum shape
decided by the surface and interfacial energy between precursor particle and molten salt [14]. If asymmetric reactants with feasible
solubility is selected as a template for the MSS route, the morphology of final products will have recombination of the local basic units,
that is what is known as topochemical MSS (TMSS) method.

The TMSS method combines the conventional MSS method and the topochemical method, associated with the use of localized solid-
state compound transformations via the exchange, deletion, or insertion of individual atoms [167]. It prepares pure and
morphologically-controllable samples at a moderate temperature in a short soaking time [102]. Similar to common MSS method, the
shape and size of its products are controlled by appropriate choice of raw materials, salts, synthesis temperature and reaction time. On
the other hand, the TMSS method does not require all precursors to be soluble while the MSS method most requires high solubility of
precursors. In the TMSS, the morphology of products comes directly from solid-state raw materials. Specifically, particular solid-state
raw materials as precursors acting as templates should be refractory or micro-melting in the molten salts. Schematics to illustrate the
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Fig. 15. (a) The schematic illustration of the TMSS method [102]. Copyright 2010. Reproduced with permission from the Royal Society of Chemistry. (b)
SEM images of potassium niobate nanowires prepared by the TMSS method [168]. Copyright 2007. Reproduced with permission from American
Chemical Society. (c) Schematic diagram of topochemical conversion from the bismuth layered structure BiNN5 particles to plate-like NaNbO3
particles. This figure also reflects their crystal structure. (c; and c3) SEM images of layered BINN5 and NaNbO3 [169]. Copyright 2004. Reproduced
with permission from the Nature Publishing Group. (d) Formation processes and structure evolution of the KNbO3 hollow spheres and Nb,Os solid
spheres. The insets are the SEM images of the Nb,Os and KNbO3 spheres [170]. Copyright 2013. Reproduced with permission from the Royal Society
of Chemistry.
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mechanism of both the MSS and TMSS routes are shown in Fig. 14a and b, respectively.
The schematic illustration of the involved TMSS method is also summarized in Fig. 15a. The equilibrium of the TMSS method is
represented by the following reaction:

Molten Salts (TMSS,

A(lfx)A'XvB(l,y)B;; 0. (as template) 4 xA'™ 4 yB™" ) ABO; + x AT" +y BT 5)
where 0 < x, X/, yand y’ <1 and z is a positive integer.

The TMSS method is arguably one of the best ways for controllable synthesis of functional materials by exploiting localized solid-
state raw materials. In some studies, pure samples could be obtained with controllable morphology in a few minutes. This type of
topochemical method based on the MSS process has been carried out to prepare various perovskite compounds such as sodium and
potassium niobates with one-dimension (1D), two-dimension (2D), and three-dimension (3D) morphologies as shown in Fig. 15b—d,
respectively.

Cheng-Yan Xu et al. have synthesized niobate nanorods using the TMSS approach [168]. The authors initially synthesized
KoNbgO4; nanowires using the conventional MSS method with NbyOs as the reactant in KCl flux at 1000 °C. Then, utilizing the TMSS
concept, the Xu group synthesized 1D KNbO3 nanorods (Fig. 15b) using the preformed KoNbgOy; nanowires as the template in NaCl
flux at 800 °C.

The TMSS approach has also been found to be an excellent technique for the synthesis of 2D materials wherein electrons are free to
move in two dimensions such as thin films, superlattices and quantum wells. Perovskites in platelet-like morphology is very difficult to
achieve via the conventional MSS or hydrothermal method as perovskite compounds regularly grow into equiaxed particles. Using the
concept of TMSS, platelet-like morphology could be easily achieved for NaNbOs perovskite [169]. Bis sNag sNbsO1g (BiNN5, Fig. 15¢1)
platelets were initially synthesized using the conventional MSS method in NaCl flux at 1100 °C, and then following the TMSS concept
(Fig. 15¢), NaNbOs in platelet-like morphology (Fig. 15¢2) was synthesized using the BiNN5 platelet as the template and NayCOg as the
reactant in NaCl flux at 950 °C.

The extraordinary potential of the TMSS approach was further demonstrated in the synthesis of KNbO3 hollow nanospheres from
Nb,0s5 hollow spheres as template (Fig. 15d) [170]. This process employed KCl as the molten salt by involving the diffusion of K ion
inside the NbyOs hollow spheres. The product formation in this case was realized via breaking old bonds, bond rearrangement,
rebonding, and finally the formation of new bonds. Both the NbOg and NbO7 units in the Nb,Os template were edge-shared whereas
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Fig. 16. TEM characterization of the LayZr,O; nanocrystals synthesized by the KMMSS method: (a) TEM image, (b) HRTEM image, (c) EDS
spectrum (the Cu and C peaks originate from the TEM grid), and (d) selected area electron diffraction pattern [48]. Copyright 2009. Reproduced with
permission from the American Chemical Society.
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NbOg units in KNbO3 perovskite are corner-shared along the a, b, and c axes. Therefore, edge-shared NbOg and NbO7 in the NbyOs
template tend to transform into corner-shared modes to achieve the lowest energy state. The local recombination of the NbOg and
NbOy7 basic units helps KNbO3 perovskite as the product inherit the morphology of the NbyOs hollow spheres.

3.5.3. Kinetically modified MSS

Similar to other synthesis methods, the MSS method can affect its products characteristics by changing synthesis conditions
including processing duration, processing temperature, type of salt, nature of precursor, ramp rate, etc. [14,48,30,92]. For complex
metal oxides, single-source complex precursors can be advantageous to successfully synthesize high quality monodisperse NPs in terms
of both chemical composition and particle size. Single-source precursors especially those are composed of simple inorganic ions help in
two aspects: (i) homogeneous distribution and (ii) intimate atomic scale mixing of precursor and salt. Consequently its diffusion length
is reduced; the rate of diffusion of the reactants in the molten salt increases, and material transport becomes highly efficient to meet the
minimal kinetic requirement for the reaction, which is why this advanced MSS method is named kinetically modified MSS (KMMSS)
method [13,89-91,172,174]. This KMMSS strategy can be exploited to its full potential for the preparation of variety of complex oxide
nanocrystals due to its intrinsic simplicity, flexibility, and scalability. For example, the authors of this article have efficiently carried
out the MSS process for ApB>07 type pyrochlore NPs using a single-source A(OH)3-BO(OH)2-nH20 complex precursor made via co-
precipitation [30,48,89-92,110-112,121,174-182].

Using LayZr,07 as an example of complex metal oxide nanocrystals, we have synthesized highly monodispersed cubic crystallites
with an average size of 20 nm as seen in the TEM images (Fig. 16a, b). These nanocubes have flat surface while their edges and corners
are a little distorted. Since the relative specific surface energies of facets dictate the shape of nanocrystals, the formation of cube in case
of LayZry07 NPs can be attributed to a kinetic and morphological manifestation of the initial nuclei in the shape of a cube [13,183].
Lattice fringes of individual nanocubes (Fig. 16b) depict the single crystalline nature of the LapZr,0; NPs. Elemental analysis by EDS
(Fig. 16¢) confirms the stoichiometry of La, Zr, and O in these nanocrystals to be 1:1:3.5 which is consistent with its chemical formula.
Finally, the electron diffraction pattern (Fig. 16d) confirms the cubic phase of the LayZr,O7 NPs.

3.6. Different classes of simple and complex metal oxide NPs synthesized by MSS

Some metal oxides even in their nanostructured forms can be fabricated using different methods, such as hydrothermal or con-
ventional colloid chemistry routes. However, the use of the MSS method may facilitate a higher crystallinity and contribute to a special
texture in the final products. As exampled below, several types of both simple binary and complex oxides including their porous
framework materials have been synthesized in different molten salt systems since 1970s [23].

3.6.1. Binary oxides

Pertaining to binary metal oxide systems, many reports have declared the use of the MSS method for MgO, ZnO, CuO, NiO, TiO»,
etc. Adjustable parameters such as synthesis temperature, salt/precursor used, and product characteristics along with relevant
reference source are tabulated in Table 6. We explain some of the cases in details where the MSS method has not been extensively
explored.

3.6.1.1. Iridium oxide NPs (IrO2). Two of the best electrocatalysts for HER and OER reactions are crystalline IrO; and RuO3 NPs even
though a growing body of OER and HER catalysts containing abundant, inexpensive transition metals and their oxides have been
reported recently in literature [192,195,196]. Nanostructured IrOy is commonly synthesized by metal organic chemical vapor
deposition (MOCVD) [197-204]. Moreover, a variety of IrO, nanostructures have been produced by other strategies such as phase
transport process [205], electrochemical synthesis [206], arc vaporization [207], hydrothermal [208], reactive radio frequency
magnetron sputtering (RFMS) [209], sol-gel [210], wet chemistry method [195], Adams fusion method [211], sulfite complex route
[212], thermal decomposition of precursor (HaIrClg) [213], oleylamine-mediated synthesis [196], etc. However, all these synthesis
techniques require expensive, complex, unstable and not-environmentally-friendly iridium-containing precursors. In addition, some of

Table 6

Examples of binary oxides produced by different MSS systems.
Oxide Precursors/salt Synthesis temp. Product characteristics Ref.
MgO MgSO,4 or MgCl,/NaNO3-KNO3 or NaNO2-KNO, 450-600 °C Nanospheres, 50 nm [184]
ZnO Zn(CH3CO0),/LiCl 750 °C Nanowires, 30-70 nm [185]
TiO5:Nb NaCl-Na,HPO4 825 °C Nanowires, 50-200 nm [186]
WO3 (NH4)6HaW12040-xH,0/LiNO3-KNO5 410 °C NPs, 100 nm [187]
a-Fe,03 Fe,03/NaCl 820 °C Single-crystalline [188]

a-Fe,03 rhombohedra, 200 nm with aspect ratio of 1.2

Co304 CoCly/NaCl-KCl 700 °C Nanorods with diameter of 150 nm and length of 2 ym [189]
CuO CuCl,/NaOH-KOH 200 °C Flower-shaped nanostructure [190]
In,03:Ni InOOH/LiNO3 300-500 °C NGCs, <100 nm [191]
Y203:Er Y(NO3)3/NaNO3-KNO3 500 °C NCs, <100 nm [24]
IrO, IrCly/NaNO3-KNO3 650 °C Nanorods, diameter = 15 nm, length = 200 nm [192]
CeO,:Ba Ce0,-BaCO3/NaOH-KOH 200 °C Nanowires [193]
Zr0, ZrOCl,/NaNO3-KNO3 550 °C NPs, 5-28 nm [194]
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these processes involve tedious synthetic procedures with complicated experimental setups. On the other hand, the MSS process is
more cost effective, stable and eco-friendly compared to above reported methods. The research group of one of the authors of this
article has implemented the MSS method with iridium tetrachloride, sodium chloride, and potassium chloride as the precursor and salt
mixture to synthesize IrO2 nanorods [192]. The precipitation of IrO; in a basic melt of chloride salts is a typical Lux-Flood acid-base
reaction. For instance, the formation of IrO5 from iridium chloride in the alkali metal nitrate salts proceeds by

IrCly + 4NO3 — IrO, + 4C1™ + 4NO, + 0, )

The as-synthesized IrOy product by the MSS method is ultrafine nanorods appearing in rectangular shape (Fig. 17a—c). The
diameter of the nanorods ranges from 8 nm to 20 nm with an average diameter of 15 nm, unlike the commercial IrO, NPs having a
spherical shape with an average size of ~60 nm (Fig. 17d). The formed IrO, nanorods are composed of iridium and oxygen elements
with no other impurities (inset of Fig. 17) and have an average diameter and length of ~15 nm and ~200 nm, respectively (Fig. 17e).
The lattice spacing value of 3.20 A which is consistent with (1 1 0) plane of IrO; crystal (Fig. 17f) and electron diffraction pattern with
the circular fashion of the spots due to (11 0),(101),(200),(210), (21 1), and (2 2 0) planes indicate the formation of tetragonal
crystal structure of IrO5 nanorods which are consistent with XRD results [192].

Other groups like Kim et al. have used the MSS method from iridium chloride precursor, NaNOg salt, and cysteamine by calcining
the reactant mixture at 450 °C to synthesized ultrathin IrO; nanoneedles [214]. The cross-sectional diameter of these IrO long
nanoneedles was found to be only 2.0 + 0.5 nm (Fig. 18a). The diffraction ring corresponding to the (1 0 1) plane was the most
significant in the selected area electron diffraction (Fig. 18b) which agrees with the X-ray diffraction pattern (Fig. 18e). Both high-
resolution transmission electron microscopy image (Fig. 18f) and high angle annular dark field scanning TEM image with an
atomic resolution (Fig. 18g) demonstrate that the formation of ultrathin long nanoneedles consists of about 6-8 layers of IrO, (1 1 0)
plane.

3.6.1.2. Yttrium oxide NPs (Y203). Y203 is one of desirable luminescence hosts for phosphor applications because of its high chem-
ical/photochemical stability, high melting point, wide band gap, easy to synthesize, ability to accommodate lanthanide ion at Y>7 site,
and low phonon energy (430-500 cm ™) [215,216]. Many studies have demonstrated that luminescent behavior of a phosphor powder
is strongly dependent upon its particle size and size distribution [89,91,123,217,218], hence it is expected that NPs possess more
surface luminous states because of their large surface area, and accordingly can display different luminescent properties than the bulk
counterparts [219-222]. Moreover, it has been reported that phosphor particles with uniform size distribution and well defined shape
are required for highly efficient photo luminescence [223,224]. Therefore, one of the authors of the current article used the MSS
method to synthesize Er®*:Y,03 NPs as an upconversion phosphor using yttrium nitrate as the precursor in KNO3-NaNO3 molten salt at
500 °C [24]. The as-synthesized Er®*:Y,03 NPs are pure, single crystalline, of cubic phase, have an average size of ~80 nm with flat
surface and distorted corners/edges (Fig. 19).
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Fig. 17. (a & b) FESEM images of the MSS synthesized IrO, nanorods. The inset shows the corresponding energy dispersive X-ray spectrum. (c) Size
distribution of the IrO, nanorods with respect to the diameters. (d) FESEM image of the commercial IrO, NPs. Representative (e¢) TEM and (f)
HRTEM images and (g) electron diffraction pattern of the IrO, nanorods [192]. Copyright 2016. Reproduced with permission from Elsevier.
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Fig. 18. (a) TEM image at low magnification, (b) SAED, (c) TEM image, (d) histogram of diameter, (e) XRD pattern, (f) HRTEM image, and (g)
HAADF-STEM image of the IrO, nanoneedles. The reference pattern in (e) represents the standard diffraction of rutile IrO, (PDF#00-015-0870). The
inset of (g) shows corresponding electron diffraction spots [214]. Copyright 2018. Reproduced with permission from Wiley and Johns.
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Fig. 19. The as-prepared 5%Er3+:Y203 NPs by the MSS method: (a) XRD pattern, (b) SEM image, (c) TEM image, (d) HRTEM image, (e) EDS
spectrum (the Cu peaks originate from the TEM grid), and (f) SAED pattern [24]. Copyright 2009. Reproduced with permission from Wiley and John.
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There have also been a few reports on the MSS synthesis of bulk Y,0s:Eu®* powders which are one of important and commer-
cialized red emitting phosphors [225,226]. Xiaoyong Wu et al. have used Y203/Euy03 precursor in both KNO3-NaNO3 and KCl-NaCl
molten salts to synthesize Y,03:Eu®t with different morphologies (Fig. 20a and b) [225]. It is known that the shape of particles is
governed by their growth mechanisms. Cahn et al. have reported that spherical particles predominate when the growth mechanism
proceeds via proliferation, and anisotropy comes into picture while the particle shape changes when the growth mechanism proceeds
via interfacial reactions [227]. In the MSS process, the growth mechanism mostly follows interfacial reactions because the formation
and growth of particles proceed via liquid transmission which supposedly has high liquidity and proliferation rate [225]. On the other
hand, Yan et al. have used YCl3/EuCls as a precursor and the mixture of NapCO3 + S + NacCl as the molten salt at 1200 °C for 2 h to
make quasi-microspheres of 2-3 um [226]. Luo et al. have synthesized Y,05:Eu®" nanocrystals using a surfactant aided MSS procedure.
They tuned the particle size by changing the nature of used surfactants (Fig. 20c—f) [228].

3.6.2. Complex metal oxides

3.6.2.1. ABOs type perovskites. Owing to the scientific and application importance [14,29,68,107,113,224,229-241], the synthesis of
high quality perovskite materials in well-defined size and morphology becomes vital. It is one of the research themes of the authors of
the current article [14,29,105,107,113,235-242]. Recently, Xue et al. have summarized the advances of low dimensional perovskite
nanomaterials by the MSS method [68]. To give a concise picture of the MSS of various perovskite compounds, here we have tabulated
reported results in Table 7. For discussion, we have taken specific examples of nanocrystalline BaTiO3 synthesized by the MSS method.

BaTiOs is one of the most important ferroelectric materials [251,252]. It has received intensive research interest for a number of
important advanced applications when developed in nanosized domain including electrocaloric cooling devices [253], spintronics
[254], triboelectric nanogenerators [255], energy harvester and sensor [256], pyroelectric catalysts [257], piezoelectric character-
istics [258], etc. There have been many recent reports on designing BaTiO3 nanostructures using various wet chemical methods such as
hydrothermal method [259], combustion approach [260], solution casting [261], spin coating [262], etc. These techniques have
several issues, such as low yield, the use of toxic solvent, safety related concerns, and low scalability, etc. Owing to the importance of
shape controlled synthesis of BaTiO3 nanostructures, the MSS method has been used to synthesis BaTiO3 in the form of nanostrips,
nanocubes, nanospheres, nanowires, NPs, nanorods, etc. [29,245,71,154,246,263,264].

Owing to the existence of anisotropy in various crystallographic directions, single crystals have superior piezoelectric performance
compared to polycrystalline counterparts [265]. Also, BaTiOs synthesized in nanowire shape enhances its piezoelectric catalytic
performance compared to its NPs [258]. Hence, our group has made single-crystalline BaTiO3 nanowires using the MSS method by
exploring NaCl as a molten salt which is aided by a non-ionic surfactant (Fig. 21A-E). The formed BaTiO3 nanowires are uniform,
homogenous and defect free single-crystals with diameter of ~50-80 nm and length of 1.5-10 um. These nanowires are composed of
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Fig. 20. SEM micrographs of the MSS synthesized Y,04:Eu®" particles using (a) KNO3/NaNOs and (b) KCl/NaCl molten salts [225]. Copyright 2010.
Reproduced with permission from Elsevier. SEM micrographs of the MSS synthesized Y,03:Eu" particles using different surfactants: (c) octyl phenol
together ethylene (10) ether oxygen (OP-10), (d) sodium dodecyl benzene sulfonate (LAS), (e) polyoxyethylene (5) nonyl phenyl ether (NP-5), and
(f) polyoxyethylene (10) nonyl phenyl ether (NP-10) [228]. Copyright 2013. Reproduced with permission from Hindawi.
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Table 7
Summary of various perovskite nanomaterials synthesized by the MSS method.
Perovskite Salt Synthesis temp. Product characteristics Ref.
KCl 800 °C Micron size, electrical properties Yoon et al. [243]
PbCl, 600-800 °C Micron size, dielectric properties Ito et al. [244]
BaTiO; NaCl-KCl 950 °C Rectangular nanostrip Deng et al. [245]
NaCl 820 °C Single crystalline nanowires Mao et al. [29]
NaOH-KOH 300 °C Nanocrystal, dielectric properties Sahoo et al. [246]
KCl 750 °C Nanowires Lietal [71]
SrTiO3 NaCl 820 °C Single crystalline nanocubes Mao et al. [29]
NaCl-KCl 700 °C NPs Li et al. [247]
Caj_SrTiO3 NaCl 720 °C NPs: 70-110 nm Mao et al. [107,235]
La,BMnOg (B = Ni, Co) NaNO3-KNO3 700 °C NPs, ~64 nm Mao et al. [105]
BaZrO3 NaOH-KOH 720 °C Shape tunable single crystal Zhou et al. [241,241]
PbTiO3 NaCl-KCl 900 °C Rod-shape single-crystal Cai et al. [248]
ANbO3 (A = K, Na) KCl 800 °C TMSS, wire like structure Lietal. [25]
Ko.5Bio.sTiO3 KCl 900 °C Nanowires (¢ ~ 40 nm, | > 4 um) Yang et al. [249]
BaMnO3 NaOH-KOH 200 °C Elliptical nanorods (width ~20-50 nm) Hu et al. [250]
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Fig. 21. BaTiO3; nanowires synthesized by the MSS method: (A) TEM, (B) HTREM with SAED pattern as inset, (C) EDS spectrum, and (D) TEM and
(E) HRTEM images representing the tip of the nanowires [29]. Copyright 2003. Reproduced with permission from the American Chemical Society. BaTiO3
nanowires synthesized by topochemical solid state reaction: (F) SEM, (G) TEM, (H) HRTEM, and (I) ED pattern [264]. Copyright 2009. Reproduced
with permission from the American Chemical Society.

only Ba, Ti, and O elements and have high crystallinity with cubic structure. Moreover, the tips of these nanowires are smooth and
hemisphere like.

Also, Buscaglia et al. [264] synthesized BaTiO3 nanowires (diameter: 50-300 nm and length: 2-30 pum) by using a topochemical
MSS route as shown in Fig. 21F and 21G. Electron diffraction pattern at different location of the nanowire shown in inset of Fig. 21G
depicted the same diffraction pattern with very well defined and sharp spot indicating single crystalline nature of nanowires. Lattice
fringes shown in Fig. 21H matches well with the cubic crystal of BaTiOs. The issue with the BaTiO3 nanowires synthesized by the
topochemical SSR route is the presence of high dislocation, defects, grain boundaries and internal pores as can be easily seen from the
electron diffraction pattern shown in Fig. 211. This again highlighted the superiority of the MSS process over other methods.

The MSS method has also been used to synthesize nanocubes, nanospheres, and nanorods of BaTiOs (Fig. 22a—c) [154]. Huang et al.
highlighted the role of the initial shape of titania and its rate of dissolution on the final shape of BaTiO3 nanostructure synthesized by
the MSS method in a NaCl-KCl flux at 700 °C for 1 h [154]. Deng et al. reported the MSS synthesis of BaTiO3 nanostrips using a
surfactant-free approach in non-aqueous molten salt media (Fig. 22d-f). The synthesized strips have a diameter of 50-200 nm, a
thickness of 20-50 nm, and a length of several to tens of microns.
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(a) BT-1

Fig. 22. BaTiO3 nanostructures synthesized by the MSS method: (a) nanospheres, (b) nanocubes, and (c) nanorods [154]. Copyright 2009. Repro-
duced with permission from the American Chemical Society. BaTiO3 nanostrips: (d) SEM, (e) high magnification SEM, and (f) TEM images [245].
Copyright 2009. Reproduced with permission from the Royal Society of Chemistry.

3.6.2.2. ABO; type delafossites. ABO, type compounds are categorized as delafossite oxides where ‘A’ is a monovalent cation in +1
oxidation state (such as Cu, Ag, etc.) and B is a trivalent cation in +3 oxidation state (such as Al, Ga, In, Fe, etc.). The delafossite
structure is comprised of edge share distorted BOg octahedra arranged in alternative layers whereas A cation is oriented in 2D closed
pack array of dumbbell-shaped O-A-O and oxygen is tetrahedrally coordinates with A* and B®* cations [266]. Because of their high
surface area, chemical reactivity, electron-hole overlap integral, and interfacial energy, ABO, NPs are expected to possess a multitude
of applications. These include UV photodetectors [267], oxide sensors [268], catalysts [266,269-271], sodium ion batteries [272],
photovoltaics devices [273], solar cells [274-277], etc. Delafossite NPs have been synthesized by various methods such as hydro-
thermal [270,278,279], flash auto-combustion [280], chemical deposition [267], glycine-nitrate process [268], oxygen plasma
enhanced reactive evaporation technique [281], sol-gel [282], co-precipitation method [283], etc. All these methods have their own
advantages and disadvantages. For example, chemical deposition technique requires costly and sophisticated instrumental set-up and
is not financially viable. Sol-gel method is difficult to achieve shape and size control of products. Combustion technique faces safety
concerns. Hydrothermal method requires autoclaves and product yield could be an issue.

The MSS method is an easy and green approach to synthesize Cu-based delafossite NPs with excellent material properties. Santra
et al. have demonstrated the feasibility of the MSS method to synthesize CuBO2 nanorods using KCl salt at 800 °C [284]. They studied
the evolution of the CuBO4 nanorods by exposing for three different time intervals of 30, 60 and 180 min (Fig. 23). The formation and
growth of the copper borate nanorods was clearly seen with the increase of the MSS processing time from 30 min to 60 min, and then to
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Fig. 23. CuBO; nanorods synthesized the MSS method as samples A, B and C for different time intervals of 30, 60 and 180 min, respectively [284].
Copyright 2015. Reproduced with permission from the American Chemical Society.

180 min. As the MSS processing time increases, the surface roughness of these microrods also reduces.

Accordingly, Santra et al. have drawn a schematic and proposed a growth mechanism of the MSS process for the CuBO3 nanorods
(Fig. 24) [284]. As depicted pictorially, when the processing time was 30 min, the formed CuBO» nanorods were attached with small
and irregular particles of primary CuBO3 nanocrystals which have not been converted into nanorods due to short processing time.
When the processing time is raised to 60 min, these primary attached CuBOy NPs grew into nanorods and got detached from the host
bundle surface, which leads to the reduction of the surface roughness of the rods even though some of the remnant NPs are still lying on
the surface of the CuBO2 nanorods. These NPs were gradually converted into small nanorods as the reaction time was raised to 180
min. These small nanorods further form nanobundles and get detached from the previous host bundles to reduce surface energy. At the
end of this stage, all nanorods are quite uniform as all the precursors are transformed into nanorods (and bundles).

TEM studied conducted on the sample C suggested that the tips of individual nanorods are less than 100 nm in diameter. The
d spacing was measured to be 2.33 A, which is well in agreement with XRD data [284].

3.6.2.3. AB304 type spinels. AB,O4 type spinel compounds have divalent A and trivalent B ions occupying tetrahedral (T4q) and
octahedral (Oy) sites, respectively, in a cubic crystal (S.G. Fd-3m). The structure has two variants as normal and reverse spinels
differing in their distribution at T4 and Oy, sites. In normal spinel, 1/8th of T4 sites is occupied by A ions and only half of the Oy, sites is
occupied by B ions. On the other hand, in inverse spinel, half of B ions and entire A ions occupies Oy, sites and half of the B ions occupies
Tq sites [285]. Spinel compounds have unique properties which make them suitable for various technical applications such in
persistent phosphor [286], nuclear waste host [287], luminescence host [288-290], defect induced emission [291], spintronic devices
[292], electronics [293], magnetism [294], catalyst [295-297], biomedical [298], lithium ion batteries [299], etc. These applications
not only depend on their ionic arrangement or structure, but also on how they are synthesized [300].

The traditional method of preparing spinels is via the SSR route which needs continuous grinding and heating of the solid pre-
cursors (usually oxides, nitrates and carbonates) [301,302]. Because of the high diffusing length, this route requires high heating
temperature and long time to cross its activation barrier [303]. Another problem with solid-state synthesized spinel compounds is their
low surface area, high level of agglomeration, large and non-uniform particles, and irregular shape, which seriously degrade their
various physical and chemical properties. There have been continuous exploration of low temperature, easy to perform and mild
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Fig. 24. MSS of CuBO; nanorods in KCI molten salt: (a) schematic and (b) proposed growth mechanism [284]. Copyright 2015. Reproduced with
permission from the American Chemical Society.

Sample A

Sample C Sample B

approach to synthesize spinels such as gel-combustion [304], hydro/solvothermal route [305], sol-gel method [291], and co-
precipitation [306]. However, it is still a challenge to synthesize uniform and small NPs of spinels under non-harsh environments
through environmentally friendly approaches.

Recently, there has been an upsurge of the MSS method to synthesize spinel compounds by various researchers for advanced
applications. Spinel nanostructures with high surface area, in well-defined shape, and free of agglomeration is vital for their appli-
cations in optoelectronics, catalysis, gas sensing, etc. [189,307,308]. Here we have compiled spinel nanostructures synthesized by the
MSS method under various synthesis conditions and tabulated them in Table 8. For example, Zhang et al. have synthesized micron-
sized MgAl;04 in metal halide salts and proposed that the size and morphology of the final product are strongly dependent on the
original size/shape of the alumina precursor and the MSS synthesis is governed by template formation process [309]. Moreover, Kim
et al. have reported the MSS synthesis of highly ordered LiNip sMn; 504 spinel as an electrode material for lithium ion battery using a
salt mixture of LiCl and LiOH [310]. Lin et al. have also synthesized the same compound using a slightly modified MSS procedure
[311]. They have first synthesized a precursor using a sol-gel process and then calcined the precursor with LiOH in KCl molten salt to
synthesize LiNip sMn; 504. It was reported that Nig 5Zng sFe2O4 was synthesized by the MSS method involving a reaction between
Fey03, NiO, and ZnO powders. Furthermore, spinel LiMn,O4 nanowires have been synthesized by a novel reaction method using
Nag.44MnO; nanowires as a self-template wherein Na/Li ion exchange and addition of more Li ions were carried in a molten salt
mixture of LiNO3 (88 mol%) and LiCl (12 mol%) at 450 °C for 1 h [308]. The synthesized LiMn,04 demonstrated highly superior
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Table 8
Examples of various spinel nanocrystals synthesized by the MSS method.
Nanospinel Salt Synthesis temp. Product characteristics Ref.
Co304 NaCl-KCl 700 °C Nanorods (diameter: 150 nm and lengths of about 2.0 um) Ke et al. [189]
Nanorods (diameter: 40-100 nm and lengths of about 10 pm)
NaCl 800-815 °C Liu et al. [312]
Mn304 NaCl 850 °C Nanowires (diameter: 40-80 nm and lengths up to 150 um) Wang et al. [26]
ZnFe,04 NaOH-NaCl 700 °C NPs, 15-20 nm Darshane et al. [307]
MgAl,O4 KCl 850 °C Nanospheres, ~30 nm Naeini et al. [246]
LiCl/NaCl/KCl 800-1150 °C Microcrystals Zhang et al. [309]
LiNip sMng 504 LiCl 700-1000 °C Microcrystals, single crystal octahedra Kim et al. [310]
KCl 900 °C Microcrystals, 500-800 nm Linetal. [311]
LiMn,04 LiOH 600 °C Nanooctahedrals, ~80 nm Wang et al. [313]
NaCl-KCl 700 °C Hollow spheres, 50 nm Zhao et al. [314]
LiNOs-LiCl 450 °C Nanowires: diameter: 50-100 nm Hosono et al. [308]
NiFe;04 NaCl 700 °C Nanocube, ~15 nm Darshane et al. [315]
Nig 5Zng sFe;04 NaCl 800 °C NPs: ~29 nm Moubhib et al. [316]
NaCl-KCl 900-1050 °C Nanocrystals: ~30-50 nm Jiang et al. [317]

performance particularly for lithium ion battery with high power density.

Furthermore, to harness the full potential of ZnFe;04 NPs for H,S gas sensing application, Darshana et al. have synthesized ZnFe;04
NPs using NaOH/NaCl molten salt at 700 °C (Fig. 25A) [307]. The formed ZnFe;04 spinel NPs have a diameter of ~15-20 nm with
highly crystalline nature and cubic structure. These NPs have also showed excellent selective sensitivity toward 200 ppm of HjS at the
operating temperature of 250 °C. Wang et al. reported the synthesis of Mn3O4 nanowires using NaCl molten salt at 850 °C (Fig. 25B)

Fig. 25. Representative spinel nanostructures synthesized by the MSS method: (a) ZnFe;O4 NPs [307]. Copyright 2014. Reproduced with permission
from John Wiley and Sons. (b) Mn3O4 nanowires [26]. Copyright 2002. Reproduced with permission from John Wiley and Sons. (C& D) Co304 nanorods
[189]. Copyright 2007. Reproduced with permission from Elsevier.
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[26]. The nanowires have a diameter of ~40-80 nm and a length up to 150 pm. It is expected that such 1D nanomaterial have improved
electronic, optical, and mechanical properties for applications in electronic devices [26,308]. On the similar line, Co304 nanorods were
synthesized using NaCl-KCl salt at 700 °C (Fig. 25C) [189]. The diameter and length of these nanorods are around 150 nm and 2 pm,
respectively. Following the Ostwald ripening mechanism, Co304 nanorods grew along the (—1, —1, 15) direction along a 60° angle to
the (1 1 1) plane (Fig. 21D).

3.6.2.4. A3B20; type pyrochlores. Complex metal oxides with the A;B,07 composition, where A and B are respectively in 3+ and 4+
oxidation states, have been a focal point of scientific research over many years. Depending on the A/B radius ratio and other influ-
encing factors such as temperature, pressure and doping effect, they are known to exist in ideal pyrochlore structure (space group Fd-
3m) or defect fluorite structure (space group Fm-3m). Accordingly, they can display a wide range of solid solutions between BO5 and
A203. Because of the various unique properties exhibited by A;B20O7; materials such as lower thermal conductivity, high dielectric
constant, high thermal stability, structure flexibility, high radiation stability, ability to accommodate dopant ion at both A and B sites
[89,217,318,319], they have displayed exemplary performance in various technological applications. These includes nuclear waste
host [90], scintillator [112], luminescence host [89,217], catalyst [320-322], gas sensors [323], ionic conductor [324], magnetism
[325,326], etc.

Doping pyrochlore materials can also leads to interesting optical properties, order-disorder phase transition, catalytic properties,
radioluminescence, magnetic properties, etc. [90,110,111,178-181,327-330]. It is believed that higher concentration of activator ions
can be doped in pyrochlore materials going from bulk to nanosized domain. Also, the higher electron-hole overlap integral of pyro-
chlore NPs may yield higher oscillator strength which can increase photoluminescence and radioluminescence efficiency. The higher
electron-hole overlap integral in nanostructured material comes from the nanoscale localization of electrons and holes [331,332]. In
addition, clinical procedure requires that injected bioimaging agents are cleared from the human body as quickly as possible. Renal
mode is the main clearance route for bioimaging agents which require the size of NPs (including surface modifiers) to be smaller than
10 nm. In other words, the smaller NPs the better for medical applications. Hence, developing new or modified synthetic strategies to
prepare sub-10 nm luminescent NPs is of crucial importance.

Usually, phosphors prepared by high temperature solid-state routes results in micron-sized particles which are not desirable for
optoelectronics, scintillator and X-ray based bioimaging applications. Moreover, Wang et al. have published a brief review article to
summarize A;B207-type powders and ceramics prepared by various synthesis methods [333]. In recent years, as a novel synthetic
technique, the MSS method has been regarded as an effective and convenient method to synthesize A;B20; NPs at relatively low
temperature with high level of monodispersity. One of the co-authors of this article has developed a kinetically modified MSS for the
synthesis of A2B207 NPs employing single-source precursors which have been explained in detailed earlier [48]. In the past several
years, the authors of this article and their coworkers have carried out extensive work on the MSS of pyrochlore NPs in different
modifications such as undoped, lanthanide ion doped, core shell NPs, etc. [30,89,91,121,181,217,334]. Moreover, to fine tune the
photoluminescence and radioluminescence properties of the A;B>07 NPs, we have played with various MSS processing parameters
such as the pH value of coprecipitation solution, MSS processing time, MSS processing temperature, etc. [89,91,182,217]. To include
the effort from many other research groups in this area, we have compiled the AyB,07-type microcrystals and NPs synthesized by the
MSS method with various synthesis parameters and tabulated them in Table 9.

In this article, we take the LapHf>07 and LuyTioO7 nanocrystals as specific examples synthesized by the MSS method. Lanthanum
hafnate LayHf>07, due to its high density of 7.9 g/crn3 and the presence of Hf with Z = 72, provides high stopping power for X-ray and
y-ray [91,112]. It exists in the cubic pyrochlore crystal structure with space group Fd-3m and a = 10.785 A [344]. With such prop-
erties, it is considered as a potential matrix for novel high energy radiation detectors such as scintillators and X-ray phosphors. In the
past, spectroscopic investigations of La;Hf,0; doped with Eu*, Tb®*, Pr®*or Ce>* ions have proved that this matrix is able to transfer
the gained energy to dopants and produce luminescence of significant intensity [91,112,345-348].

Very recently, we have highlighted the potential of the MSS method over direct calcination in synthesizing La,Hf>07 and ProHf>07
NPs at 650 °C (Fig. 26) [177]. The difference arises because the MSS procedure proceeds differently with direct calcination from the
single-source precursor. Direct calcination can synthesize pyrochlore phased compounds, but only at high temperature of 1000 °C, so
the products no longer remain in nanosized domains rather are micron-sized particles.

The MSS synthesized LayHf>07 NPs are mostly sphere shaped and have the average diameter of ~10-12 nm (Fig. 27) [217]. The
Fourier transformed (FT) image illustrated the lattice planes in two different sized NPs, showing interplanar spacing’s of 3.125 A and
3.202 10\, which correspond to the (222) and (311) planes of order pyrochlore LayHf>0;.

Lutetium titanium oxide (LuyTi2O7) is another important pyrochlore due to its high refractive index and high density which make it
highly efficient for scintillation and optical imaging applications. Li et al. have carried out extensive research on synthesizing mi-
crocrystals, nanorods and nanowires of LuyTizO7 using the MSS method [340-342]. They have successfully synthesized nanowires
using KCl salt at 1000 °C with almost 100% formation of nanowires (Fig. 28a & b). The nanowires have a diameter of 10-500 nm and a
length upto several tens of micrometers. The faceted topography of these LusTizO7 nanowires is attributed to chemical interaction
between them (Fig. 28c). The same group has also reported the synthesis of Lu;Ti;O7 nanorods using NaCl salt at 1000 °C. The formed
nanorods have cross-section of six-sided polygon with a length of several microns, a diameter of 50-500 nm, an aspect ratio of 15-20,
and single-crystalline nature (Fig. 28d-f).

30



S.K. Gupta and Y. Mao Progress in Materials Science 117 (2021) 100734

Table 9
Examples of various pyrochlore nanocrystals synthesized by the MSS method.
A,B>07 pyrochlore Salt Synthesis Product characteristics Ref.
temp.

LaoHf,0, NaNOs- 650 °C Nanospheres, ~20-50 nm Mao et al. [30,89-92,110-112,180,217]
KNO,

Yb,Ti,07 CaCly-NaCl 650 °C Microcrystals Gilbert et al. [117]
NaCl-KCl- 1200 °C Hand et al. [335]
NaF

RE,Hf,07 (RE = Gd, Y, Pr, Er NaNOs- 650 °C Nanospheres, ~20-50 nm Mao and Group. [110]

and Lu) KNO3

NaCl-KCl 1100 °C Submicron LayZr,0, Huang et al. [49]
NaNOs- 650 °C Nanospheres, ~20-50 nm Mao and Group.

LayZr,0; KNO4 [48,121,181,182,334,336]
K5S04- 800 °C NPs: 60-90 nm Wang et al. [337]
NaySO4

Gd,Tin 0, LiCl-KCl 750 °C Nanocrystals Dharuman et al. [338]

Y,Sn,0, KOH 400 °C Microcubes Nithyadharseni et al. [339]
NaCl 900 °C Micron-sized octahedral crystals Li et al. [340]

. NaCl 1000 °C Nanorods (dia. 50-500 nm, length of several Lietal. [341]
Lu,Ti, 07 .
microns)

KCl 1000 °C Single crystalline nanowires (dia. 200 nm) Li et al. [342]

LayCep07 NaCl-KCl- 1100 °C Micron-sized crystals Huang et al. [343]
NaF

RE,Hf,O, (RE = La or Pr) particle synthesis
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Fig. 26. Schematic showing the formation of pyrochlore NPs at 650 °C, unlike forming microparticles in case of direct calcination [177]. Copyright
2018. Reproduced with permission from the American Chemical Society.

4. Summary and perspective

Materials design with well-defined morphology, narrow size distribution and high phase purity through generalizable, scalable,
reproducible and green chemistry approaches is a focal point of materials science research globally. Among various bottom-up ap-
proaches for the synthesis of nanomaterials, the MSS method is one of the simplest techniques which is efficient, green, easy, highly
reliable, and generalizable to carry out in research laboratories without sophisticated instrumentation compared to high temperature
solid-state and ceramic routes, sol-gel, or combustion techniques. It is also easy to scale-up for industrial-scale synthesis. It can produce
highly uniform NPs without agglomeration unlike conventional colloidal, hydrothermal and solvothermal synthesis methods. In recent
years, it has been explored for the synthesis of various technologically important materials with properties and applications including
ferroelectricity, ferromagnetism, electrodes for Li-ion batteries, semiconductors, luminescent materials, photocatalysts, and electro-
catalysts especially in nanosized domain even with complex compositions. It is expected that this synthesis method will attain more
popularity in coming years with advancement in science and technology and enable more complexities associated with the design of
nanostructured materials for humankind.

In this review article, we have explained the different aspects of the MSS method and highlighted its importance in designing high
quality nanomaterials for advanced applications. Strong polarizing and ionizing nature of molten salts used in the MSS process offers
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d,,,=3.202 A

Fig. 27. The LayHf,0, NPs synthesized by the MSS method: representative TEM images and corresponding Fourier transform images [101].
Copyright 2018. Reproduced with permission from the American Chemical Society.

exemplary solvation power for various oxides and covalent solids. It facilitates easy and fast mass transfer, and therefore aids in
uniform nucleation process in a continuous liquid phase. The MSS method has demonstrated as a highly successful approach to
synthesize both simple and complex metal oxides such as perovskites, delafossites, spinels and pyrochlores. The advanced MSS de-
rivatives, such as TMSS, aerosol MSS, and kinetically modified MSS, for materials synthesis have also been reviewed.

In the future, more sophisticated characterization tools, especially for in situ characterizations, are required to analyze different
species formed at different stages throughout the MSS process. Several processes which happen at micron level in the formation of
micro/nanocrystalline materials are not well understood, which is a big curtail in the chemical and physical aspects pertaining to
rational synthesis of new solid materials. The investigation of the structure-forming processes is an enormous challenge for both
analytical and theoretical methods because very small particles or aggregates with different chemical composition and different sizes
must be probed, both before and during their nucleation and growth. Furthermore, the used precursors are present in a complex and
dynamic equilibrium. Pienack et al. have written a review article on in situ monitoring of crystalline solid using several techniques
such as in situ scattering, spectroscopy, microscopy, etc. [349]. Some of the specific techniques are small angle x-ray scattering, small
angle neutron scattering, mass spectrometry, x-ray absorption spectroscopy, transmission electron microscopy, etc. Guiton and her
colleagues from the University of Kentucky have used in situ TEM to probe structural phase transformation (SPT) in nanostructure
materials [350]. They have exploited in situ heating and biasing in the TEM to probe SPT in inorganic, single-phase, solid-state, and
nanostructured systems. This will give better understanding of the molten salt chemistry.

Moreover, a quantitative approach for understanding the kinetics of molten salt reaction with the reactant species can give more
detailed insight on the role of various synthesis parameters which are needed to be optimized for fine tuning the size, shape and
composition of nanomaterials.

This is well explained in work carried out by Xiao et al. for synthesis of f-Li;TiO3 crystals and Hojamberdiev et al. for the synthesis
of LagTisOy crystals [351,352]. Xiao et al. have realized (0 0 1) faceted p-LioTiO3 crystals in NapSO4 molten salt. They have postulated
that the formed aggregates of 1-10 pm in size at 900-1000 °C dissolve in the flux at higher annealing time (10 h holding at 1000 °C) to
produce Li*/[TiO2.4]* /02 species wherein O~ are solvated by sulfate ion of the flux. At lower solute concentration, Li* and Na™
ions are attached to the negatively charged (0 0 1) surface via electrostatic interaction. At equilibrium, only Na™ ions get adsorbed on
the (0 0 1) surface preferentially whereas Li" ions migrate to the side surface of the crystals. Then they react with [TiO2,]*~ and 0%~
leading to the formation of B-Li»TiO3 crystals.

Morphology of crystals grown by flux assisted methods are strongly dependent on several factors, including solute-solvent
interaction and the crystal-solution interface. Hojamberdiev et al. realized LayTioO7 with different morphologies using the fluxes of
NasMoOy, K;MoO4, NaCl, and the mixture of NaCl + KoMoO4 (molar ratio = 3:7). Using the MSS process with the alkali-metal
molybdate flux, they could produce La,Ti»O7 platelet crystals with dominant (1 0 0) facet which otherwise is very difficult.

It was reported by Afanasiev et al. that the charged planes which has large density of alkali ions in a crystal structure would be
preferentially exposed in the crystalline products [353]. It was believed that the growth of LapTi;O; platelet crystals might be
happening via a Burton—-Cabrera-Frank (BCF)-type screw-dislocation process [352]. The crystal growth rate in high-temperature ionic
melts is mediated by the ion diffusing rate to kinks in spiral steps. Although the flux mediated crystal growth is generally a BCF-type
screw-dislocation process as just mentioned [354], there can be other mechanisms which might also govern their nucleation and
growth such as oriented attachment and a Kirkendall effect [353] and layer-by-layer growth [355].
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Fig. 28. (a—c) Lu,Ti»O7 nanowires synthesized using KCl salt at 1000 °C [342]. Copyright 2012. Reproduced with permission from the Royal Society of
Chemistry. (d—f) LuyTi,O7 nanorods synthesized using NaCl salt at 1000 °C [341]. Copyright 2012. Reproduced with permission from Elsevier.

The examples just described above are about bulk materials, not nanomaterials. That is exactly the point: we all can learn what have
achieved on bulk materials and then extend what we have learned to study the growth of nanomaterials.

Equipped with knowledge of the nanomaterial synthesis by the MSS method via in situ and mechanistic studies, one can establish
the correlation among various critical synthesis parameters such as the reaction pH, nucleation kinetics, rate constant, and activation
energy of the final products. One then could establish more control over the MSS of metal oxide NPs and predict the final outcome. In
this article, we have qualitatively discussed various aspects of the MSS method as the best as we can at the current stage. In the future,
more efforts need to be invested on establishing more systematic correlation between the various experimental synthesis parameters
and the thermodynamics and kinetics of the molten salt reactions for nanomaterials. Furthermore, small angle X-ray scattering, small
angle neutron scattering, and X-ray absorption spectroscopy of reaction precursors, intermediates and products along with theoretical
calculations (e.g. DFT calculations) could also be quite helpful to validate the empirical trends of various experimental results observed
in the MSS method for nanomaterials such as particle size variation as a function of synthesis conditions, effect of salt composition and
S/R ratio on morphology and other similar results. These efforts could help us understand various chemical and physical aspects
involved not only in the MSS method but other bottom-up approaches for the synthesis of nanomaterials.
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