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Abstract  
 

The wide range of interesting properties that metal oxides exhibit has always driven creative 

research in this area. Recently a new method for the synthesis of metal oxides has been reported, using ionic 

liquids as an effective metal cation solvent and chelating agent. Despite ionic liquids/deep eutectic solvents 

being extensively utilized in many different areas, these systems have not been widely used for their 

chelating properties as a route to synthesize high yields (> 98 %) metal oxides. This is mainly due to the 

high cost of the ionic liquid and the lack of ability to solubilize some water-insoluble metal salts, also, the 

lack of understanding of how these materials interact with the metal cation and which factors can be 

beneficial or detrimental for, the synthesis of single-phase metal oxides. 

 

In this work we discuss the mechanism of action of this technique and demonstrate its efficacy as 

a means to synthesise single-phase strontium niobates of controlled stoichiometry. Also, the interaction 

between an ionic liquid, 1-ethyl-3-methylimidazolium acetate (emim)OAc, and biopolymers. It was 

demonstrated how they are intimately involved in the control of shape, size and crystallinity of a strontium 

niobate, and the direct involvement of the oxygen content of the resultant crystal composition in the 

synthesis of YBa2Cu3O7−δ (YBCO) superconductor.  

 

An extensive mechanistic study of the synthesis of the high temperature superconductor 

YBa2Cu3O7−δ using different ionic liquids and deep eutectic solvents, as well as mono-molecular chelating 

agents is also presented. Key experimental factors required for the synthesis of a metal oxide were 

recognised, focussing on the identification of precursory phases and elements that will augment or disrupt 

the synthesis, thereby assuring finer control over the desired crystal composition.  
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Furthermore, it is presented for the first time the use of a deep eutectic solvent (DES), namely 

betaine:D-(+)-glucose which is capable of solubilize insoluble-in-water metal salts, like barium nitrate, and 

produce after calcination, high yields (>90 %) of Bi2Sr2CaCu2O8+x (BSCCO or Bi-2212) superconductor. 

Moreover, the stability of the DES is studied along several days to comprehend how the evolution of the 

DES is directly involved in the synthesis of the metal oxide. Lastly, the synthesis of a new sodium strontium 

niobate crystal composition is reported, Na0.1Sr0.9NbO3, via a choline chloride-based DES by forming, 

during the calcination process, high temperature-stable crystal compositions which, eventually will re-

combine to form and entirely new crystal composition. Additionally, as a comparative analysis the synthesis 

is also studied via (emim)OAc.  
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1.1 Complex functional materials.  

Since the first time the human kind was capable to mould raw materials into valuable tools, 

functional materials have been playing a crucial role in our society’s evolution (Figure 1.1).1  

 

 

A functional material has to fulfil certain criteria. Firstly, it most has the means to accomplish its purpose, 

and secondly it has to be able to process and adapt to an external variable. Consequently, the physico-

chemical properties are sensitive to changes in the surroundings such as temperature, pressure, electric field, 

magnetic field, optical wavelength, adsorbed gas molecules and pH.2 

 

During the last century, materials scientists focused heavily on understanding and finding possible 

applications of structurally simpler materials consisting in one or two elements of the periodic table. 

However, developments such as the discovery of high-temperature superconductors has drawn wide 

attention into multicomponent compounds with more complicated assemblies.1 

 

Figure 1.1. Example of the evolution of functional materials along the human history. 
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Functional materials cover a plethora of organic and inorganic materials however, in this thesis, 

focus will be given to metal oxides. At the end of the 1980s it was estimated that around 24 000 inorganic 

phases were discovered. Among them 16 000 are binary and about 8 000 belong to more complicated 

systems, namely ternary compounds.1 

 

If 60 elements of the periodic table are chosen, the number of possible ternary systems turns out to 

be around 34 000. Subsequently, the number of possible quaternary and more complex functional materials 

will exponentially grow. Within each different system, diversity of arrangements of the same elements in 

different quantities naturally give rise to a myriad of different structures and properties.1 

 

Every exploratory process of new compounds can be divided in three main steps.1 

 Synthesis 

 Process utilized to generate novel compounds. 

 Materials diagnostics 

 Check and confirm the formation of the intended material. 

 Rapid characterization of their physico-chemical properties 

 Ranging from superconductivity, electrical and dielectric, magnetic, mechanical, 

and thermal. 

 

To create new materials, it is highly preferable to have a variety of synthetic routes which can be 

used to create a broad range of new compositional samples.  

 

Searching new routes to prepare novel materials as well as understanding the relationship between 

the structures and properties is of equal importance. To assure success and to achieve superior properties it 

is essential to have careful control over the structure and composition of the resulting material. 
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Among the wide variety of complex functional materials ceramics are perhaps the class of material 

with the broadest diversity of functions for different applications. In these materials slight variations of their 

intrinsic characteristics, such as the lack of centre of symmetry, crystalline anisotropy, spontaneous and 

reversible-oriented dipoles, degree of order-disorder, bandgap energy, and the presence of intrinsic or 

promoted defect by former or modifier lattice, will derive in a diversification of properties.3 

 

Apart from the functionality belonging to certain crystal structure (symmetry and atom distribution) 

valences of the elements (how elements are bonding each other), play also a crucial role. 

Thermodynamically, the most stable phases will be formed and, such stability is strongly affected by the 

bonding within elements. Therefore, the enthalpy of the system is defined by the bonding of the atoms 

meanwhile the entropy by the atomic lattice arrangement of the crystal.2 

 

It is understandable that the electronic structure of a single element will vary when in interaction 

with another element to form a more complex compound, due to transfer and/or sharing of valence electrons 

among atoms; how these electrons are allocated and interchange is described by molecular orbitals. 

Therefore, valences states and molecular orbits are responsible for the inherent properties of a material 

detailing the electronic structure and the spatial distribution of atoms. Theoretical approaches such as the 

ligand field theory is used to elucidate the special assembly of atoms, whilst the molecular orbital theory 

and band structure theory are used to disclose the relationship between the structure and the properties.2  

 

40 elements are capable of forming mix valent compounds, transition d-block elements and 

lanthanides, e.g. Yb, Nb, Eu, Tb, Ce. Consequently, compounds with these elements can form multivalent 

products where, an element holds different valence states but each one only has a single valence.2 
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Crystal structure can be altered by changing the spatial distribution of atoms (bonding angles, 

bonding lengths and symmetry of atom arrangement), but also by modifying the overall chemical 

composition (stoichiometry).2 

 

1.2 Metal Oxides 

Oxides are composed of a metal cation, positively charge, interconnected in a lattice of oxygen 

anions, O-2. The number of oxygens coordinating a metal cation is determined by the size of the ionic radius 

of the metal. The ionic model gives a good insight of the size of the ionic radii however, reality shows that 

the size depends strongly upon the crystal surroundings.4 

Small atoms, if oxygen packed either face-centred cubic (fcc) or hexagonal close packed (hcp), 

with a spherical cation radius approximatly to 32 pm (rtet= ((3/2)1/2 – 1)ro), is resolved in a tetrahedral 

arrangement with 4-fold coordination anions. On the other hand, for atoms with bigger atomic radius 

approximately 58 pm (roct= ((2)1/2 – 1)ro), an octahedral arrangement with 6-fold coordinating anions is 

preferred.  Here ro is taken to be 140 pm (Pauling’s O-2 ion radius),5 is important to bear in mind that the 

example given above considers the ions as hard spheres and does not take in account possible distortions. 

 

 In general, bigger atoms require bigger holes, consequently, the coordination number has to 

increase to produce geometrical arrangements with more internal capacity. Following this principle there 

are several coordination geometries, e.g. the aforementioned tetrahedral 4-fold coordinated, octahedral with 

6-fold coordinated and distortions of the octahedral arrangement, square planar with 4-fold coordinated but 

all the anions in the same plane, and cubic 8-fold coordinated.4 

 

The determinants of a crystal structure are the stoichiometry, relative number of different type of 

atoms and the coordination of ions. Moreover, for simplicity the crystal structures can be described based 

on well stablish equivalent crystal structures, for instance cuprite, antifluorite, rock salt, zincblende, 

wurtzite, PbO, spinel, corundum, fluorite, perovskite, and layer perovskite to mention some.4  
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1.3 Crystal structure of some strontium niobates, YBCO (123) and Bi (Bi-2212) 

superconductors  

Strontium niobates have been widely studied for several reasons and find application in a wide 

range of areas. One of the most interesting yet to be exploited is the possibility of forming a new family of 

high temperature superconductors.6 A strontium niobate was also the first metallic oxide-type material to 

be used as an effective photocatalyst7,8. Further properties that this materials exhibit range from large 

thermal expansion coefficients and low thermal conductivity9, high frequency dielectric properties,10 

piezoelectric and electro-optic properties,11,12 and photoluminescence.13 Also, strontium niobates find use 

as the key component in diamagnetic insulators,14 and ferroelectrics.15,16 Such diversity is generated from 

the two possible arrangements of the NbO6 octahedra, giving rise to perovskites, ABO3, and pyrochlore, 

A2B2O7, crystal structures.17 

 

The perovskite (Figure 1.2 left) crystal structure can be expressed with the formula ABX3 where A 

is normally occupied by an alkaline metal or rare earth, and B by transition metals. X when perovskites are 

in the form of oxides, refers to oxygen atoms. It is through them that a dense packing forming octahedral 

(BX6) clusters bonded through the vertices are acquire. On the other hand, A is coordinated by 12 X anions 

which form cuboctahedral (AX12) clusters. 3 

 

The pyrochlore (Figure 1.2 Right) is a superstructure derived of the simple fluorite structure (CaF2) 

and can be identified by the formula A2B2X7. In this crystal structure the B cation forms an octahedral array 

with 6 oxygen atoms. The A cation is coordinated by 12 oxygen atoms, forming a face cubic centre cation 

array. This type of crystal structure grows only in the (110) plane therefore those lattice parameters are 

double to that comprehended by CaF2.5,11 
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1.3.1 Sr4Nb2O9  

First off, this crystal composition arrays in two thermodynamically stable structures (polymorphs). 

Both structures were found to exist either above or below T = 1250 °C. The high temperature polymorph 

(HT) exhibits a cubic structure (Fm3m, a ≈ 2ac, where “c” refers to the cubic ~ 4 Å perovskite unit cell). 

The ordering belongs to NaCl-type with Sr2+ and Nb5+ on the B sites. The low temperature (LT) 

polymorphic structure is monoclinic (P21/n, a≈6ac√3, b≈2ac√2, c≈ac√6, β≈90°) with different but not 

identified B-cation arrangement. HT-Sr4Nb2O9 crystals when annealed at 900 °C shown remarkably 

complex and structural behaviour. However, it was stablished via compositional analysis that at least 4 

different crystal compositions were displayed (Figure 1.3). This crystal structures can not be considered as 

polymorphs but rather metastable crystal phases with slight differences in composition.18 

Figure 1.2. Left3: Representation of perovskite structure. Right11: Representation of a pyrochlore structure 
with Sr as A, Nb as B and O as X. 



7 
 

 

1.3.2 Sr5Nb4O15 

This crystal structure (Figure 1.4) belongs to the homologous series of complex oxides with cation-

deficient perovskite-related assembly with trigonal symmetry (AnBn-1C3n). P3̄c1as the symmetry group 

comes along due to the global rotation of the NbO6 octahedra (~ 15°) around the c axis doubling its value. 

Rotations of the octahedra are needed to provide the correct stabilisation of Sr2+ cation with a [6 + 3] 

coordination without provoking a distortion of the octahedral arrangement. Moreover, due the ionic radius 

of Sr2+, 9-fold coordination suits better than the [12] coordination.19 

 

Figure 1.3. 18 SAED patterns in the [110] and [001] orientations proving the existence of slightly different 
crystals structures due to minimum changes in the stoichiometry of the analogue Sr4Nb2O9 crystal composition. In 
the [001] orientation, the extra reflections of one of the four metastable phases is producing a centred rectangular 

pattern outlined in the figure. 
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1.3.3 Sr2Nb2O7 

The crystal structuration (Figure 1.5) of this composition forms slabs with a distorted perovskite-

type structure separated by planes of O atoms. Sr2Nb2O7 is orthorhombic with the symmetry group Cmc21 

with a= 3.933 Å, b= 26.726 Å and c= 5.683 Å. The slab formation is composed by NbO6 octahedral and Sr 

atoms. One Sr2+ atom is [12] coordinated by neighbouring oxygens, whereas the Sr2+ belonging to the 

boundaries is only [7] coordinated surrounded by 5 atoms of oxygen from the same slab and 2 from the 

neighbouring slab.11 

Figure 1.4.19 Graphic representation of (left) the global rotation of the NbO6 octahedra (~ 15°) and (right) 
the Sr5Nb4O15 crystal structure. 
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1.3.4 SrNb2O6 

Better described by the formula XSrO-YNb2O5 where X/Y = 1/3. This crystal composition (Figure 

1.6) possesses also polymorphic behaviour exhibiting two possible configurations. For the monoclinic, 

pseudo-orthorhombic, configuration with space group P21/c the cell dimensions are a= 7.72 Å, b= 5.59 Å 

and c= 10.98 Å.20 To obtain the second polymorph temperature above 1450 °C for 96 hours is needed, and 

the symmetry belongs to a tetragonal system with cell parameters of a= 12.53 Å and c= 3.88 Å with a 

possible space group of P4/mmm, P4�2m or P4�m2.21 

Differently from a standard orthorhombic system the monoclinic version is built up by two different 

crystallographically independent NbO6 octahedra, sharing edges and corners. The Sr atoms are [8] 

coordinated by oxygen atoms. Besides, the size of the ionic radii of Sr seems to be the cause of the 

monoclinic deviation due to lack of interstitial space in the tunnels for strontium ions to fit.20 

Figure 1.5.11 Graphic representation of the crystal structure of Sr2Nb2O7 viewed along a axis.  
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1.3.5 SrNb6O16 

The crystal lattice parameters were obtained from a mixed powder diffraction pattern, aside that it 

was possible to establish the unit cell dimensions, being a= 3.95 Å, b= 10.18 Å and c= 14.79 Å with Amm2 

symmetry group.20 The structural (Figure 1.7) determination was carried out using an analogue crystal 

phase, i.e. NaNb6O15F, consisting in one niobium atom, forming a pentagonal bipyramid, surrounded by 5 

other niobium atoms with octahedra geometry bonded with oxygen and sharing edges with the centre 

atom.20,22 

 

Figure 1.6.20 Stereo view of monoclinic SrNb2O6. Large circles belong to Sr, medium circles to Nb and the 
smallest circles represent O. 

Figure 1.720 Stereo view of monoclinic SrNb6O16. Large circles belong to Sr, medium circles to Nb and the 
smallest circles represent O. 
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1.3.6 YB2C3O7-x (Y-123) and Bi2Sr2CaCu2O8+x (BI-2212) superconductors 

The synthesis of cuprate compounds is achievable due to two main properties of such complex 

materials23: 

 The current ability of the perovskite structure AMO3 to interact with rock salt type 

structures AO, cubic structure with each atom [6] coordinated, forming intergrowths 

(AMO3)m(AO)n 

 The inherent property of Cu to form coordination smaller than six, specifically square 

planar coordination and pyramidal, [4] and [5] respectively.  

 

1.3.6.1 Y-123 

YBa2Cu309- (=2.1+0.05) is categorized as a distorted, oxygen-deficient multi-layered perovskite 

with orthorhombic arrangement with Pmmm as the symmetry group. The unit cell (Figure 1.8) parameters 

can be accounted as a = 3.82 Å, b = 3.89 Å and c = 11.67 Å. YBa2Cu3O7-x, better known as “123” has a 

triple perovskite structure with Ba and Y as A cations along the c-axis, tripling it, coordinated by ten and 

eight oxygen atoms correspondingly. On the other hand, copper is [5] and [4] coordinated forming pyramids 

and squares accordingly with the Cu atoms sitting at the centre of the rhombus-like squares.24–26  

 

Slight changes in the crystal composition can also exhibit polymorphism triggered by changes in 

oxygen concentration, following the structural formula of YBa2Cu3O7-x then 0.3 < X > 0.5. This polymorph 

has a tetragonal arrangement with P4/mmm symmetry group however, it does not exhibit superconductivity. 

This information will be cover with more detail further on.26,27  
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1.3.6.2 BI-2212 

Crystal Bi-Sr-Ca-Cu-O can form three superconductive phases, namely Bi-2201, Bi-2212 and Bi-

2223. Bi-2212 (Figure 1.9) has an orthorhombic unit cell with parameters equal to a & b ≈ 5.4 Å and c= 

30.89 Å with Fmmm space group. 28,29 Crystal formation in this system exhibits incommensurate super 

lattice owing the sheared stacking of the unit cells. Consequently, the unit cell has double Bi-O planes, 

octahedral coordination with 6 oxygen atoms in a rock salt type structure, which stack with a shift of (½ ½ 

z) with respect to the origin. Calcium atoms are in between the copper planes, [8] coordinated, which are 

equivalent to that observed with Y in the YBCO superconductor. Cooper also exhibits equivalent 

coordination with a pyramidal 5 oxygen coordination. Sr in [9] coordinated directly above and below the 

cooper sheets.23,28–30  

 

Figure 1.8.25 Graphic representation of the structure of YBCO (Y-123) showing the CuO5 pyramids and 
CuO4 squares. 
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1.4 Synthesis processes  

Taking in to account the comprehensive parameters that define the functionality and efficiency, it 

is safe to state that the synthetic procedure is important. 

 

The rapid progress of technological developments demands the discovery of new synthetic routes 

to create new materials with high efficiency. As a result of this, different synthetic approaches have been 

developed, among which solid-state reactions are without doubt the most commonly used, with well-

established conditions and a fairly simple methodology. A feature of these reactions is that mass transport 

tends to be poor however and therefore formation of the desired target phase may require long synthesis 

times or simply may not occur. An alternative route is the hydrothermal method. Some key features of this 

process are the ability to synthesize ultrafine particles; morphology can be relatively controlled to some 

Figure 1.9.28 Two graphical representations of the Bi-2212 sub-cell. CuO5 pyramids are also observed. 
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extent through tuning pressure or temperature and control over stoichiometry is possible through reducing 

or oxidizing atmospheres, provided via adding extra components or gases.31 

 

Recently, work has been done on the combination of sol–gel and hydrothermal methods. 

Combining features of both techniques, the sol–gel-hydrothermal method has achieved very interesting 

results in synthesis of metal oxides. 32,33This technique has become an attractive tool as advantages range 

from a high degree of crystallinity, good control over the morphology, high purity and a more even particle 

size distribution, coupled with a reduction of time and temperature needed to obtain such materials. 34,35 

Disadvantages come however from the complexity of the synthesis and a poor understanding of the 

mechanism of action as it is hard to monitor the reaction process in an enclosed environment. 

 

Another interesting alternative method to synthesize complex functional materials is the molten 

salt synthesis (MSS). Compared to solid state reactions, MSS lowers significantly the reaction temperature 

as it allows faster mass transport in the liquid phase. Furthermore, MSS is good at solvating metals and 

oxides at high temperature owing to a destabilization of bonding by the strong polarizing forces provided 

by the salt melts. MSS has the additional advantage of low cost and low toxicity as well as abundant 

availability.36 

Perhaps the most actively researched method in recent years is sol–gel chemistry. Broadly, is the 

preparation of inorganic phases from a transformation of liquid precursors to a sol and finally to a network 

structure called a gel. 37 Sol–gel chemistry has been widely used due to its ability to generate chemically 

homogeneous precursors allowing atomic level mixing of reagents. It is worth noting however that this does 

not ensure homogeneity throughout a reaction; having randomly well-distributed precursors does not 

necessarily guarantee an optimal reaction process.  
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Human evolution has been characterized by the constant capacity to improve the tools used to 

modify our environment. Synthetic protocols to create novel materials and or improve the already obtained, 

reducing the expenses and time invested, has not been the exception. Ionic liquids have taken that role.  

 

1.5 History of ionic liquids  

Ionic liquids have been known by different nomenclature throughout their history. Among them 

“molten salts” is the predominant term however, some differences between an ionic liquid and a molten 

salt can be highlighted. First off, molten salts are mainly liquid above certain temperature which tends to 

be higher than any organic compound can withstand (NaCl > 800 °C, KCl > 770 °C, LiCl > 600 °C, as 

some of the most commonly used).38–42 Another feature exhibited by the ionic liquids that is not often seen 

in higher temperature molten salts is the strong ion-ion interaction.43 

 

An ionic liquid can be defined as a non-conventional molten salt with melting point below the 

boiling point of water yet, this definition is rather arbitrary and has no true physical meaning. Such 

definition has become largely accepted mainly because it represents a condition at which these systems are 

easier to handle than salts that melt at higher temperatures. Moreover, the fact that are liquid at lower 

temperatures make them suitable for vast more applications. Based on this definition ionic liquids can be 

covered by synonyms such as “room temperature molten salt”44 or “low temperature molten salt”45. Another 

label use to catalogue these systems is “neoteric solvent”. Neoteric solvent refers as to a new type of 

solvents, or older, that are finding new applications. Based on the definition of an ionic liquid, stablish 

above, a brief historical literature review is presented.43 
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1.5.1.1 Ionic liquids. 

The origin of the ionic liquids comes without doubt from traditional high temperature molten salts. 

Like every system, molten salts display serval properties that justify their use as reaction media. First and 

foremost, the great thermal, chemical, and electrochemical stability shown by salts. Secondly, due to such 

thermal stability and non-volatility, inorganic molten salts have a very wide liquidus range. Finally, 

inorganic salts tend to be rather cheap and are available in large amounts as are found in the form of natural 

minerals. However, there are also reasons not to use them. As stated above to produce a molten salt high 

temperature is required, for instance the popular “low-melting” alkali halide eutectic mixture LiCl-KCl has 

a melting point at 355 °C. The conditions therefore required imply that only a limited range of reactions 

can be done via these systems due to materials incompatibilities, i.e. thermal stability/decomposition. 

Moreover, considerable energy cost has to be taken in account as to maintain the high temperature. Owing 

to very specific conditions molten salt chemistry is generally unfamiliar and, in most cases, molten salts are 

not even considered as solvents by most chemists.43 

 

To refer to the first ever documented ionic liquid it is necessary to date back to mid-19th century. 

The “red-oil” is an intermediate compound form during the Friedel-Crafts reaction (Figure 1.10) where an 

aromatic ring, benzene, reacts with an electrophile, chloromethane, to form toluene. During the synthesis a 

Lewis acid, such as AlCl3, is use as a catalyser. When it was first discovered, this red coloured compound 

Figure 1.10. Schematic representation of a Friedel-Crafts alkylation.  

R Cl+

R

R
+ + Al-Cl

Cl

Cl

Cl

R
+ + Al-Cl

Cl

Cl

Cl

+
H

Al
-

Cl

Cl

Cl

Cl

Al
3+

Cl
-

Cl
-

Cl
-



17 
 

was not identified due to the lack of tools. It was not until then when NMR became widely available that 

the structure of such red-oil was identified, for AlCl3-catalyzed reactions the structure proposed was the 

heptachlorodialuminate salt form by a carbocation and the tetrachloroaluminate anion.43,46 

 

The first ionic liquid properly synthesized was by Walden in 1914;47 ethyl ammonium nitrate 

(EAN), by neutralizing ethyl-amine with concentrated HNO3. This compound has a melting temperature of 

12 °C.47 This type of solvents received the name of protic ionic liquids (PILs). Newly synthesized this type 

of ionic liquids did not catch broad attention in the scientific media however, in the last decade they have 

been proving to be useful in several areas.48  

 

It was in 1951 when the second generation of ionic liquids formed by mixing alkyl pyridinium 

chlorides with AlCl3 were reported by Hurley and Wier (Figure 1.11). 49 These new compounds formed by 

heterocyclic cations, namely pyridinium and imidazolium halides, mixed with tetracholoroaluminate anion 

were further explored and found to be useful in applications such as electrolytes in batteries 50,51 and solvents 

for electroplating metals.52–54  

 

N
+
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3+
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-

Cl
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Cl
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Figure 1.11. Right: schematic representation of aluminium chloride-ethyl pyridinium bromide. Left: 54 
phase diagram of the system. 
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The chloroaluminate salts however, were of limited interest and applicability because both, the 

starting materials and the ionic liquid derived from the mixture are moisture-sensitive. For example AlCl3 

reacts in the presence of atmospheric moisture forming HCl.55  

 

In 1992 the first moisture and air-stable ionic liquids were made. These solvents, reported by 

Wilkes and Zaworotko56 (Figure 1.12) are based on imidazolium and tetrafluoroborate, and due to their 

novel properties, these systems started to receive broad attention in the scientific community. The main 

idea behind this proposal was to replace the moisture-sensitive precursors, i.e. AlCl3, with more stable 

compounds such as tetrafluoroborate, hexafluorophosphate, nitrate, acetate, and sulfate salts.43 

 

 

Figure 1.12.43 Top: schematic representation of imidazolium based ILs. Bottom (Left): Professor Michael 
Zaworotko, bottom (right) Dr John S. Wilkes.  
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From this point onwards, a continuous desire to discover new ionic liquids has led to an incessant 

expansion of their properties such as hydrophobicity, hydrophilicity, conductivity, viscosity and 

electrochemical window. The number of potential candidates for new ionic liquids was found to be around 

one trillion (1012) different ionic liquids.57 

 

As an obvious result and the variety of physico-chemical properties shown by these compounds 

such as extremely low vapour pressure, high tuneability, nonflammability, wide solubility and high 

stability58 have made them great candidates as gas absorbents,59 lubricants,60 catalysts,61 extractants,62 ionic 

liquid crystals63 and chelators.64,65 

 

Ionic liquids were initially classified as green however, such an attribution has been recently 

argued.66 Several studies pointed out the hazardous toxicity and very low biodegradability of most of those 

ILs.67,68 To obtain the desired functionality, ionic liquids must be of high purity otherwise their properties 

are compromised. In addition to this, the synthesis of ILs require large amount of salts and solvents to 

ensure complete ion exchange. Collectively the syntheses of some ILs are far away from being 

environmentally friendly and the synthetic complexity is also reflected in the high price of common ILs.69  

In 2001 a new generation of solvents emerged, namely deep eutectic solvents, firstly synthesized by Abbott 

et al.70 Deep eutectic solvents overcome some drawbacks that the ionic liquids have due to a straightforward 

synthesis by only mixing together components capable of forming a eutectic mixture.  

 

Deep eutectic solvents (DES) exhibit similar physico-chemical properties71 as the ionic liquids and 

as a result these compounds are commonly considered as ionic liquids in the literature. However, deep 

eutectic solvents differ in the fact that they are not always formed only by ionic species and, actually, can 

be made from non-ionic species69. Many deep eutectic constituents have been explored72,73 (Figure 1.13) 
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and include the use of natural products such as organic acids, amino acids and sugars.72,74,75 Molecules used 

by nature are perfect candidates to produce new, green and exciting deep eutectic solvents, also their vast 

diversity provides different chemically biodegradable properties. 

 

The first time an IL was used instead of a conventional solvent for the synthesis of an inorganic 

compound was in 2000 by Dai and co-workers. 76 The work made is based on the synthesis of porous silica 

gels termed as “ionogels”, which are currently extensively studied. Afterwards, ionic liquids have been 

employed in the synthesis of a broad range of inorganic materials,77–84 where properties and morphologies 

have been finely tuned.79,85–87  

 

1.5.2 Improvement of classic synthetic protocols 

In the last decade ionic liquids have made a profound influence to already established synthetic 

methods. A major change came by the replacement of water or organic solvents by ILs. Electrochemical 

approaches, due to the high ionic conductivity and the wide electrochemical potential window 88,89 certainly 

have been among the first to use ILs for the synthesis or inorganic particles or thin films.90  

 

Figure1.13.71 Right: Structures of some halide salts and hydrogen bond donors used in the formation of 
deep eutectic solvents. Left: Schematic representation of a eutectic point on a two-component phase diagram. 
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Solution chemistry has also seen an exponential increase in the use of these systems, for example 

via the transformation of metal organic precursors (MOR)4 in the presence of an acid or base. Typically, 

this process has been used for the synthesis of metal oxides 86,91,92 and several types of nanoparticles, i.e. 

metal, alloy, metal oxide and metal sulfides. 82,93,94 Thioacetamide and metal acetates can also be used as 

oxygen sources leading to the production of the corresponding metal oxide or sulfide. 95,96 Synthetic 

procedures to accomplish the desired product range from thermal, microwave or chemical treatment.97–102 

1.5.2.1 Ionothermal 

A very active and novel technique is the ionothermal method. Ionothermal reactions are analogue 

of hydrothermal and solvothermal methodologies although differing from the aforementioned by the fact 

that reactions are carried out, due to the negligible vapor pressure exhibit in some ILs, in ambient pressures. 

Clear advantages such as avoiding the use of high pressures and the use of novel solvents rapidly lead to 

forming novel structures and new compounds.102–106 

1.5.2.2 Ionogels 

Sol-gel syntheses too have felt the influence of ionic liquids. The incorporation of an IL into a sol-

gel matrix produced the so-called ionogels. Ionogels can be separated into physical and chemical gels, the 

difference being due to the strength of the bond formed where, in physical gels the internal structure is 

cross-linked through weak interactions, e.g. hydrogen bonds or hydrophobic interactions, whereas in 

chemical gels the structure is formed via covalent bonding. The main concept to form a physical gel is the 

use of a coagulant, e.g. polysaccharides, polymers, silicas, or even carbon nanotubes, to form jellies, slurries 

or pastes.97  

 

1.5.2.2.1Sol–Gel Reactions in Water-Poor Ionic Liquids94 

In order to explain the behaviour of an ionic liquid in dehydrated or poorly hydrated systems some 

examples will be needed. As stated before the first time an inorganic material was synthesized was in 2000, 

where an aerogel was produced without the need of a supercritical drying procedure.107 This is possible due 

to the low interface tensions of the binary system joined by low capillary forces. Ionic liquids are capable 
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of forming crystal structures however, the mechanistic interaction is far more complicated. Zhou et al. were 

able to hydrolyse titanium tetrachloride in 1-butyl-3-methylimidazolium tetrafluoroborate to then dehydrate 

(Figure 1.14), becoming a water-poor system, at 80 °C. 108 The crystallites obtained were 2-3 nm in size 

which agglomerated to form sponge-like superstructures of pure phase anatase. The features of the 

synthesis, in addition to its simplicity, can be highlighted when close attention is paid to the product 

obtained. First, sol-gel reactions will provide amorphous titania, which will crystalize upon calcination 

above 350 °C. Secondly, the size of the particles show the high nucleation rate produced in the ionic liquid 

in comparison with the nucleation rate of titania in the bulk, usually achieving particles with diameter of 

ca. 20 nm. The ionic liquid not only facilitates and simplifies the synthesis of anatase but also, owing to its 

low interface energy and adaptability, increases the nucleation rate considerably (by more than a factor of 

1000).94  

 

Figure 1.14.108 TEM image of TiO2 nanoparticles synthesized in IL media. The image shows the self-
assembly toward spherical, sponge-like superstructures. Scale bar = 500 nm. 
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Itoh et al. proved how owing to the strong surface binding of the ionic liquids properties of gold 

nanoparticles can be finely tuned between hydrophilicity and hydrophobicity (Figure 1.15) by exchange of 

anions in the IL moiety.109 

 

 

Another feature is the solvent self-organisation and supramolecular effects that are noticeable even 

with short-chain ILs such as 1-butyl-3-methylimidazolium tetrafluoroborate, IL used by Zhou et al. for the 

synthesis of porous silica via the production of nanostructured gels. Due to self-assembly by hydrogen 

bond-co-�- � stack mechanism between the tetrafluoroborate and the silane groups, as well as the �- � 

stack interaction of the neighbouring imidazolium rings (Figure 1.16 right), the resulting material presented 

a wormhole framework (Figure 1.16 left), mesopore of ca. 2.5 diameter and 2.5-3.1 nm in thickness. 94,110  

Figure 1.15109 (a) uv-vis absorption spectrum before and (b) after addition of HPF6. The inset shows the 
photograph of the solution (a) sample glass on the left and (b) sample glass on the right.  
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1.5.2.2.2Water rich environments. 

The effect of water will entirely depend on the supramolecular structure of the ionic liquid. It is 

safe to state that any reaction involving the mix of these two components will not proceed the same as when 

using the two components individually. Water molecules in contact with an ionic liquid will be tightly 

bound and be active in the H-bonding system of the IL.111 On the other hand, as an active contributor of the 

H-bonding network, water cannot act in such circumstances as a solvating ligand. This conclusion was 

derived from the absence of solvent-free pores (water-born sol-gel silica contains solvent pores with a size 

below 1nm).109 Water also alters the IL self-organization causing the structural outcome to be directly linked 

to the overall water content of the system. This behaviour becomes evident for example by comparing two 

sol-gel derived IL-silica hybrid materials (IL used, 1-hexadecyl-3-methylimidazolium chloride), 

synthesized with different amounts of water but maintaining the same ratio of IL-silica 

 

Two samples were analysed in that work, sample 2 was obtained under water-poor conditions, 

while sample number 1 with ten times more water. The x-ray diffraction patterns (Figure 1.17 Left) clearly 

shown differences, pointing towards the fact that water, indeed, is affecting the self-organization behaviour. 

Sample one belongs to a 2D hexagonal mesophase, whereas sample 2 corresponds to a lamellar structure 

Figure 1.16.110 Left: TEM image of the pore morphology and structure of the mesoporous silica. Scale bar= 
50 nm. Right: Schematic representation of the proposed hydrogen bond-co-Π- Π stack mechanism.  
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with a long period of d= 5.6 nm (Figure 1.17 Right). Results indicated that the IL in water-rich media 

behaves merely as a classical surfactant but with high tendency towards self-organization.112 

 

Ionic liquids proved to be also efficient in water-rich environments when amphiphilic ILs were 

used as template, namely 1-hexadecyl-3-methylimidazolium-chloride reacted with porous silica. Results 

indeed displayed a bimodal structure were both typical textures, mesopores (2 nm< x < 50 nm in diameter) 

and micropores (> 2nm in diameter), coexisted (Figure 1.18).113 

 

 

Figure 1.17.94 Left: X-ray diffractograms of two mesostructured silica materials. The ratio of IL to silica 
is about 1:1. Sample 1: 2D mesostructure obtained with an excess of water. Sample 2: mesostructure obtained in 

water-poor conditions. Right: AFM picture of a surface of the porous silica prepared via sol-gel reaction in water-
poor conditions. 

Figure 1.18113 TEM image of the tailored bimodal porous silica. The inset is the ten times magnified 
image. Scale bar= 200 nm. 
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1.6 State of the art 

Synthetic procedures recently involve less complicated, time consuming reaction medias, such as 

IL-assisted microwave synthesis, IL-assisted sonochemical reactions, ionothermal and IL-assisted sol-gel 

reactions. The broad use of the ILs in the synthesis of materials relies on their properties to form, interact, 

template and promote the formation of inorganic materials across temperature ranges from room 

temperature, most of the times, to just below the decomposition of the ILs.  

 

However, something makes a study of the state of the art rather difficult, that is the study of how 

the inherent properties of an IL/DES affect in the synthesis of complex metal oxides upon calcination. As 

soon as high temperatures are involved in the synthesis of complex metal oxides, MSS (Molten salt 

synthesis) is primarily the reaction media. There are several reasons of why this could happen. First off, the 

price, e.g. an ionic liquid such as (emim)OAc (1-ethyl-3-methylimidazolium acetate) cost around £500 for 

50 g (97 % pure, 689483-50G), from Sigma Aldrich UK. Density is ≈ 1 g/cm3 hence is closely 50 ml of 

product. If 1 ml is used, every reaction will have a cost of 10 pounds plus the overall price of the other 

chemical reactants. Every time a reaction happens, due to the high temperatures that the reaction requires, 

the ionic liquid will be decomposed and eventually leave the synthesis in the form of gas, meaning that 

there is not possible way to recycle the IL. If the purity of the ionic liquid is compromised (95 %) then 100 

g of product have a cost of ≈ £ 200 hence 2 pounds per reaction, which is more accessible.  

 

Deep eutectic solvents could solve the elevated prices of the ionic liquids but that leads to the 

second point, the uncertainty of the outcome owing to the lack of knowledge around the area. The absence 

of appropriate experimentation, has impeded the understanding of how ILs and DESs behave in a high 

temperature synthesis, making the synthesis a rather random process between success and failure.  

 

In an attempt to track the state of the art of the synthesis of complex metal oxides based on IL- 

assisted sol-gel methods, only work involving calcination is present from 2014 onwards.  
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Advances in the area can be categorized in three different branches.  

 IL as a reliable synthetic media.114–116 

 Influence of the IL towards crystal morphology.117–120 

 IL as a mimicking templating agent.121–125 

 

1.6.1 IL as a reliable synthetic media 

Complex metal oxides have been synthesized by an ionic liquid media for different proposes. This 

area comprehends the use of ionic liquids/deep eutectic solvents for the synthesis of complex metal oxides 

simply because it works. The crystal growth is nicely tracked to understand the crystallization process of 

the latest desired product, indicating that the use of the ionic liquid is to maximize the production of single-

phase material however, without taking in consideration the crystal morphology of the product. Another 

feature well exploited is the potential of precise tuning of the crystal composition.  

 

The synthetic procedure can be described as: mix of the metal cations, predominantly nitrate/acetate 

salts dissolved previously in water or alkoxides, into the IL or DES to later dehydrate at temperatures around 

70 °C. In most cases a polychelating agent such as cellulose is used to form a gel. This gel will be then 

calcined at different ramp rates, times and temperatures.  

 

Celorrio et al. with the use of 1-ethyl-3-methylimidazolium acetate were able to synthesize LaMnO3 

(Figure 1.19) over a series of different temperatures to prove how the maximum temperature plays a crucial 

role into oxygen reduction reactions, as it determines the mean activity of surface of Mn sites. The particle 

size presented ranges from 16 to 38 nm but, the increase could not be linearly related to the increase of 

temperature.114 
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In another study Goblain et al. were able to produce La1-xBaxMnO3 with different levels of Ba 

concentration (Figure 1.20). The synthetic procedure carried out is fairly similar than the one reported 

previously however, in this case the use of an extra chelating agent such as EDTA is used to keep all the 

metal nitrates in solution and avoid early precipitation. Here is also reported how the increase in 

concentration of one element can produce an increase of the particle size. Here the Ba concentration 

increases from Ba0.15 to Ba0.30 and the particle size from 33.8 to 73.5 nm.115  

Figure 1.19.114 Left: Temperature analysis of the synthesis of LaMnO3 via powder X-ray diffraction 
patterns. Right: TEM images of the corresponding temperatures.  

Figure 1.20115 Powder diffraction patterns of the synthesis of LaxBayMnO3 with different 
compositional ratios. 
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Another good example comes from Boston et al. were the synthesis of BaTiO3 (Figure 1.21). The 

synthetic procedure begins with the synthesis of the DES, then barium acetate from solution was added, 

mix and dehydrated. Finally, titanium isopropoxide was added in the correct molar ratio. An intermediate 

calcination process will follow at 500 °C and finally a secondary calcination process to 950 °C takes place 

to obtain the main phase. The particle size ranges from 0.6 µm (roughly 25 % of the sample) to 3.2 µm (the 

remaining 75 %).116 

 

1.6.2 Influence of the IL towards crystal morphology 

To allow the Ionic liquid/Deep eutectic solvent to be used as a template, there is a significant change 

in the synthetic protocol. Such a change can be described as follow: metal precursors are added to a solution, 

a process of hydrolysis then takes place to replace any functional group and forming hydroxide species 

which, co-condense forming a gel. Then time is given for the gel to age and at that time is washed to extract 

the templating agent. Finally, a calcination process occurs to form the oxidized specie.   

 

Patil et al. synthesized vanadium pentoxide with chemical formula V2O5 via the formation of a sol-

gel with different ionic liquids (Figure 1.22). The synthesis protocol can be described as: VOCl3 was added 

Figure 1.21.116 Temperature analysis via powder diffraction patterns tracking the crystal growth of the 
product. 
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to isopropanol and heated at 70 °C to form vanadium oxytriisopropoxide. Ammonia is then added to bring 

the solution to basic range of pH 8-10 and kept under heating to allow complete gelation. To compare 1-

butyl-3-methylimidazolium tetrafluoroborate (98%, [bmim][BF4]) and 1-octyl-3-methylimidazolium 

tetrafluoroborate (98%, [omim][BF4]) were added individually and stirred for 30 min before hydrolysis. 

After hydrolysis solids were washed to remove impurities as well as the IL.119 

 

Results proved that the ionic liquid plays a critical role into nanoparticles formation. Nucleation 

and growth rate assisted by the ionic liquid influences the crystal final shape and size. The synthesis carried 

out as control, without IL, gave large metal particles. The nucleation arises during hydrolysis, without a 

directing network, particles combine each other forming uncontrolled albeit thermodynamically stable large 

particles. On the other hand, two type of directing networks are present when different ionic liquids are 

present. On one side [bmim][BF4], due to a smaller size of cation, form little compact/small 3-D networks, 

whereas on the other side [omim][BF4], with a significant larger size of cation, forms bigger and less 

compact 3-D networks. As a consequence, smaller size nano to micro-particles are displayed when the 

synthesis was carried out via [bmim][BF4] in comparison with the obtained via [omim][BF4].  

Figure 1.22.119 Schematic representation of the synthesis of V2O5 nanoparticles via different ILs showing 
how the nucleation and growth rate assisted by the ionic liquid influences the crystal final shape and size. 
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Ji et al. were able to synthesize mesoporous -Al2O3 with a variation in the morphology based on 

the molar ratio of IL/aluminium isopropoxide. The synthesis was carried out mixing 1-butyl-3-

methylimidazolium hexafluorophosphate [bmim]PF6 with aluminium isopropoxide in ethanol. After 5 

hours of agitation a process of 24 h aging is proceeded. The precipitated is filtered and washed. The solid 

is dried and finally calcined at different temperatures.120  

 

Studies via TEM (Figure 1.23) and SEM (Figure 1.24) images of the morphology of the crystals 

before and after calcination were done. Elongated roads were obtained with the addition of the IL however, 

the molar concentration shows to be a factor to consider. With the increase of the molar ration from 0 to 

0.18 the alumina roads became highly uniform, particularly at 0.18. The average diameter obtained was of 

260 nm and the length of 2.8-6 µm. However, interestingly high molar ratios of [bmim]PF6/aluminium 

isopropoxide derived in a rupture of the growth of road like particles, indicating that if the concentration of 

the IL is to high may cover the entire surface of the aluminium hydroxide forming a denser 3-D structure, 

confining the crystal growth to small rods and nanoparticles. On the other hand, if the quantity of the IL is 

not enough to completely cover the side surface of the rods, weak control over the longitudinal rod growth 

and as consequence aggregates of crystallites is exhibited.  

Figure 1.23.120 [bmim]PF6/aluminium hydroxide hybrid with the [bmim]PF6/aluminium isopropoxide 
molar ratio of 0.18.  
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1.6.3 IL as a mimicking templating agent 

There are truly two approaches in this area. A typical synthesis process can be described as follow: 

First, there is the need to build a template structure, normally silica, to then add the IL, which forms a 

coating around the templating structure. Finally, calcination under a neutral atmosphere (nitrogen or argon), 

to avoid combustion, is used to carbonize the product, therefore, the IL behaves here as carbon source and 

soft template. To remove the silica HF solution or NH4HF2 are commonly use, leaving just the carbonized 

material.  

 

The second approach is in fact an inverse process. First a monomer of an IL is synthesized and self-

assembled ensuing the templating structure. Silica is added to attach this time to the surface of the poly-

ionic liquid nanostructures. Lastly calcination under oxygen atmosphere results in the removal of the poly-

ionic liquid.  

 

Sebastian et al. prepared 3-n-tetradecyl-l-vinylimidazolium dicyanamide and 1,4-butanediyl-3,3′-

bis-l-vinylimidazoliurn dicyanamide as monomers. To induce polymerization 2,2'-azobis[2-methyl-N-(2-

Figure 1.24120 SEM images showing the differences in crystal growth depending the concentration of the 
IL involved in the reaction (a = 0, b = 0.03, c = 0.12, d = 0.18, e = 0.24, f = 0.3). Scale bars = 5 µm. 
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hydroxyethyl)propionamide] as the crosslinking agent is mixed with each respective IL monomer in a flask 

with water and mix for 48 h. Metal cation, Pt, was added to the poly-ionic liquid (PIL) nanoparticles in a 

deposition process. As to prepared porous silica tetramethyl orthosilicate is integrated in the reaction media 

with PIL nanoparticles and also to the hybrid Pt-PIL nanoparticle dispersion. The PIL template was 

removed via calcination in air for 12 h at 750 °C. 124 A schematic representation of the synthesis can be 

seen in Figure 1.25. 

 

Chen et al. synthesized nitrogen-doped hollow mesoporous carbon spheres (N-HMCSs) with 1-

alkyl-3-methylimidazolium bromide, [cnmim]Br, n = 4, 8, 12, and 16). Also in another line of the 

experiment, [c16mim]Br was added varying the amount per reaction (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 g) 

Via SEM they were able to characterize the influence of the content of the IL in the reaction (Figure 

1.26). The tendency can be described as, low concentration (0.2 g) of IL derives in spherical domains but 

sizes are nonuniform, i.e. larger spheres with diameter of ∼960 nm, medium spheres with ∼600 nm of 

diameter and smaller spheres with ∼200 nm diameters. When the concentration of IL is increased (0.4 g), 

larger and smaller spheres and a more uniform size of 600 nm in diameter spheres are observed. Moreover, 

short rods can also be spotted which is believed to be due to aggregation of the adjacent spheres. As the 

Figure 1.25.124 Schematic representation of the synthesis of mesoporous silica via the prior synthesis of 
PIL NPs with and without metal.  
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concentration of the IL is constantly increased (0.6 g), relatively uniform spheres, ∼470 nm in diameter, 

and some small spheres with diameter of ∼280 nm are also displayed, noting that the rods are not seen 

anymore. The right amount of IL is generated when 0.8 g of IL is used, representing in the sample uniform 

spheres in large domains with the mean diameter of 380 nm. It is evident therefore that the increase in 

content of the IL is reflected via the reduction and uniformity of the diameter of the spheres.  

Furthermore, the effect of the length of alkyl chain is also investigated. Shorter lengths, when n = 

4 and 8 in [cnmim]Br, produced larger spheres with nanoparticle agglomeration between the spheres. 

Increasing the length, n = 12, uniformity starts to take place with diameters around 530 nm. Lastly, when n 

= 16, uniform sizes are visible around the sample with spheres of ~380 nm in diameter. 

 

1.7 Aims  

The first use of an ionic liquid in the synthesis of a complex metal oxide was done by a former 

member of the research group at Bristol. In that paper Green et al described results of the synthesis of a 

variety of complex metal oxides with diverse properties, i.e. superconductivity and piezo electricity, via 

ionic liquids.77  

 

Figure 1.26.125 SEM Images of the N-HMCSs with a = 0.2 g, b = 0.4 g, c = 0.6 g, d = 0.8 g, e = 1.0 g, and f 
= 1.2 g of IL. The effect of the length of alkyl chain is observed in g-i with n = 4, 8, and 12 respectively. Scale bars 

= 1 µm.  
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The synthetic protocol involved an IL as a reliable synthetic media. For most of the crystal 

compositions in that study, the ionic liquid used was 1-ethyl-3-methylimidazolium acetate however, 

interestingly 1-ethyl-3-methylimidazolium nitrate was specifically used for crystal phases that contain 

bismuth nitrate, an insoluble salt in water. Unfortunately, no crystal growth was shown making it difficult 

to know what differences using nitrate instead of acetate in the ionic liquid composition would make.  

 

SEM studies showed also another noteworthy feature: despite using the same ionic liquid for most 

of the crystal compositions synthesized, different macro-morphologies were exhibited (Figure 1.27), 

hinting that metal cations interact differently with the ionic liquid, and play a role in the overall morphology.  

 

The overall synthetic procedure can be divided in three main components: the metal cations, the 

polysaccharide and the ionic liquid.  

Figure 1.2777 SEM image of every crystal synthesized via ionic liquid-assisted sol-gel 
synthesis. Scale bars = 1 µm. 
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Strontium niobates have exhibited several valuable properties including the potential of being a 

new family of superconductors (refer to pp. 5), therefore Chapter 3 explores the role played by every 

component in terms of chelating ability and the result of varying the stoichiometry of the metal cations in 

the overall outcome in the synthesis of strontium niobates. As a result, five single-phase strontium niobates 

were successfully synthesized, thereby proving the exquisite control obtained through this synthetic 

process. Furthermore, four crystal structures similar to Sr4Nb2O9 stoichiometry composition were 

synthesized and characterized.  

 

Chapter 4 covers the role played by the polysaccharide. What happens when different 

polysaccharides in various amounts, in combination with an IL, are employed in the synthesis of a strontium 

niobate. Also based on the synthesis of a YBCO superconductor with different organic sources and SQUID 

characterization it was possible to establish differences in the Tc onset, a physical parameter which is 

closely related to the level of oxygen in the crystal composition.  

 

Lastly, Chapter 5 elucidates the role played by the ionic liquid in the synthesis of metal oxides, by 

exploring the synthesis with a range of ILs/DES, answering the question of what truly defines a good 

IL/DES for the synthesis of complex metal oxides. Based on this study it was possible to determine the key 

experimental factors required for the synthesis of a metal oxide, focussing on the identification of 

precursory phases and elements that will augment or disrupt the synthesis, thereby assuring finer control 

over the desired crystal phase. During the analysis a YBCO superconductor was synthesized at a 

temperature of 100 °C below the standard synthetic temperature (920 °C). Moreover, as a result of the 

knowledge generated, a cost-effective deep eutectic solvent was found to succeed in the synthesis of a more 

complicated BSCCO superconductor. Finally, with the use of a choline chloride-based DES the synthesis 

of a new sodium strontium niobate was synthesized. 
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2.1 Reactants 

 

 

Table 2.1. List of reactants used accommodated by alphabetical order. 
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2.2 Fast and scalable synthesis of strontium niobates with controlled 

stoichiometry 

 

2.2.1 Generation of aqueous precursors 

Strontium nitrate 0.1 M solution was prepared by adding 0.212 g of strontium nitrate to 10 ml of 

deionized water. 

 

2.2.2 Generation of ionic liquid-based precursors 

1 ml of strontium nitrate solution was added to 1 mL (emim)OAc under stirring until evenly 

dispersed. The whole was then heated to 80 °C in an alumina crucible under stirring to remove water from 

the mixture for 1 to 2 h. Different amounts of niobium ethoxide was then added depending on the desired 

stoichiometry, ranging from 12.55 to 0.11 Sr/Nb molar ratio. The mixture remained under heating and 

constant stirring for one further hour, ensuring full dehydration of the system.  

 

2.2.3 Polysaccharide dissolution 

Dextran was added as a weakly coordinating, nonspecific chelating agent, (1 g) and mechanically 

mixed until a dense paste-like gel was formed. 

 

2.2.4 Heating protocols 

Dehydrated precursors were calcined immediately after preparation in air in crucibles for 2 h with 

a heating ramp rate of 5 °C min -1 at 1000 °C. For temperature analysis samples were calcine from 550 °C 

to 1000 °C with increases of 50 °C.  
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2.3 On the synergistic interaction of an ionic liquid and biopolymers in the 

synthesis of strontium niobate and high-temperature superconductor 

YBa2Cu3O7-δ 

 

2.3.1 Generation of aqueous precursors 

 

2.3.1.1 Synthesis of strontium niobate 

Strontium nitrate 0.1 M solution was prepared by adding 0.212 g of strontium nitrate to 10 ml of 

deionized water. 

 

2.3.1.2 Synthesis of YBa2Cu3O7-δ 

Following the same conditions that were previously reported1, yttrium nitrate hexahydrate (0.1915 

g, 0.05 M), barium nitrate (0.2614 g, 0.1 M) and copper nitrate hemipentahydrate (0.3489 g, 0.15 M) were 

added to DI water (10 ml) under stirring until all salts dissolved, forming a light blue solution. 

 

2.3.2 Generation of ionic liquid-based precursors 

 

2.3.2.1 Synthesis of strontium niobate 

1 ml of strontium nitrate was added to 1 ml (emim)OAc under stirring and heated at 70 °C in an 

alumina crucible for 2 h to ensure dehydration of the precursor. Niobium ethoxide in a 1:1 Sr/Nb molar 

ratio was then added and remain under stirring and heat for another 30 min. 

 

2.3.2.2 Synthesis of YBa2Cu3O7-δ 

1 ml of nitrates solution was added to 1 ml (emim)OAc under stirring and heated at 70 °C in an 

alumina crucible for 2 h to ensure dehydration of the precursor. 
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2.3.3 Polysaccharide dissolution 

The organic source, namely dextran, chitosan, starch, and cellulose, 0.1 g and 1.0 g, was added for 

and mechanically mix to form a paste-like mixture. For the synthesis of YBCO superconductor only 0.1 g 

is used. 

 

2.3.4 Heating protocols 

 

2.3.4.1 Synthesis of strontium niobate 

Dehydrated precursors were calcined immediately after preparation in air in crucibles for 2 h with 

a heating ramp rate of 5 °C min -1 at 1000 °C.  

 

2.3.4.2 Synthesis of YBa2Cu3O7-δ 

Dehydrated precursors were calcined immediately after preparation in air in crucibles for 2 h with 

a heating ramp rate of 5 °C min -1 at 920 °C.  
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2.4 The role of ionic liquids/deep eutectic solvents in the synthesis of the high-

temperature superconductors YBa2Cu3O7-δ and Bi2Sr2CaCu2O8+x 

 

2.4.1 Generation of deep eutectic solvents  

 

2.4.1.1 Imidazole 7:3 choline chloride DES  

Synthesized by mixing both solids in the stated molar ratio. After that it was put in an oven at 70 

°C to allow the mixture of such. The liquid will start forming after a few hours and can be mixed at two-

hour intervals for 24 h in order to allow a complete interaction of both compounds.  

 

2.4.1.2 Ethylene glycol 2:1 choline chloride DES 

Synthesized by mixing choline chloride with the stated molar ratio of ethylene glycol. The mixture 

was placed in an oven at 70 °C for half an hour to ensure complete interaction of both components. 

 

2.4.1.3 Betaine 5:2 D-(+)-glucose DES 

Synthesized by mixing both solids in the stated molar ratio, 3 g with 1.8453 g respectively. After 

that, water (6.336 ml) was added to allow the mixture of such with a final volume of 10 ml. The complete 

mixture will start forming after a few minutes under strong agitation 

 

2.4.2 Generation of aqueous precursors 

 

2.4.2.1 Synthesis of YBa2Cu3O7-δ 

As reported above, yttrium nitrate hexahydrate (0.1915 g, 0.05 M), barium nitrate (0.2614 g, 0.1 

M) and copper nitrate hemipentahydrate (0.3489 g, 0.15 M) were added to DI water (10 mL) under stirring 

until all salts dissolved, forming a light blue solution. 
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2.4.2.2 Synthesis of Bi2Sr2CaCu2O8+x 

Calcium nitrate tetrahydrate (0.05 M), 0.2116 g strontium nitrate (0.1 M), and 0.2326 g copper 

nitrate hemi(pentahydrate) (0.1 M) were mixed in a vial with 10 ml DI water under stirring until all salts 

dissolved, forming a light blue solution.  

 

2.4.2.3 Synthesis of Na0.1Sr0.9NbO3 

Strontium nitrate 0.1 M solution was prepared by adding 0.212 g of strontium nitrate to 10 ml of 

deionized water. Sodium hydroxide 0.05 M solution was prepared by adding 0.0199 g of sodium hydroxide 

to 10 ml of deionized water. After stirring for a few minutes transparent solutions were prepared.  

 

2.4.3 Generation of ionic liquid-based precursors 

 

2.4.3.1 Synthesis of YBa2Cu3O7-δ 

The aqueous solution was mixed in a 1:1 v/v ratio with the different solvents, namely (emim)OAc, 

imidazole 7:3 choline chloride DES and ethylene glycol 2:1 choline chloride DES, as well as with 7.12 M 

Imidazole and 8.29 M Ethylene glycol. The mixtures were heated to 70 °C for 2 hours to allow full 

dehydration 

 

2.4.3.2 Synthesis of Bi2Sr2CaCu2O8+x 

Solutions were prepared by mixing bismuth nitrate (0.242 g, 0.1 M) in 5 ml of DES. Then, 1 ml of 

betaine/bismuth solution was then added to 1 ml of the rest of metal nitrates solution plus an extra 1.05 ml 

of betaine: D-(+)-glucose DES solution. The final volume ratio was 0.75:1 v/v betaine: D-(+)-glucose 

DES/metal nitrate solution. The mixture was then heated at 70 °C for 2 hours to allow full dehydration. 
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2.4.3.3 Synthesis of Na0.1Sr0.9NbO3 

1 ml of strontium nitrate (0.1 M) solution was added to 1 ml of (emim)OAc or imidazole: choline 

chloride DES. After 2 h of dehydration under 70 °C niobium ethoxide was added (Sr/Nb 1:2 molar ratio) 

and dehydrated for further 30 minutes. Finally, 1 ml of sodium hydroxide (0.05 M) is added and the solution, 

with a final Na/Sr/Nb molar ratio of 1:2:3, is left for further 2 h under heating to dehydrate. 

2.4.4 Polysaccharide dissolution 

 

2.4.4.1 Synthesis of YBa2Cu3O7-δ 

To form a gel, 100 mg of dextran was added to every solution previously dehydrated and mixed 

mechanically using a spatula. 

 

2.4.4.2 Synthesis of Bi2Sr2CaCu2O8+x 

After complete dehydration a gel will be obtained therefore there is no need to add extra poly-

chelating agents. 

 

2.4.4.3 Synthesis of Na0.1Sr0.9NbO3 

After complete dehydration 1.0 g of dextran is added and mechanically mixed until a paste-like 

product is formed.  

2.4.5 Heating protocols 

 

2.4.5.1 Synthesis of YBa2Cu3O7-δ 

Dehydrated precursors were calcined immediately after preparation in air in crucibles for 2 h with 

a heating ramp rate of 5 °C min -1 at 920 °C. For temperature analysis samples were calcine from 320 °C to 

920 °C with increases of 100 °C.  
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2.4.5.2 Synthesis of Bi2Sr2CaCu2O8+x 

Dehydrated precursors were calcined immediately after preparation in air in crucibles for 2 h with 

a heating ramp rate of 5 °C min -1 at 850 °C. For temperature analysis samples were calcine from 350 °C to 

750 °C with increases of 100 °C, and from 775 °C to 850 °C with increases of 25 °C.  

 

2.4.5.3 Synthesis of Na0.1Sr0.9NbO3 

The paste-like product is places in the furnace for calcination process with a dwelling time of 6 h, 

ramp rate of 1 °C min -1 at 1100 °C. For temperature analysis samples were calcined from 400 °C to 1100 

°C with increases of 100 °C.  
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2.5 Sample preparation and characterizations 

 

2.5.1 Powder X-ray Diffraction 

 

2.5.1.1 Sample preparation 

All the samples where powder x-ray diffraction was carried out were in form of fine powder. If the 

sample was not, then materials were previously pulverised in a pestle and mortar to generate a uniform fine 

powder to later be mounted on silicon wafer holder. 

 

2.5.1.2 Equipment 

 Powder X-ray diffraction (XRD) was carried out on Bruker D8 Advance diffractometer (CuKα 1 

radiation at λ = 1.54056 Å) equipped with a Lynx-eye position sensitive detector. 

Rietvield analysis was done via Profex 3.12.1 Software2 using the next ICSD cards:  
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28009 Bi2O2.5 

15865 Bi2CuO4 
202841 Bi0.8Ca0.2O1.19 
56774 Bi6Sr6.27Ca4.73O22 
71910 Bi1.916Sr1.84CuO5.482 
203210 Bi2.09Sr1.9CaCu2O8.22 
63257  Ba(CO3) 

15196  Ba(CO3) 

261703  Ba(C2O4) 

65801  BaCuO2 

262674  BaCl2 

35495  Ba(NO3)2 

18164 CaCO3 
54129  (CuO2)4 

54126  CuO2 

69757  CuO 

16025 CuO 
188351  Cu6O8YCl 

100633 NaCl 

51872 Na0.3Sr0.7NbO3 

201461 & 190073 Sr0.85Ca0.15CO3 & SrCa(CO3)2 
27293 SrCO3 
79217 Sr4Nb2O9 

59581 to 59584 Sr4Nb2O9 

79218 Sr5Nb4O15 

187 & 40803 Sr2Nb2O7 

60782 SrNb2O6 

60783 SrNb6O16 

52276 SrO 

27772  Y2O3 

202877  Y2Cu2O5 

39456  Y0.98Ba1.98Cu2.91O6.47 

67860  YBa2Cu2.78O7 

62463  YBa2 Cu3O6.8 

68449  YBa2Cu2.86O6.6 

39359  YBa2Cu3O6.9 

67860  YBa2Cu2.78O7 

62915  YBa2Cu2.87O6.76 

32707  Y2BaCuO5  

65550  Y0.5Ba3Cu1.5O5.5 

65549  Y0.25BaCu0.75O2.25 
 

Table 2.2. ICSD numbers (left) with the corresponding crystal phases (right) 
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2.5.2 Electron Microscopy 

 

2.5.2.1 Sample preparation 

 

2.5.2.1.1Scanning electron microscopy (SEM) 

Samples in the form of fine powder were place on the top of a sticky conductive carbon tab attached 

to the top of an aluminium sample stub. To analyse the morphology samples were place very carefully on 

top of the carbon sticky layer. It is important to ensure the stabilization of the sample on the sticky carbon 

layer to avoid damaging the equipment. When energy dispersive X-ray analysis was carried out, to avoid 

noise signal a pellet, pressing force of 2000 kg effective mass, was then used instead of the powder form.  

 

2.5.2.1.2Transmission electron microscopy (TEM) 

Samples if needed were pulverized in a pestle and mortar to obtain a uniform fine powder. If the 

powder was already in such conditions then, it was transferred to 5 ml volume vial. 1 ml of ethanol was 

then added and sonicated in a bath sonicator to brake any agglomerate previously formed. The exact volume 

of powder material was not measured however, the aim is to form a highly dispersed solution. With a 20 µl 

pipette 5 µl where extracted from the suspension solution and dropped onto a TEM carbon-coated copper 

grid and left to dry for 24 h. 

 

2.5.2.2 Equipment 

TEM analysis was carried out on JEOL JEM 1400EX microscope equipped with an Oxford energy 

dispersive X-Ray detector and JEOL 2100 Hi-Res TEM, also adapted with an Oxford energy dispersive X-

Ray detector.  

SEM samples were analysed on JEOL JSM 5600LV with Oxford energy dispersive X-ray detector.  
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2.5.3 Superconducting quantum interreference device magnetometry (SQUID) 

 

2.5.3.1 Sample preparation 

The superconductive properties were investigated using DC magnetic susceptibility measurements 

of the two superconductors synthesized along this project. For that, samples were mounted in the short 

portion of a plastic capsule. Cotton was then inserted on the top of the sample to create extra pressure. 

Finally, the capsule was closed when the large portion of the capsule is inserted into the small portion. This 

was to ensure high density of the material to enhance the quality of the signal provided. The amount of 

sample ranged depending on the availability however, an optimal value was in between 30 to 50 mg.  

 

2.5.3.2 Equipment 

Analyses were done with a superconducting quantum interference device magnetometer (Quantum 

Design MPMS-XL) equipped with a 5 T superconducting magnet.  Samples were run under in zero-field 

cooling (ZFC) and 10 Oe field-cooling (FC) conditions with temperature ranges of 20 - 120 K. 

 

2.5.4 Attenuated total reflection Fourier transform infra-red (ATR-FTIR) spectroscopy 

 

2.5.4.1 Sample preparation 

To ensure evenly conditions, when FTIR spectrums were taken from the mix of ionic liquids/deep 

eutectic solvents and metal cations, and to avoid solidification at room temperature, dehydrated samples 

(heated at 70 °C - 80 °C) were analysed immediately. Hydrated samples, on the other hand, due to the 

interaction of water with such solvents remained in liquid state, despite that, samples once water was added 

remained under strong agitation for five minutes and then immediately taken to be examined. With a 20 µl 

pipette 5 µl were taken out of the liquid solution and placed on the quartz window of the FTIR. Solid 

samples required no previous preparation and when placed on the quartz window pressure was added via 
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the UATR accessory for solids. Transmission (T%) vs. wavenumber (cm-1) spectra were obtained in a range 

from 4000 to 400 cm-1. Every spectrum is a combined result of four scans with a speed of 100 cm-1/s.  

2.5.4.2 Equipment 

Attenuated total reflection Fourier transform infrared (ATR‐FTIR) spectroscopy was conducted on 

a Perkin Elmer Spectrum two ATR‐FTIR spectrometer mounted with UATR accessory for solids. 

 

2.5.5 Ultra violet and visible light (UV-Vis) spectroscopy 

 

2.5.5.1 Sample preparation 

Liquid samples were deposited in quartz cuvettes of 500 µl volume. When the absorbance was 

measured, spectra were typically obtained between the range of 350-800 nm in intervals of 1 nm and 

accumulation time of 0.1 s, slit width 5 nm. For solid state samples in fine powder condition were mounted 

in a Shimadzu special cylindrical sample holder with round glass integrated. Transmittance was then 

measure under the same conditions stated above for liquid samples and transformed to absorbance via 

Kubelka-Munk transformation following the equation: 

 

 (1). 
�

�
=

	
����

��
  Where K is the absorption and R is the diffuse reflectance.  

 

2.5.5.2 Equipment 

Uv-Vis spectra were obtained using a Uv- 2600 uv-vis spectrophotometer from Shimadzu. 
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2.5.6 Differential scanning calorimetry & Thermogravimetric analysis (DSC-TGA) 

 

2.5.6.1 Sample preparation 

Small amount of the coagulated sample (IL + metal cations + polysaccharide) was placed in a 

ceramic alumina pan and weighted. The sample was then run in a small furnace at 10 °C /min under oxygen 

from 0 to 1100 °C. Heath flow (µV) and weight loss (mg) were measure during the run.  

 

2.5.6.2 Equipment 

Mettler Toledo TGA/DSC1 Star System. 

2.5.7 Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

 

2.5.7.1 Sample preparation 

Samples must be in solution form, ideally 1 % nitric acid and free from suspended solids. Due to 

difficulties digesting samples instead of nitric acid aqua regia was used. The ideal final concentration range 

of the elements should be between 1 and 25 ppm (mg/L).  

 

2.5.7.2 Equipment 

The ICP-OES was run in an Agilent 710 simultaneous spectrometer.  

 

2.5.8 Computational analysis/refinements 

Rietvield analysis was done via Profex 3.12.1 Software2 and all the size distributions were 

measured using ImageJ2 software.3  
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Chapter 3  

Fast and scalable synthesis of strontium 

niobates with controlled stoichiometry 
 

 

Parts of this chapter are published in the reference indicated below printed in CrystEngComm. The 

paper used in the creation of this chapter was written and submitted by myself involving the preparation of 

all figures and text contained herein. I was involved in analysis of all data collected both directly by myself 

and on behalf of the publication by co-authors. Any data used in this thesis, collected and analysed with 
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myself other than HRTEM images taken by Jean-Charles Eloi the Electron Microscopy Technician. 
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3.1 Introduction 

Complex functional materials can be synthesized by a wide range of techniques, for example solid 

state, hydrothermal method, sol-gel/hydrothermal method, and molten salt synthesis. Advantages and 

disadvantages of those techniques were briefly discussed in the introduction section (pp. 13-14) however, 

greater disadvantages are, when methodologies tend to be highly time and energy consuming, the lack of 

understanding of the synthetic process, and high complexity. In addition, having control over the 

homogeneity of the sample can be a hard task to attain. The rapid progress of technological developments 

in ferroelectric,1 ferromagnetic,2 superconducting,3 and piezoelectric4 materials demand the discovery of 

new synthetic routes to create materials with high efficiency. One way to improve upon a solution-based 

synthetic approach is the use of ionic liquids. One of the properties  of these systems that has been widely 

exploited is the fact that can dissolve a broad range of different compounds and keep them in solution.5,6  

 

In 1998 Rogers and co-workers7 suggested for the first time that ionic liquids may be suitable as 

the basis of novel liquid-liquid extraction systems. Since then numerous reports followed, describing the 

application of ionic liquids as solvents in the extraction of simple organic compounds, 8,9 biomolecules, 10,11 

and metal ions. 12–17 

 

Soon after the first proposal, Dai et al. extracted strontium nitrate from water solution into a series 

of dialkylimidazolium-based, ionic liquids containing a crown ether, dicyclohexano-18-crown-6 

(DCH18C6). For this purpose, hydrophobic ionic liquids were utilized. Dai made mention that 

thermodynamically the solvation of ionic species, such as NO3
-, and SO4

2-, in the ionic liquid, should be 

much more favourable than those in conventional solvents. Results show (Table 3.1) how the ether-crown 

capability to link to metals is augmented when mix with the ionic liquids. Moreover, despite not as high as 

when another complexing agent is used, the ionic liquid is capable to chelate the metal cation.17 
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ILs have shown proficiency performing metal extraction from mineral matrices, 18 or spent nuclear fuel, 19 

as well as for electrodeposition and electrowinning of metals.19 Metal extraction is without a doubt one of 

the biggest areas where ionic liquids have been applied, for that purpose ILs bearing Lewis base anions 

(principally chloride and bromide), as coordination anions with added halides to increase metal cation 

solubility, have been used. 20 As aforementioned, the solubility of metals in the IL can be increased by the 

additament of ligands such as crown ethers, 21 calizarenes,12 ditizone, 22 or, more recently thione.23 Metal 

solubility can also be increase by the incorporation of specific functional groups, for example thioether or 

thiourea, which favour Hg2+ and Cd2+ ion solubility,24 or nitrile and disulfide functional groups which have 

been employed to extract Ag+ and Pd 2+ or Hg2+ and Cu2+ respectively.25 

 

Green et al.26 saw the potential of these systems with a slight twist. Using functional groups, namely NO3
- 

and carboxyl group in the form of acetate CH3COO-, to chelate the metal cation (Figure 3.1), they were 

able to form a multi cationic solution. A main difference of the process is the use of miscible ionic liquids, 

to avoid precipitates, and all salts used were nitrates that when, if possible, were previously dissolved in 

water. A dehydration process is followed removing water molecules from the system, leaving a rich stable 

multicationic solution. For the metal salt insoluble in water, i.e. bismuth nitrate, ethylenediaminetetraacetic 

Table 3.117 Comparison of the extraction results obtained using ionic liquids and conventional solvents. 
(The D value is defined as D = [Molten salt concentration of Sr2+]/[aqueous solution concentration of Sr2+]. When 

nm = not measurable. 
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acid (EDTA) is also employed, to maintain it in solution, analogue to what was previously reported by Dai 

et al. with the ether crowns.  

 

With this principle idea executed ILs proved to be capable to synthesize multi-element complex functional 

oxides, accomplishing single-phase crystals of different complex materials such as: superconductors, 

piezoresponsive, multiferroic, ferromagnetic and phosphor.26 Another advantage to using ILs is that it is 

possible to solubilise other non-specific chelating agents such as dextran, chitosan, cellulose, and starch 

within them, thereby increasing the chelating ability of the system. Furthermore, this interaction between 

the organic molecule and the ionic liquid will be analysed in further detail later.  

 

In the next section we seek to explore the full potential of the ionic liquids to form multicationic solutions. 

The aim is to demonstrate the capability of this synthetic procedure to allow maximum control over the 

stoichiometry of the final crystal composition.  

 

Figure 3.1.26 Schematic representation of the dehydration process where, acetate actively participates in the 
chelation of the metal cation occasioning a shift towards higher wavelengths.  
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3.2 Synthesis of high yields (> 98 %) of single-phase strontium niobates  

 

3.2.1 Results and discussion 

The sample preparation was carried out using 1-ethyl-3-methylimidazolium acetate (emim)OAc as 

a complexing agent. However, to avoid metal specific or preferential chelation and to keep homogeneity in 

the system, dextran was then added as a weakly coordinating, nonspecific chelating agent. Previously all 

metal ions were dissolved and dehydrated in the IL to then form a paste-like “gel” with the carbon source 

dissolution. Adding a carbon source into the reaction also serves a second purpose, as carbonization occurs 

over the calcination process, thereby providing a cocooning environment which prevents the sintering of 

crystallites restricting them to the nanoscale. Moreover, it provides a reducing atmosphere, generating CO2 

as the carbon is oxidised over the course of the synthesis, enabling a fine degree of control over the 

stoichiometry of the resultant inorganic product. All dehydrated precursors were calcined immediately after 

preparation in air in crucibles for 2 h with a heating ramp rate of 5 °C/min at 1000 °C. 

 

3.2.1.1 TGA/DSC 

To start unveiling the mechanistic crystal growth of the system TGA/DSC analysis was first 

performed. The initial wt. % of every component of the reaction are 51.1 % corresponding to dextran, 46 

% to (emim)OAc, and 2.9 % to the metal nitrates. TGA (Figure 3.2 Left) does not exhibited a mass loss 

from 30 °C to 200 °C however, immediately after, a constant drop in mass percentage is observed displaying 

a mass loss of 12.1 % at 250 °C, being a water free system, this mass loss is assumed to be the early stages 

of (emim)OAc decomposition. Shortly after, at 300 °C the system has lost 64.4% of its total mass indicating 

the decomposition of the ionic liquid and the organic source. This carbonaceous material provided by the 

organic capping agent and the decomposition of the ionic liquid will be lost steadily having being 

completely consumed at 546 °C. At this point 11. 3 % of total mass is present in the system corresponding 

to materials containing strontium, niobium, carbon and oxygen. Notably surpassing this temperature, a 

constant mass gain is observed (Figure 3.2 Left inset). This can only be related to oxygen gain, suggesting 
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that the crystal compositions formed are oxygen deficient. DSC shows that an exothermic process is being 

carried out from 160 °C to 489 °C which, coincide with the decomposition of both the ionic liquid and the 

organic capping agent, also represented by a big mass loss in the TGA. After this point an endothermic 

process is observed indicated by a steady tendency towards negative values in heath flow, linked to the 

formation of more stable compounds such as crystals. The lowest value was found to be from 950 °C to 

1000 °C  

3.2.1.2 Analysis via pXRD 

To comprehend the crystal growth temperature analysis via powder X-ray diffraction patterns 

(Figure 3.3) and Rietvield refinement (Figure 3.4) were performed from 450 °C to 900 °C with a step size 

of 50 °C. The targeted phase was Sr5Nb4O15. The crystal growth of the reaction is fairly simple and can be 

described as follows: at the beginning of the reaction, from 450 °C to 550 °C, only diffractions belonging 

strontium carbonate are indexable. Also present are broad peaks belonging to amorphous mass. From 550 

°C to 700 °C peaks belonging to the phase SrNbO3-x are exhibited. This encounter creates some discordance. 

The powder diffraction peaks match, in essence, quite well with the diffraction peaks present from the 

crystal phase SrNbO3-x. Moreover, TGA analysis does imply there is a gain in oxygen in the range of ~550 

°C to 1000 °C, giving the possibility that a reduced niobium phase could form in the way of Nb (IV). 

Figure 3.2. TGA (Left) and DSC (Right) analysis of the synthesis of Sr5Nb4O15. Inset represents a zoom 
area from 545 °C to 1000 °C, showing the gain of mass assumed to be due to niobium oxidation. 
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However, crystal phases with, or with close composition to, SrNbO3 have been investigated due to its 

intense red colour,27 which is absent in the powder collected at those temperatures (Figure 3.4 Inset). Above 

750 °C those peaks gradually vanishes giving arise to mainly the phase Sr5Nb4O15 at 800 °C. At 900 °C the 

reaction is completed with high yields (> 98 %) of single-phase formation of the targeted phase.  

 

 

To establish the function of each individual component, the crystal phase and purity of each 

synthesis, powder X-ray diffraction patterns were taken (Figure 3.5). The reactions were carried out using 

Figure 3.3. Temperature Analysis via powder X-ray diffraction patterns of the synthesis of Sr5Nb4O15 
using (emim)OAc and dextran as chelator agents.  

Figure 3.4. Graphical representation via qualitative analysis of pXRD patterns from the temperature 
analysis of the synthesis of Sr5Nb4O15. Inset is a photography of the collected sample at 500 °C, 550 °C, and 600 °C. 
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1:1Sr/Nb stoichiometry targeting the phase Sr5Nb4O15. All the reactions were made following the same 

heating ramp rate and dwell time previously described. For the control synthesis (Figure 3.5 “Raw 

materials”) strontium nitrate and niobium ethoxide were mixed in an alumina crucible and calcined. As can 

be seen, the outcome is a multiphase system with no predominant phase, as did the second control synthesis 

(Figure3.5 “Dextran”) using dextran as chelating agent. Interestingly, a different result crystallographically 

is seen when dextran is used. Finally, the reaction was carried out using the IL, for this reaction the raw 

materials were mixed with the IL and dehydrated before calcination. In this case, the target phase is obtained 

in a practically pure phase (> 98 %). However, it is important to mention that this reaction was repeated 

several times and in some of them the outcome was a mixture of Sr5Nb4O15 and Sr2Nb2O7. In addition, 

when the stoichiometry ratio was higher than X/Y <1, “X” being strontium and “Y” niobium, more 

specifically with the phases SrNb2O6 and SrNb6O16, single-phases were not obtained without the use of an 

additional chelating agent such as dextran. Therefore, it was decided that the best combination to obtain 

high yields (> 98 %) of single-phase with controllable stoichiometry was to use the IL with addition of 

another carbon source as chelating agent.  

 

Figure 3.5. Powder X-ray diffraction pattern of the synthesis of Sr5Nb4O15 with A) dextran and C) 
(emim)OAc as chelating agents. B) represents a control synthesis using no chelating agents. 
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The key feature of the combination of IL and dextran shown here is the exploitation of the super 

dissociating nature of ILs, allowing the formation of perfect homogenous solutions via the interaction of 

hard anions of the IL with the metal cations, and the extra chelation provided by a non-specific chelating 

agent such as dextran. It was found that varying the amount of niobium in the reaction enabled us to control 

the stoichiometry finely and consistently, to produce four distinct stoichiometries of strontium niobate.  

The specific Sr/Nb molar ratios are: 2 : 1 for Sr4Nb2O9, 1.1 : 1 to 0.9 : 1 for Sr5Nb4O15, 0.8 : 1 to 

0.7 : 1 for Sr2Nb2O7, 0.5 : 1 to 0.3 : 1 for SrNb2O6 and 0.11 : 1 for SrNb6O16. The addition of dextran 

followed by calcination at 1000 °C for 2 h in a 5 °C min−1 ramp ratio enabled two phases with a 

stoichiometry X/Y > 1 to be obtained, i.e. Sr4Nb2O9 and Sr5Nb4O15 (Figure 3.6). The phase Sr4Nb2O9 

(Figure 3.6 A) can exhibit different crystalline structures according to the temperature of synthesis. In this 

work, syntheses were carried out at 1000 °C, therefore, the phase is monoclinic with a symmetry group 

P21/n. In the case of Sr5Nb4O15 (Figure 3.6 B), this possessed a trigonal crystal structure with the symmetry 

group P c1. The remaining phases in this work have the stoichiometry X/Y ≤ 1, viz. Sr2Nb2O7 (Figure 3.6 

C), SrNb2O6 (Figure 3.6 D) and SrNb6O16 (Figure 3.6 E). The phase (2-2-7) is orthorhombic with the 

symmetry group Cmc21 and it is determined that (1-2-6) exists as a monoclinic phase with space group 

P21/c. (1-6-16) has an orthorhombic array with Pmm2 symmetry group. All diffraction peaks in the patterns 

can be indexed to a single-phase with exception of (1-6-16). In this case, Rietveld refinement shows that 

Figure 3.6. Powder X-ray diffraction patterns of: Sr4Nb2O9 (A), Sr5Nb4O15 (B), Sr2Nb2O7 (C), SrNb2O6 (D) 
and SrNb6O16 (E). All samples were synthesized using (emim)OAc and dextran as chelating agents. 
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the desired phase is present as 95.7% of the sample, whereas 4.3% corresponds to (1-2-6) and niobium 

oxide (Figure 3.6). This last crystalline phase was synthesized under a 1 : 9 Sr/Nb molar ratio, which 

explains the appearance of the niobium-rich phase (1-2-6) and the impurity on the powder X-ray diffraction 

pattern, yet this molar ratio almost fully supresses the growth of any other crystal phase. 

 

A diagram (Figure 3.7) was developed to track the change of crystal composition based on changes 

on the Sr/Nb mole fraction per reaction. All the reactions performed were using 1 mil of (emim)OAc with 

Sr/Nb mole fractions ranging from 12.55 to 0.11. The dwelling time is 2 h at 1000 °C being the max 

temperature. 

 

It was noticed that when the Sr/Nb mole fraction is in the range of X/Y > 3, strontium carbonate 

and small amount of strontium oxide is formed instead of a ternary crystal phase. Also, the fact that when 

Sr/Nb mole fraction fulfils the quantity for a ternary crystal composition, then strontium carbonate will 

share phase percentage with it, viz. Sr4Nb2O9. Once the amount of niobium cations is increased, strontium 

carbonate will completely disappear, leaving just ternary phases. In fact, a very similar phenomenon is 

Figure 3.7. Diagram of the formation of different strontium niobate crystal compositions based on the 
Sr/Nb mole fractions in the reaction. A = Sr2O, B = Sr (CO3), C = Sr4Nb2O9, D = Sr5Nb4O15, E = Sr2Nb2O7, F = 

SrNb2O6, G = SrNb6O16. All samples synthesized using (emim)OAc and dextran as chelating agents. 
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observed when the niobium concentration reaches half way from one crystal composition to another, where 

in such cases both crystal compositions are exposed.  

3.2.1.3 Sr4Nb2O9 metastable phases 

During the diagram construction some samples, in the Sr/Nb molar ratio of 1.52 < X/Y < 2.18, were 

exhibiting different colours, namely tan, light red, and white. In 2002 Levin et al. reported a very 

complicated structural behaviour of the phase Sr4Nb2O9 where four different crystal compositions were 

indexed. These crystal compositions were nominated as IC, T, M and R. (Figure 3.8)  

 

In comparison to the method of synthesis employed in this work (dwell time 2 h at 1000 °C), 

samples were first synthesized at 1550 °C for 2-4 days and annealed at 900 °C for 72 h to 500 h. Specimens 

colours were described as from white to tan without much more detail. The samples displayed are not in a 

single-phase fashion but rather a conglomerate of all the different crystal compositions and, the overall 

composition is defined to be IC, as dominant crystal composition, with >50 vol %, while both M and R 

domains had relatively similar volume fractions however, it does not state what that fraction is, and finally 

the T phase was present only in minor quantities.28 The compositional analysis of these structures was 

conducted in TEM using a stationary electron probe and results can be seen in Figure 3.8. Along the 

compositional analysis it was possible to stablish the Sr/Nb ratios in the domains of both M (1.96  0.006) 

and IC/T (1.99  0.07). The Sr/Nb ratio for the R phase (1.76  0.06) was found to be Sr-deficient and 

Figure 3.8.28 Structural and compositional parameters of the metastable phases. (Note. The lattice 
parameters and the symmetries were inferred using limited number of low-index diffraction patterns characteristic 

for each phase and should be considered as tentative only. 
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based on this detail it was then concluded that the other three crystal compositions must have Sr/Nb ratios 

above 2. 28 

 

3.2.1.3.1Uv-Vis  

In the case of the synthesis performed assisted by the ionic liquid five different crystal compositions 

were synthesized. Firstly, samples were studied via uv-vis analysis to differentiate all the different crystal 

compositions by the colour displayed (Figure 3.9). The synthesis was performed with different Sr/Nb (X/Y) 

molar ratios where, samples were identified to be similar in the ranges of X/Y = 2.18-2.09 (Figure 3.9 A), 

2.00-1.93 (Figure 3.9 B), 1.85-1.79 (Figure 3.9 C), 1.73-.1.67 (Figure 3.9 D), and 1.61-1.56 (Figure 3.9 E). 

In terms of v/v ratios is 1 ml of a 0.1 M solution of strontium nitrate with 11.5-12.0 µl for A, 12.5-13.0 µl 

for B, 13.5-14.0 µl for C, 14.5-15.0 µl for D, and 15.5-16.0 µl for E, of niobium ethoxide in 1ml of ionic 

liquid. Via the Tauc plot method the optical band gap was determined providing values of 1.8 eV for X/Y = 

2.18-2.09, 2.1 eV for 2.00-1.93, 2.15 eV for 1.85-1.79, 2 eV for 1.73-.1.67, and 2.8 eV for 1.61-1.56. Based 

on these results there are two conclusions that can be derived. First, all the materials are semiconductors, 

and second, the variations of the band gap are a representation of changes in the crystal lattice, which can 

occur by substitution or vacancies. This is an indicative of the formation of different but very similar crystal 

compositions. Uv-vis spectra and Tauc plots can be found in the appendix section (A1 – 5). 

Figure 3.9. Uv-vis analysis of the different crystal compositions based on the molar ratios of Sr/Nb (X/Y ): 
A: 2.18 - 2.09, B: 2.00 - 1.93, C: 1.85 - 1.79, D: 1.73 - 1.67, and E: 1.61 – 1.56. The inset is a photograph of samples 

collected under the different Sr/Nb molar ratios. 



75 
 

3.2.1.3.2Analysis via pXRD 

Powder X-ray diffraction patterns (Figure 3.10) of the five different samples were carried out. As 

expected the diffractions are all very similar however, diffraction peaks that were not common to all of the 

samples were found. These are highlighted in figure 3.10 and are at 2-theta 25.35 °, 32.49 °, 46.60 °, and 

57.91 ° values. The first diffraction peak identified in Figure 3.10, highlighted in blue, belongs to remnants 

of strontium carbonate, after Rietvield refinement analysis it was found that it represents for A = 20.21 %, 

B = 10.9 %, C = 12.67 %, D = 5.03 %, and E = 6.47 %. For all the other diffractions it was not possible to 

index them as part of either Sr nor Nb related crystal phases. Another feature found via powder X-ray 

diffraction is the fact that while niobium concentration is increased, diffractions shift towards higher 2- 

theta angles (Figure 3.11), implying a decrease in the d spacing therefore, reducing the overall size of the 

unit cell. The shift is lower at lower angles whereas shift at higher angles is, consequently, larger towards 

higher angles indicating that it is due to an expansion/contraction of the unit cell rather than instrument 

specific displacement. To confirm that this observance was not coming from an equipment specific 

displacement, sample in the range of Sr/Nb (X/Y) molar ratio of 1.61-1.56 was re-synthesized. As can be 

noted in Figure 3.12 displacements are still witnessed confirming that such displacement belongs to a 

contraction of the unit cell when niobium concentration is increased.  

 

Figure 3.10. Powder X-ray diffraction patterns of the five different crystal compositions with Sr/Nb (X/Y) 
molar ratios: A :2.18-2.09, B: 2.00- 1.93, C: 1.85-1.79, D: 1.73-1.67, E: 1.61-1.56. 
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Figure 3.12. Powder X-ray diffractions demonstrating displacement towards bigger angles due to the 
increase in Nb concentration of Sr/Nb (X/Y): A :2.18-2.09, B: 2.00- 1.93, C: 1.85-1.79, D: 1.73-1.67, E: 1.61-1.56. 

Figure 3.11. Powder X-ray diffractions confirming displacement towards bigger angles due to the increase in 
Nb concentration of Sr/Nb (X/Y): A :2.18-2.09, B: 2.00- 1.93, C: 1.85-1.79, D: 1.73-1.67, E: 1.61-1.56. 
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Displacements can be explained due to Sr2+ (1.32 Å)29 having a much bigger atomic radii than Nb5+ 

(0.64 Å)30 , therefore, in order to fit a larger Sr ion, the unit cell needs to expand. On the contrary, when 

niobium is increased in the reaction, the unit cell is more Nb rich, thereby reducing the size of the unit cell. 

Neutron diffraction or single crystal are very much needed to define the atomic arrangement and give further 

information of the crystal structure.  

3.2.1.3.3ICP-OES 

To confirm the exact metal composition of the samples ICP-OES was carried out twice with freshly 

prepared powders. In both cases results between the two measurements are very consistent and can be seen 

in table 3.2.  

 

Sr/Nb (X/Y) Sample 1 (X/Y) Sample 2 (X/Y) 

2.18-2.09 4.21 4.21 

2.00- 1.93 3.23 3.23 

1.85-1.79 3.09 3.09 

1.73-1.67 2.66 2.66 

1.61-1.56 2.22 2.22 

Table 3.2. ICP-OES values obtained of the five different collected samples. 

Sadly, it was not possible to stablish the exact composition of the crystal phases due to the presence 

of strontium carbonate however, knowing the composition of such via Rietvield refinement it was possible 

to re-adjust parameters and calculate a more accurate crystal composition (Table 3.3). 
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Sample 1 

Sr/Nb (X/Y) Sr (M) Nb (M) Sr(CO3) (M) Sr-Sr(CO3) (X/Y) Molar ratio 

2.18-2.09 0.00015 3.74E-05 3.15E-05 0.00012 3.36 

2.00- 1.93 0.00020 6.39E-05 2.25E-05 0.00018 2.88 

1.85-1.79 0.00014 4.74E-05 1.86E-05 0.00012 2.70 

1.73-1.67 0.00023 8.75E-05 1.16E-05 0.00022 2.53 

1.61-1.56 0.00023 0.00010 1.52E-05 0.00022 2.08 

      

      

Sample 2 

Sr/Nb (X/Y) Sr (M) Nb (M) Sr(CO3) (M) Sr-Sr(CO3) (X/Y) Molar ratio 

2.18-2.09 0.00015 3.74E-05 3.15E-05 0.00012 3.37 

2.00- 1.93 0.00020 6.39E-05 2.25E-05 0.00018 2.88 

1.85-1.79 0.00014 4.74E-05 1.86E-05 0.00012 2.70 

1.73-1.67 0.00023 8.75E-05 1.16E-05 0.00022 2.53 

1.61-1.56 0.00023 0.00010 1.52E-05 0.00022 2.08 

Table 3.3. Re-adjustment of the Sr/Nb (X/Y) molar ratios bases on data obtained via ICP-OES and 
Rietvield refinement. 

As can be seen data seems to be much more consistent with what was expected. It is very interesting 

to note the fact that all of the products are phases rich in strontium which is in agreement with what was 

previously reported (Table 3.128). 

3.2.1.3.4HRTEM 

HRTEM images (Figure 3.13) were taken and the interplanar distance measured. All the results are 

consistent with the interplanar distances per diffraction seen via powder diffraction patterns. Distances are 

related to the specific diffractions: 4.1 Å (120), 3.5 Å (130), 2.9 Å (140), and 2.5 Å (150).  
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Figure 3.13. HRTEM images of the five different crystal compositions with Sr/Nb (X/Y): A :2.18-2.09, B: 
2.00- 1.93, C: 1.85-1.79, D: 1.73-1.67, E: 1.61-1.56. Insets are zooming zones to measure the interplanar distance. 

White circles showing the exact area where the interplanar distance was measured. Scale bars = 20 nm. 
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SAED diffraction patterns (Figure 3.14) were also taken to confirm that every sample belongs to 

an analogue of the Sr4Nb2O9 crystal structure. As expected in the form of ring patterns it is possible to index 

the same crystal planes observed via all the other characterization tools, displaying the planes (120), (130), 

(140), and (150) respectively. 

Figure 3.14. Left: HRTEM images of the five different crystal compositions, showing where the SAED 
pattern was taken, with  Sr/Nb (X/Y ): A :2.18-2.09, B: 2.00- 1.93, C: 1.85-1.79, D: 1.73-1.67, E: 1.61-1.56. Scale 
bar (A, B and E) = 200 nm, (D) = 100 nm and (C) = 50 nm. On the right side all their respective SAED diffraction 

patterns (Scale bars (A-E) = 10 1/nm). 
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3.2.1.4 Structural Characterization 

 

3.2.1.4.1SEM and TEM 

SEM and TEM studies followed in order to analyse the macro and nano-morphology displayed by 

this synthetic procedure. SEM studies show that this type of synthesis results in a polycrystalline aggregate 

exhibiting the same macromorphology in every single crystal phase. (Figure 3.15) 

 

EDX shows that in each case, strontium and niobium are homogeneously distributed throughout 

the material (Figure 3.16). The homogeneity afforded by the IL/dextran mixture clearly results in a single-

phase material through the facile mass transport of species during the synthesis.  

 

Figure 3.15. Scanning Electron microscopy images of polycrystalline aggregates of: A) Sr4Nb2O9, B) 
Sr5Nb4O15, C) Sr2Nb2O7, D) SrNb2O6, E) SrNb6O16. Scale bars = 100 µm. 
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In contrast with SEM studies of the macromorphology, TEM images (Figure 3.17) show some 

differences in the crystallite morphology, in particular for the phase Sr4Nb2O9 (Figure 3.17 A) where a net 

of nanoparticles-like are commonly seen. 

 

From the samples over the ratio 1 : 2 Sr/Nb most of the final product can be identified as plate-like 

and rod morphologies, however, star and needle-like morphologies are observed in all syntheses (Figure 

3.18 F). 

Selected area diffraction patterns (Figure 3.18 a-e) were also taken to ratify the obtained stated 

crystal compositions.  

 

Figure 3.16. (A) Scanning electron microscopy image of SrNbOx and (B-D) Elemental mapping of the area 
of B = Sr, C = Nb, and C = O, shown in (A), exhibiting a homogenous distribution of all the elements involved. 

Scale bar of A = 200 µm, B-D = 50 µm. 
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Figure 3.17. TEM image were different morphologies can be seen. Images correspond to: A: Sr4Nb2O9, B: 
Sr5Nb4O15, C: Sr2Nb2O7, D: SrNb2O6, E: SrNb6O16. Scale bars = 500 nm. 

Figure 3.18. Transmission electron microscopy images and their respective SAED patterns of: A/a: 
Sr4Nb2O9, B/b: Sr5Nb4O15, C/c: Sr2Nb2O7, D/d: SrNb2O6, E/e: SrNb6O16 and F: rod and star shape crystals. Scale 

bars = 200 nm, a-e = 10 1/nm. 
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3.3 Conclusions  

In conclusion, the use of an IL/Dextran synthetic method has shown to be a very good technique in 

the synthesis of high yields of single-phase metal oxides of desired stoichiometries, namely Sr4Nb2O9, 

Sr5Nb4O15, Sr2Nb2O7, SrNb2O6, SrNb6O16. The non-specific chelation and subsequent carbonization of the 

organic species in the calcination step are crucial in achieving this as it restricts inorganic oxide growth to 

the nanoscale, prevents sintering and provides a reducing atmosphere to enable the fine control of 

stoichiometry through simply varying the strontium : niobium ratio at the start of the synthesis. 

 

Moreover, exploiting the control allowed by this synthetic procedure, it was possible to synthesize 

four, previously poorly characterized, phases. Via Rietvield refinement and ICP-OES analysis it was 

feasible to establish the Sr/Nb molar ratios between those four, being 3.37, 2.88, 2.70, and 2.53.  
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Chapter 4  

On the synergistic interaction of an ionic 

liquid and biopolymers in the synthesis 

of strontium niobate and YBa2Cu3O7-δ 

superconductor. 
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4.1 Introduction 

Inorganic oxides feature prominently in biomineralization; the organic-inorganic interaction has 

developed over millions of years to produce optimum structures for structural support, buoyancy control 

and defence mechanisms in shells, corals sponges and fishes.1,2 From those bioinorganic materials, to 

complex metal oxides, research has been extensive due to the wide range of possible applications that these 

materials possess. One reason for such diversity is due to the high tunability of the properties, which can 

be modified by altering factors such as the porosity, crystallinity, morphology, doping or particle size. 3–6 

 

In nature, as in the laboratory, these physical properties can be controlled by the organic phase. 

Proteins and polysaccharides possess a plethora of structures and functionality, which can be used to 

influence the growth of the inorganic phase. An additional influence above and beyond the merely 

structural, is the influence of the functional side-group of the biopolymer, i.e. hydroxyls (agar, starch, 

cellulose), carboxyls (pectin, alginate), amide/amines (chitin/chitosan) and sulfate (carrageenan).7 The 

interaction, both structural and chemical, with the inorganic phase invariably produces structure at the nano- 

and micro-scale. By judicious selection of the organic phase, laboratory-grown inorganic materials with 

structures such as nanocrystals, nanorods, nanoplatelets nanofibers or aerogels can be produced. 8–12 

 

A great deal of work has gone into understanding and establishing the optimal conditions for the 

synthesis of metal oxides using polysaccharides,13 however, recent works using ionic liquids to chelate 

metal cations with the support of these organic compounds have opened up new synthetic pathways. An 

ionic liquid (IL) is a mixture of long-chain cations and coordinating anions.10 These solvents are described 

as green, being environmentally friendly and able to solvate inorganic salts.14 Some properties that make 

them worth of consideration are; good thermal stability, tuneable solubility, low vapour pressure,15 as well 

as enabling fast mass transport. ILs have been used to synthesize diverse metal oxides with a wide range of 

physical properties.16 ILs can even be considered to play a role in sol-gel chemistry, as they can dissolve 
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polymers to form a gel structure, particularly in the case of biopolymers such as dextran, chitosan, cellulose, 

and starch. 

 

Both ILs and biopolymers have been used previously in the synthesis of inorganic phases and the 

chelating properties (Figure 4.1) as individuals has been gauged, yet the interaction between the ionic liquid 

and those polysaccharides have not yet been studied. Here we assess the contribution of the biopolymer in 

Figure 4.1. A)13 Schematic representation of the possible interaction between functions of polysaccharide 
units and metal-containing species. B) Schematic representation of the polysaccharides, cellulose, starch, chitosan, 

and dextran, and the ionic liquid, (emim)OAc.  
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an inorganic synthetic process involving an IL and how aspects of crystal structure such as size, morphology 

and composition differ. The polysaccharides have been limited to what we consider some of the most 

commonly used for metal oxide synthesis, namely the biopolymers dextran, chitosan, cellulose, and starch. 

 

4.2 Results and discussion 

 

4.2.1 Strontium niobate Sr5Nb4O15 

 

4.2.1.1 Ionic liquid 

The synthesis without any complexing agent other than the ionic liquid (emim)OAc resulted in 

crystallites with a wide range of morphologies, both in macrostructure and at the nanoscale (Figure. 4.2 

A&B). In addition to the target phase Sr5Nb4O15, we additionally observed the closely-related Sr2Nb2O7 

phase (Figure 4.2 C). Thus, for the ionic liquid alone, neither phase-purity nor morphological control is 

achieved. 

 

4.2.1.2 Ionic liquid with cellulose 

Cellulose is a polymeric chain composed of β(1 → 4) linked d-glucose units.13 Cellulose has been 

used previously as a morphological agent, with fibres 17 cubic-like particles 18 or rods 19 being observed 

Figure 4.2. A) SEM and B) TEM images with (C) the corresponding powder X-ray diffraction pattern from 
the synthesis of Sr5Nb4O15 using the ionic liquid (emim)OAc as chelating agent. Scale bars A = 100 µm, B = 200 

nm. 
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when it is incorporated into syntheses. In the case of the synthesis of Sr5Nb4O15, using cellulose as an extra 

chelating agent provided contrasting results. When 0.1 g was used, the outcome was agglomerated 

crystallites that ranged in size from 100 µm to 300 µm (Figure 4.3 C), whereas TEM image shown 

agglomerates of road-like particles (Figure 4.3 D). However, differences were seen when 1.0 g of cellulose 

was used. In this case, TEM images showed well-defined morphologies such as plate- and rod-like particles 

(Figure 4.3 A&B). The X-ray analysis showed that with 0.1 g, a single phase was the result, however, when 

1.0 g was used, solidification of the cellulose resulted in a heterogeneous material prior to calcination. This 

resulted in the formation of a secondary phase, namely Sr2Nb2O7 (Figure 4.3 E Top).  

 

 

4.2.1.3 Ionic liquid with chitosan 

Chitosan is a high molecular weight linear polymer of 2-acetamido-2-deoxy-d-glucopyranose units 

linked together by 1,4-glycosidic bonds, obtained by the deacetylation of chitin. Chitin originates in fungi 

and exoskeletons of insects and crustaceans.13 The most relevant feature of chitosan is the possession of 

Figure 4.3. A) SEM and B) TEM images with the corresponding powder X-ray diffraction pattern (E, top 
pattern) from the synthesis of Sr5Nb4O15 using ionic liquid and 1 g of cellulose. C) and D) show SEM and TEM 

images respectively, with the corresponding powder X-ray diffraction pattern (E, lower pattern) from the synthesis 
of Sr5Nb4O15 using the ionic liquid and 0.1 g of cellulose. Indexed planes correspond to the phase Sr5Nb4O15. Scale 

bars A & C = 100 µm, B & D = 200 nm. 
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NH2 groups which might vary the reactivity and chemistry significantly when compared to other 

polysaccharides. 

 

 In terms of micromorphology (Figure 4.4 A&C), syntheses performed with 0.1 g of chitosan as 

chelating agent resulted in a plate-like morphology. When 1.0 g was used however, a blocky morphology 

was evident. Under TEM (Figure 4.4 C&D), using 0.1 g, the sample displayed dazzling plates shadowed 

by spherical crystallites of smaller-scale with an average size of 20–30 nm (Figure 4.4 B and 4.5 A&B). 

However, when the amount was increased to 1.0 g, the plate-like crystals commute almost exclusively to 

clusters of spheres. Chitosan at low doses formed plates also with small spherical crystallites, however the 

uniform gel structure is heavily disrupted at high concentrations and only sphere-like crystals where 

synthesized. This could be attributed to the fact that an excess of this organic compound physically forms 

crumbs (Figure 4.5 C) instead of an evenly and uniform gel, generating multiple sites for the reaction to 

occur. Powder X-ray diffraction shows that at low concentrations, the addition of chitosan also provides a 

single crystal phase. At high concentrations however, the pattern does change significantly.  

Figure 4.4. A) SEM and B) TEM images with the corresponding powder X-ray diffraction pattern (E, top 
pattern) from the synthesis of Sr5Nb4O15 using ionic liquid and 1 g of chitosan. C) and D) show SEM and TEM 

images respectively, with the corresponding powder X-ray diffraction pattern (E, lower pattern) from the synthesis 
of Sr5Nb4O15 using the ionic liquid and 0.1 g of chitosan. Indexed planes correspond to the phase Sr5Nb4O15. Scale 

bars A & C = 100 µm, B & D = 200 nm. 
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EDX analysis offers valuable information that could explain such change. Apart from the physical 

limitation by forming crumbs, in both cases, either low or high concentration of this compound, the 

elemental analysis indicated the presence of impurities (Figure 4.6) such as Na, Ca and Al. The alumina 

crucible and the SEM holder are likely the sources of aluminium, with sodium and calcium coming from 

the chitosan. Interestingly, there are no nitrogen-containing impurities in the sample, as has been previously 

observed in other studies using chitosan in the production of metal oxides. 20 

 

  

Figure 4.5. A&B) TEM Image of the synthesis of Sr5Nb4O15 using 0.1 g of chitosan as the organic source, 
showing sphere-like nanocrystallites. C) Crumb formation instead of an even gel produced from the synthesis of 

Sr5Nb4O15 using chitosan as the organic source. Scale bars A & B = 50 nm.  

Figure 4.6. Scanning Electron microscopy energy dispersive X-ray analysis of the synthesis of Sr5Nb4O15 

with: A) 0.1 g and B) 1.0 g of chitosan. Insets show the quantitative analysis of elemental composition. 
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4.2.1.4 Ionic liquid with starch 

Starch comes from green plants and is formed by two different polymers assembled of d-glucose 

sequences, namely amylose and amylopectin.13  

 

When 0.1 g was used in the synthesis of strontium niobate, it shared a very similar crystal structure 

from that obtained via cellulose and the ionic liquid on its own (Figure 4.7 C). When the amount of the 

organic source is increased to 1.0 g, it showed an aggregated particle formation (Figure 4.7 A). In regards 

of the nanostructure, for both 0.1 g and 1.0 g, starch exhibited plate-like and rod-shaped crystals (Figure 

4.7 B & D). In stark contrast to other biopolymers investigated here, starch seems to disrupt the chelating 

properties of the IL creating a mix of phases observable on the powder X-ray diffraction pattern at 1.0 g 

(Figure 4.7 E). Starch has been identified as an important component in the formation of homogenous and 

well dispersed nanoparticles while having a relevant impact on the crystal phase.21 Moreover, the presence 

of rod shape crystals has been previously reported as a main crystal structure observed when using this 

polysaccharide.19 Another reason a polyphasic product is observed via X-ray diffraction is the presence of 

K and Ca impurities present in the starch (Figure 4.8). 

Figure 4.7. A) SEM and B) TEM images with the corresponding powder X-ray diffraction pattern (E, top 
pattern) from the synthesis of Sr5Nb4O15 using ionic liquid and 1 g of starch. C) and D) show SEM and TEM images 

respectively, with the corresponding powder X-ray diffraction pattern (E, lower pattern) from the synthesis of 
Sr5Nb4O15 using the ionic liquid and 0.1 g of starch. Indexed planes correspond to the phase Sr5Nb4O15. Scale bars 

A & C = 100 µm, B & D = 200 nm. 
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4.2.1.5 Ionic liquid with dextran 

Dextran is a hyper-branched polymer of dextrose of very high molecular weight obtained from the 

lactic-acid bacteria, with the most frequently used acquired from Leuconostoc mesenteroides and 

Streptococcus mutans.13  

 

Figure 4.8. Scanning Electron microscopy energy dispersive X-ray analysis of the synthesis of Sr5Nb4O15 

with: A) 0.1 g and B) 1.0 g of starch.  Insets show the quantitative analysis of elemental composition. 

Figure 4.9. A) SEM and B) TEM images with the corresponding powder X-ray diffraction pattern (E, top 
pattern) from the synthesis of Sr5Nb4O15 using ionic liquid and 1 g of dextran. C) and D) show SEM and TEM 

images respectively, with the corresponding powder X-ray diffraction pattern (E, lower pattern) from the synthesis 
of Sr5Nb4O15 using the ionic liquid and 0.1 g of dextran. Indexed planes correspond to the phase Sr5Nb4O15. Scale 

bars A & C = 100 µm, B & D = 200 nm. 
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Incorporation of dextran in the strontium niobate synthesis produced analogous morphological 

results to that obtained with starch (Figure 4.9 A-D). Interestingly, dextran is the only polysaccharide that 

exhibited single-phase at higher amounts (Figure E). It has been observed previously that the very high 

molecular weight of dextran acts as a more effective sparging agent on calcination, encouraging better 

mixing in the early stages of the synthesis and a totally homogeneous mixture of the precursor elements.22 

 

EDX analysis of both cellulose (Figure 4.10 C & D) and dextran showed complete purity displaying 

only Sr, Nb and O in the sample (Figure 4.10 A & B). 

 

  

Figure 4.10. Scanning Electron microscopy energy dispersive X-ray analysis of the synthesis of Sr5Nb4O15 

with: A) 0.1 g and B) 1.0 g of dextran, and C) 0.1 gr and B) 1.0 gr of cellulose. Insets show the quantitative analysis 
of elemental composition. 
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4.2.2 YBa2Cu3O7-δ (YBCO) superconductor 

After defining that to obtain crystal purity low quantities (0.1 g) of the organic source was 

preferential, further experiments followed however, this time to obtain a deeper understanding on the effect 

of the physical properties. It is well established that the critical temperature at which the material exhibits 

superconductivity relies heavily on the oxygen content.22–27 In fact, for YBa2Cu3O7-δ when 0 <  < 0.2 the 

critical temperature is slightly above 90 K however, with  increasing to 0.2 <  < 0.3 decreases sharply 

and remains nearly constant at approximately 60 K for 0.3 < < 0.5; above values of 0.5 a sharp decrease 

of critical temperature is observed from 60 K to 0 K.27 Moreover, the transport properties are critically 

dependent on the partial oxidation of Cu+. In YBCO superconductor oxidation is controlled almost 

exclusively by oxygen deficiency. 23 Controlling the oxygen content is crucial to obtain the highest possible 

critical temperature, therefore, characterization of YBCO superconductor synthesized via different 

polysaccharides was carried out in order to understand the role played by the organic compound.  

 

4.2.2.1 Ionic liquid 

Unfortunately, it was not possible to obtain SQUID magnetometry for this sample. However, via 

SEM analysis it was possible to demonstrate that the ionic liquid influences the morphology of the material. 

Two reactions were made, one where only the metal nitrates were employed and a second with the metal 

nitrates and the ionic liquid. (Figure 4.11 A&B). When the reaction was carried out only with the raw 

materials the product resembles to small crystallites aggregated forming huge masses with areas around 2 

x 105 µm2 (Figure 4.11 A). The second reaction, with the ionic liquid, shows a high contrast difference 

where particles look like dry leaves (Figure 4.11 B).  

 

Also, when comparing results obtained by the same ionic liquid in the synthesis of Sr5Nb4O15, 

blocks of agglomerated crystallites are obtained, whereas for the synthesis of the superconductor, results 

are no near close in similarity, suggesting that the interaction of the ionic liquid with different metal cations 

will vary the resulting morphology. With regards of the nanostructure (Figure 4.11 C), no particular 
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morphology is discernible. Most of the sample is represented by nanocrystallites with various sizes. Powder 

diffraction pattern shown minor impurities belonging to CuO and another marked (?) that could not be 

indexed.  

 

4.2.2.2 Ionic liquid with cellulose 

SEM images (Figure 4.12 A) show a very similar result observed by the ionic liquid with dry leaves-

like particles. On the other hand, TEM images (Figure 4.12 B) exhibit a difference where instead of bulky 

nanocrystals an agglomerate of thin wires-like nanocrystals is seen. This result is different from what was 

observed in the synthesis of Sr5Nb4O15 producing plate-like and road-like morphologies. SQUID 

magnetometry (Figure 4.12 D) of the crystal phase obtained gave Tc onset = 91 K indicating that the oxygen 

content of the superconductive phase is in between 0 <  < 0.2. Powder diffraction pattern (Figure 4.12 C) 

confirms high purity around the sample with diffraction from the superconducting crystal phase alone.  

Figure 4.11. SEM image of the synthesis of YBCO superconductor A) using only metal nitrates, and B) 
using ionic liquid. C) TEM image and D) powder diffraction pattern of the synthesis of YBCO superconductor 
using (emim)OAc as chelating agent. White circle shows the crystallite measure via Image J software. Indexed 

planes correspond to the phase YBa2Cu3O7-δ. Scale bars A & B = 100 µm, C = 200 nm. 
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4.2.2.3 Ionic liquid with chitosan 

The synthesis with chitosan does exhibit some similarities compared with what was previously 

observed in the synthesis of Sr5Nb4O15. SEM image (Figure 4.13 A) clearly shows extended plate-like 

macro morphology. Moreover, TEM image (Figure 4.13 B) also shown an agglomerate of particles very 

similar to those spotted in the synthesis of the strontium niobate however, with size variations where instead 

of ~30 nm, are around ~185 nm. Lastly, SQUID magnetometry was difficult to obtain, but it is clear that 

the Tc onset happens to be near 63 K (Zero Field Cooling, ZFC) and 66 K (Field Cooling, FC). The critical 

temperature is found to belong to the so called second “plateau”27 meaning that the oxygen content must 

have 0.2 <  < 0.5 values. More precisely a continues drop happens for 0.2 <  < 0.3 values and the fact 

that the critical temperature is slightly above 60 K indicates that values have to be in that range of  values. 

Figure 4.12. A) SEM and B) TEM images of the synthesis of YBCO superconductor via (emim)OAc and 
cellulose as chelating agents. C) Powder diffraction pattern of the superconductive phase. D) SQUID 

characterization, red line zero-field cooling, and black line field cooling, showing the Tc onset. Indexed planes 
correspond to the phase YBa2Cu3O7-δ. Scale bars A = 100 µm, B = 200 nm.  
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Via powder diffraction pattern (Figure 4.13 C) it is possible to encounter with not only the superconductive 

phase but also with copper oxide (CuO) and barium copper oxide (BaCuO2).  

 

4.2.2.4 Ionic liquid with starch 

SEM image (Figure 4.14 A) shown also plate-like particles very much like that observed with 

chitosan but, clearly different from results obtained in the synthesis of the strontium niobate, where the 

outcome was agglomerated crystallites. Moreover, in comparison with the predominant rod-like 

morphology observed in the synthesis of the strontium niobate, TEM image (Figure 4.14 B) did not exhibit 

any particular morphology. SQUID magnetometry analysis (Figure 4.14 D) shown Tc onset = 60 K. Once 

again, we found this crystal phase to be oxygen deficient with 0.3 < < 0.5 values. Similarly to the reaction 

carried out with chitosan, extra crystal phases can be seen via powder diffraction pattern (Figure 4.14 C), 

namely copper oxide (CuO), barium copper oxide (BaCuO2), and yttrium copper oxide (Y2Cu2O5). 

Figure 4.13. A) SEM and B) TEM images of the synthesis of YBCO superconductor via (emim)OAc and 
chitosan as chelating agents. C) Powder diffraction pattern of the superconductive phase. D) SQUID 

characterization, red line zero-field cooling, and black line field cooling, showing the Tc onset. White circle shows the 
crystallite measure via Image J software. Indexed planes correspond to the phase YBa2Cu3O7-δ. Scale bars A = 100 

µm, B = 200 nm. 
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4.2.2.5 Ionic liquid with dextran 

When comparing with previous experiment dextran surprisingly gave similar results in the 

synthesis of the strontium niobate and the YBCO superconductor. SEM image (Figure 4.15 A) in both cases 

displayed agglomerated crystallites with varying sizes. However, TEM images shown differences, in 

comparison with the rod-like and plate-like particles obtained for the strontium niobate, YBCO 

superconductor exhibited no definable morphology (Figure 4.15 B). SQUID magnetometry results (Figure 

4.15 D) shown a Tc onset = 94 K (FC) and 91 K (ZFC). Both critical temperatures indicate 0.0 < < 0.2 values, 

implying that the best quality of superconducting phase with the desired oxygen content was formed.  

 

 

 

Figure 4.14. A) SEM and B) TEM images of the synthesis of YBCO superconductor via (emim)OAc and 
starch as chelating agents. C) Powder diffraction pattern of the superconductive phase. D) SQUID characterization, 
red line zero-field cooling, and black line field cooling, showing the Tc onset. Indexed planes correspond to the phase 

YBa2Cu3O7-δ. Scale bars A = 100 µm, B = 200 nm. 
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4.3 Conclusions  

The homogeneity afforded by the IL/biopolymer mixture at low concentrations clearly results in a 

single-phase material through the facile mass transport of species during the synthesis. However, it was 

also shown that despite the powder x-ray diffraction patterns exhibited mostly single-phase of YBCO 

superconductor, via SQUID characterization it was possible to establish that the oxygen content varied 

depending the organic source in use. The highest critical temperature exhibited belong to dextran with Tc 

onset = 94 K and cellulose with Tc onset = 91 K.  

 

Furthermore, for the synthesis of the strontium niobate when the use of organic source is increased, 

only dextran is capable of delivering a single-phase material. This is presumably due to a disruption of mass 

transport through the gels. Moreover, elements present in the organic source, such as calcium, sodium and 

potassium, are more evident and in enough quantities to disrupt the production of a single-phase.  

Figure 4.15. A) SEM and B) TEM images of the synthesis of YBCO superconductor via (emim)OAc and 
dextran as chelating agents. C) Powder diffraction pattern of the superconductive phase. D) SQUID characterization, 
red line zero-field cooling, and black line field cooling, showing the Tc onset. Indexed planes correspond to the phase 

YBa2Cu3O7-δ. Scale bars A = 100 µm, B = 200 nm. 
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Additionally, it was proven in the synthesis of the strontium niobate that the organic source does 

help to lead the reaction into a specific crystal phase providing control over the stoichiometry of the reaction 

and the possibility to generate targeted single-phases where, on the contrary, without the organic source, a 

mixed phase was most commonly exhibited. Finally, the morphology of the crystals is still a task that 

requires further investigation, however, at low concentrations of the organic compound, in most of the 

cases, excepting chitosan which delivered plate-like macro and nano structures in the synthesis of 

Sr5Nb4O15, the macromorphology and nanostructure is dictated by the ionic liquid. It is important to 

highlight the fact that the morphology exhibited by the interaction of the ionic liquid with the metal cations 

will vary depending the metal cations in use. This can be observed by comparing results between the ionic 

liquid with Sr and Nb for the synthesis of the strontium niobate, against Y, Ba, and Cu for the synthesis of 

the superconductor. Lastly, morphological changes, when synthesizing Sr5Nb4O15, were observed when the 

amount of the organic source was increased, such as cellulose delivering elongated particles in both macro 

and nano scale, but this came at a cost to the overall phase purity of the product. 
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Chapter 5  

The role of ionic liquid/deep eutectic 

solvents in the synthesis of metal oxides. 
 

 

Parts of this chapter are published in the reference indicated below printed in CrystEngComm. The 

paper used in the creation of this chapter was written and submitted by myself involving the preparation of 

all figures and text contained herein. I was involved in analysis of all data collected both directly by myself 

and on behalf of the publication by co-authors. Any data used in this thesis, collected and analysed with 

only minimal input from myself has been referenced accordingly. Specifically, all data was collected by 

myself other than HRTEM images taken by Jean-Charles Eloi the Electron Microscopy Technician and the 

help provided by Iori Sudoh to obtain SQUID magnetometry data. 
 
Gómez Rojas, O.; Sudoh, I.; Nakayama, T.; Hall, S. R. The Role of Ionic Liquids in the Synthesis 

of the High-Temperature Superconductor YBa2Cu3O7−δ. CrystEngComm 2018. 
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5.1 General introduction 

Since the discovery of the high temperature superconductors in 1986,1 different synthetic routes 

have been used in order to achieve greater crystallographic control, with the objective of producing a 

product of high quality, faster and cheaper. The sol-gel synthesis route2 has been constantly evolving to 

fulfil these criteria and has produced many variants. Ionic liquids have been shown to be a system which 

has the capability to synthesize various different inorganic compounds.3–5 Mechanistically, this method 

relies on the ability of ionic liquids to solvate metal cations and act as chelating agents, subsequently 

producing a gel with the additional use of an organic source such as a polysaccharide, in order to create 

single-phase complex functional materials.6,7 

 

In general terms an ionic liquid (IL) is a non-conventional molten salt usually composed of large 

organic cations and smaller organic or inorganic anions.8 The popularity of these systems has been growing 

due to the fact that they are ‘green’, super dissociating solvents, with low melting points, negligible vapor 

pressures, and with high thermal stabilities, and ionic conductivities.8–11 Due to the huge diversity of anions 

and cations that can be used to synthesize an IL, their properties can be fine-tuned to fulfil a desired purpose. 

Specifically, for the synthesis of inorganic materials, ionic liquids have additional advantages such as 

having low interfacial tension which allows for a high nucleation rate.3 ILs can also form extensive 

hydrogen bonding systems thereby producing a complex structure that will further influence the structures 

of the final products.12–14 Lastly ILs can provide a non-aqueous alternative for different types of synthesis 

procedures.15–17 

 

ILs have yet big disadvantages, the price tends to be high due to their complicated process of 

synthesis. Moreover, ionic liquids were initially classified as green however, such an attribution has been 

recently argued.18 Several studies pointed out the hazardous toxicity and very low biodegradability of most 

of those ILs.19,20 To obtain the desired functionality, ionic liquids must be of high purity otherwise their 
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properties are compromised. In addition to this, the synthesis of ILs require large amount of salts and 

solvents to ensure complete ion exchange. Collectively the syntheses of some ILs are far away from being 

environmentally friendly and the synthetic complexity is also reflected in the high price of common ILs.21  

 

In 2001 a new generation of solvents emerged, namely deep eutectic solvents.22 Deep eutectic 

solvents overcome some of the drawbacks that the ionic liquids have due to a straightforward synthesis by 

only mixing together components capable of forming a eutectic mixture. Two of the most common 

compounds used are choline chloride combined with a hydrogen bond donor, both of which are green, 

cheap, renewable and biodegradable.  

 

Several advantages can be highlighted such as their low price, easier storage and preparation. Deep 

eutectic solvents exhibit similar physico-chemical properties as the ionic liquids and as a result these 

compounds are commonly considered as ionic liquids in the literature. However, deep eutectic solvents 

differ in the fact that they are not always formed only by ionic species and, in fact, can be made from non-

ionic species.21 Many deep eutectic constituents have been explored23,24 and include the use of natural 

products such as organic acids, amino acids and sugars.23,25,26 Molecules used by nature are suitable 

candidates to produce new, green and exciting deep eutectic solvents, also their vast diversity provides 

different chemically biodegradable properties.  

 

Despite the fact that the ionic liquids have been used in the synthesis of inorganic materials27–30 and 

great efforts have been made to control the crystal phase and morphology, a lack of fundamental 

understanding of the role of the ionic liquid during the synthetic process has still not been achieved. The 

work presented in this chapter focus on unveiling the role played by the ionic liquid/deep eutectic solvent 

targeting the superconductive YBa2Cu3O7-δ (YBCO) crystal composition. Furthermore, as a proof of 

concept, it was possible to synthesise Bi2Sr2CaCu2O8+x (BSCCO or Bi-2212) using a natural deep eutectic 
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solvent (NADES). Finally, getting advantage of the knowledge obtained it was possible to synthesise a new 

sodium strontium niobate crystal composition via a choline chloride based deep eutectic solvent.  

 

5.2 The role of ionic liquids in the synthesis of the high-temperature 

superconductor YBa2Cu3O7-δ 

 

5.2.1 Results and discussion 

 

5.2.1.1 Infrared spectroscopy 

In order to understand the very first interaction of the ionic liquid/deep eutectic solvents with the 

metal cations, FTIR was carried out firstly of just the ionic liquid/deep eutectic solvents (Figure 5.1-5.3 

Red lines), and second of the ionic liquid/deep eutectic solvents in interaction with the metal cations (Figure 

5.1-5.3 Blue lines). All FTIR measurements were done after dehydration process to avoid, as much as 

possible, water in the system.  

 

5.2.1.1.1 (emim)OAc 

Important differences can be noted, especially in two indicative range of wavelengths. The first and 

most important is from 1130 to 1420 cm-1, specifically 1130-1210 cm-1, and 1340-1420 cm-1, which 

correspond to the C-O stretching and the O-H in plane bend from the carbonyl group respectively. Solvated 

metal cations by (emim)OAc prompt a shift to lower wavelengths of the C-O stretching, namely from 1177 

to 1171 cm-1, whereas a shift towards higher wavelengths is present for the O-H in plane bend from 1376 

to 1382 cm-1 (Figure 5.1 circled area). 31 This is a clear indicator of how the chemical environment of the 

carboxylic group has changed due to the insertion of metal cations. The second range of wavelengths is 

from 2650 to 3200 cm-1 which represents vibrations from the aromatic C=C (Above 3000 cm-1) and alkanes 

present in both constituents (bellow 3000 cm-1).31 A clear shift to higher wavelength values can be seen in 

the (emim)OAc/chelated metal cation spectra (Figure 5.1 blue line) compared against only the ionic liquid 
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spectra (Figure 5.1 red line); this shift corresponds to a change in the electronegativity of the neighbouring 

atoms. It is important to note that despite the aim to fully dehydrate all samples, the FTIR spectra shows O-

H stretching bands in the range of 3500-3200 cm-1 (Figure 5.1 blue line). It is also the case that water 

molecules will impact heavily in lower wavelengths as can be seen with the broadening of bands, from 800-

400 cm-1 (Figure 5.1 blue line), due to a significant increase in the number of hydrogen bonds.32 

 

5.2.1.1.2 Ethylene glycol: choline chloride DES 

There are two main sections to highlight to elucidate the interaction between the DES and the metal 

cation. The first region can be found in the range of 800-400 cm-1 which corresponds to the presence of Cl- 

in the DES by C-X stretching (Figure 5.2 Red line).33 The clear change in shape of the band indicates that 

the chemical environment surrounding the Cl- has changed due to the insertion of metal cations (Figure 5.2 

Blue line). Also, at 955 cm-1 (Indicated in Figure 5.2 *) the band which corresponds to choline is intact 

which signposts the fact that the molecule is not involved in the chelation of the metal cation. The second 

Figure 5.1. Fourier transformation infrared spectra of blue: (emim)OAc with Cu, Y, and Ba nitrates, red: 
only (emim)OAc. Inset represents a magnified frame of the circled area of the FTIR spectra. 



111 
 

important feature is the appearance of a band in the wavelength 1650 cm-1 (Figure 5.2 Blue line). This band 

corresponds to the interaction of ethylene glycol as a ligand with the metal cations.34, 35 Therefore, these 

spectra provide information about how the interaction happens in two separate ways; one will be between 

the chloride and the metal cations and the second, between the molecule of ethylene glycol and the metals 

cations. The formation of such complexes will change the chemical environment of the system; thus, 

changes can be observed in a shift to higher values of the bands in the wavelength range of 3000-2800 cm-

1 (Figure 5.2 blue line), corresponding to C-H stretching of the alkanes, and 3700-3000 cm-1, belonging to 

the O-H stretching of the ethylene glycol and of the overall hydrogen bonding network of the DES.35 

 

5.2.1.1.3 Imidazole: choline chloride DES 

The most important band to highlight comes at 3225 cm-1 (Figure 5.3 circled), which belongs to N-

H stretching of secondary amines in interaction with the choline chloride, this band is not present in the 

Figure 5.2. Fourier transformation infrared spectra of blue: ethylene glycol: choline chloride DES with Cu, 
Y, and Ba nitrates, red: only ethylene glycol: choline chloride DES. Inset represents a magnified frame of the circled 

area of the FTIR spectra. 



112 
 

FTIR spectra of imidazole31 nor of choline chloride,33 therefore it is safe to assume that it belongs to the 

interaction of both components of the DES. Once the DES is exposed to the metal cations, the band vanishes 

(Figure 5.3 blue line), indicating the formation of a complex between the imidazole and the metal cations, 

substituting the direct interaction of imidazole with chlorine forming complexes where secondary amines 

are not present.36–38 

 

5.2.1.2 Uv-Vis 

 

5.2.1.2.1 (emim)OAc 

The absorbance band of (emim)OAc with the hydrated metal cations is shown to be in the blue 

region of the spectrum with a maximum absorbance value at 470 nm (Figure 5.4A blue line). However, 

when the solution is dehydrated the absorbance band undergoes an expected reduction in intensity and a 

second band appears in the green region of the visible spectrum with a maximum absorbance at 560 nm 

Figure 5.3.  Fourier transformation infrared spectra of blue: imidazole: choline chloride with Cu, Y, and 
Ba nitrates, red: imidazole: only choline chloride DES. Inset represents a magnified frame of the circled area of the 

FTIR spectra. 
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(Figure 5.4A red line). It is noteworthy that despite the dehydration process in both, Uv-vis absorbance and 

FTIR spectrum, bands related to remains of water content can still be seen. The colour exhibited by the 

solutions in both hydrated and dehydrated conditions correlates with the representative colour of copper 

acetate, hydrated and dehydrated respectively. 39 

 

5.2.1.2.2 Ethylene glycol: choline chloride DES 

The hydrated solution of EG: ChCl DES with metal cations shows a maximum absorbance at 522 

nm (Figure 5.4B blue line), which belongs to the green region of the visible spectrum. Once the solution is 

dehydrated the band shifts from 522 nm to 594 nm (Figure 5.4B red line), displaying a yellow-orange 

colour. These colours correlate with the expected colour of CuCl2 in its hydrated and dehydrated forms 

respectively.39 

5.2.1.2.3 Imidazole: choline chloride DES 

Uv-vis spectra before and after dehydration indicate no change with a maximum absorbance band 

in the blue region of the spectrum at 445 nm (Figure 5.4C blue line & Figure 2C red line). The representative 

deep blue colour exhibited has been observed in coordinated complexes of copper with imidazole 

ligands.39,40  

In good agreement with what was seen via FTIR, all the respective complexes expected to be 

formed are being observed via uv-vis absorption. Also, even by eye copper complexes in solution were able 

to be identified (Figure 5.4 1-9). To solve the question of how these complexes are involved with the 

outcome of the final crystal composition, a systematic temperature analysis was carried out. 
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A general aspect observed is that with the mix of metal nitrates, namely yttrium nitrate, barium 

nitrate and copper nitrate, and the ionic liquid/deep eutectic solvent systems, apart from a shift of max to 

different wavelengths, there is a reduction of the transmitted beam. This indicates that the solution is not 

transparent (Figure 5.5 A) and therefore must be a colloidal solution of metal nanoparticles with a 

stabilizing anion layer around it and the cation acting as a surfactant (Figure 5.5 B). Therefore, the ionic 

liquid/deep eutectic solvent does not form a homogenous multicationic solution but rather a heterogenous 

nanoparticulate solution.  

  

E
I

Figure 5.4. Top: Uv-Vis spectra of A) blue line: (emim)OAc /Y, Ba, Cu nitrates before, and red line: after 
dehydration. B) blue line: EG:ChCl DES/ Y, Ba, Cu nitrates before, and red line: after dehydration. C) blue line: 

imidazole:ChCl DES / Y, Ba, Cu nitrates before, and red line: after dehydration. Bottom: 1: (emim)OAc, 2: 
(emim)OAc / Y, Ba, Cu nitrates before, and 3: after dehydration, 4: EG/ChCl DES, 5: EG/ChCl DES/ Y, Ba, Cu 

nitrates before, and 6: after dehydration, 7: imidazole:ChCl DES, 8: imidazole:ChCl DES / Y, Ba, Cu nitrates 
before, and 9: after dehydration. dehydration. 
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5.2.1.3 Temperature Analysis via pXRD 

 

To clarify the crystal growth of the different reaction medias used, namely IL/DES and the mono-

molecular chelating agents, temperature analysis was carried out from 320 °C to 920 °C in increments of 

100 °C. Also, a graphical representation obtained via Rietvield analysis is present with a schematic 

representation of the path followed by each corresponding chelating compound is used.  

 

Figure 5.5. A) Photograph of the metal nitrates in the different solvents before (blue) and after (red) 
dehydration, showing cloudy solutions and in some cases a precipitate. B) Schematic representation of a metal 

nanoparticle being stabilized by the IL/DES.  
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5.2.1.3.1 (emim)OAc 

The overall crystallization process (Figure 5.6 A-C) can be described in three different periods. At 

early stages (Figure 5.6 B I) of the calcination process, from 320 °C to 520 °C, most of the diffraction 

patterns have extremely broad peaks and a low signal to noise ratio (Figure 5.6 A), implying that most of 

the material is amorphous. Rietvield analysis shows from those diffractions that can be identified belong to 

barium carbonate (Ba(CO3)) representing 44.8% at 320 °C, 56.3  % at 420°C and 46.5  % at 520 °C, and 

copper oxides, being copper dioxide (CuO2) with 44.4 %, 4.5 % and 5 % at 320 °C, 420 °C and 520 °C, 

and copper oxide (CuO) covering 5.5 %, 37.7 % and 42.2 % at 320 °C, 420 °C and 520 °C respectively. 

 

The second period, from 520 °C to 720 °C, barium carbonate and cooper oxide will remain as the 

most predominant phases (Figure 5.6 B II) however, both crystal compositions will suffer from this point 

onwards a constant drop in percentage with copper oxide representing. 34 %, 22.2 %, 16.2 %, 5.8 % and 

3.1% at 620 °C, 720 °C, 800 °C, 820 °C and 920 °C, and barium carbonate demonstrating a similar 

behaviour but with a more pronounced drop from 51.1% at 720 °C to 26.4 % at 800 °C, to end up 

undetectable at 820 °C. Furthermore, at the beginning of the second period, yttrium will be present in the 

form of yttrium oxide (Y2O3) with 6.3 % at 620 °C and it will decay immediately to less than 2% at 720 

°C, reacting to give way to the formation of yttrium copper oxide Y2Cu2O5 at the end of this period, going 

from 3.4 % to 16.4 % at 620 °C, and 720 °C respectively.  

 

From this point onward the last and third period takes place (Figure 5.6 B III). At this point all the 

precursory phases are present, namely yttrium copper oxide, barium carbonate, and copper oxide. This 

period is significantly important as YBCO superconductor is firstly seen at 720 °C and it will see a constant 

growth, namely 18.1 % at 720 °C, 44.4 % at 800 °C and surprisingly at 820 °C already 94 %, at the expense 

of the depletion of the precursory phases. At the end of the calcination process 96.8 % will be YBCO and 

just a small percentage, 3.1 %, of copper oxide.  
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5.2.1.3.2 Ethylene glycol: choline chloride DES & imidazole: choline chloride DES 

In both DESs the first and clear difference that can be observed is due to the insertion of chlorine 

to the reaction (Figure 5.7 A & B I), resulting in the presence of barium chloride (BaCl2) at 320 °C,  

Figure 5.6. A) Temperature analysis via powder X-ray diffraction patterns, B) graphical representation via 
qualitative analysis of pXRD patterns, and C) diagram of crystal growth. of the synthesis of YBCO using 

(emim)OAc/dextran as chelating agents.  
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which represents over 55 % of the total percentage. The involvement of chlorine in the reaction will also 

produce the clathrate-type copper oxide (Cu6O8YCl) at 420 °C covering 16.5 %, 23.5 %, and 12.9 % from 

420 °C to 620 °C (Figure 5.7 A & B I). At 720 °C in the case of EG/ChCl DES, and 22.1 % of the sample 

at 420 °C for imidazole/ChCl DES, but this time it will decay to almost zero over the following 100 °C.  

Figure 5.7. A) Graphical representation via qualitative analysis of pXRD patterns from the temperature 
analysis of the synthesis of YBCO using EG:ChCl DES/dextran as chelating agents. B) Graphical representation via 

qualitative analysis of pXRD patterns from the temperature analysis of the synthesis of YBCO using imidazole: 
ChCl DES/dextran as chelating agents. 
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In both scenarios the consumption of the clathrate-type copper oxide will give arise to the formation of 

yttrium oxide which will see a constant growth in percentage from 1.2 % at 320 °C to 18.1 % at 720 °C and 

16 % at 820 °C, still, a massive drop is observed at 920 °C leaving it with only 1 % of the whole for 

EG/ChCl DES. Analogue results are faced with imidazole/ChCl DES where yttrium oxide represents 11.3 

%, 15.1 %, 19.4 %, and 1.4 % from 620-920 °C (Figure 5.7 A & B II-III). 

 

This drop coincides with the growth of copper yttrium oxide which will go from 3.9 % at 820 °C to 44.2 % 

at 920 °C for EG/ChCl DES, and 6 % at 820 °C to 39.4 % at 920 °C for imidazole/ChCl DES (Figure 5.7 

A & B III). At the end of the reaction process two of the precursory phases are present however, the fact 

that barium chloride will not decompose compromises the formation of the superconductor in both DES. 

The schematic representation of the crystal growth can be seen in Figure 5.8. The crystal growth analysed 

via powder diffraction patterns can be seen in the appendix section (A6 & A7). 

 

5.2.1.3.3 Imidazole/dextran & ethylene glycol/dextran 

To clarify the chelating properties that each component provides to the reaction and the outcome 

of the synthetic process, subsequent experiments using imidazole and ethylene glycol with dextran, in the 

absence of choline chloride, were carried out. To ensure the same experimental conditions, volumes 

generated by each DES were measured and the molar concentration per ml of each molecule calculated, 

resulting in 7.12 M for imidazole and 8.29 M for ethylene glycol. The main difference observed in the 

temperature analysis, when compared with what was observed with (emim)OAc, comes at the beginning 

of the calcination process (Figure 5.9 A & B I) where, barium nitrate (Ba(NO3)2), with more than 50 % of 

Figure 5.8. Diagram of crystal growth of the synthesis of YBCO using ethylene glycol: choline chloride 
DES/dextran and imidazole: choline chloride DES/dextran as chelating agents. 
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the overall, can be observed. This phase will steadily react with carbonized material forming barium 

carbonate, this is seen from the drop of percentage of 23.6 % to 9.7 % from 420-520 °C for imidazole, and 

17.3 % to 6.7 % from the same range of temperature for ethylene glycol, finally reacting completely at 620 

°C. The fact that barium is contained in another crystal specie will inhibit the early formation of barium 

carbonate at 320 °C, where only 3.5 % belongs to it when imidazole is used, and 4.7 % with ethylene glycol, 

causing an overall delay in the reaction process.  

Figure 5.9. A) Graphical representation via qualitative analysis of pXRD patterns from the temperature 
analysis of the synthesis of YBCO using ethylene glycol /dextran as chelating agents. B) Graphical representation 

via qualitative analysis of pXRD patterns from the temperature analysis of the synthesis of YBCO using 
imidazole/dextran as chelating agents. 
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This delay heavily impacts in the formation of yttrium oxide and yttrium copper oxide. Yttrium 

oxide will be seen in the second period of the calcination process (Figure 5.9 A & B II), and it will react, 

decaying in percentage from 17.5 % to 7.4 % from 620-720 °C for ethylene, but it will stay steady in the 

case of imidazole with 10.1 % and 11.1 %. This differs significantly when (emim)OAc is used where 

yttrium oxide possesses 6.3 %, and barely 2.9 %, at 620 °C, and 720 °C respectively. Not only the 

percentage is lower but also the crystal phase appears 100 °C lower with respect of imidazole and ethylene 

glycol reactions. Consequently, yttrium copper oxide (Figure 5.9 A & C III) will cover only 5 % and 0 % 

with ethylene glycol and imidazole respectively. In comparison, when (emim)OAc was used, it is observed 

that yttrium cooper oxide will start to grow from 3.4 % to 16.4 % at 620 °C, and 720 °C respectively. This 

delay in growth/reaction times compromises the success of the outcome. Consequently, in addition to 

YBCO superconductor, varied versions of such crystal composition will be found. Crystals were identified 

as BaY0.25Cu0.75O2.25, Ba3Y0.5Cu1.5O5.5 and Y2BaCuO5, when imidazole/dextran was used and Y2BaCuO5 

when the reaction was carried out using ethylene glycol/dextran as chelating agents. The schematic 

representation of the crystal growth can be found in Figure 5.10. The crystal growth analysed via powder 

diffraction patterns can be seen in the appendix section (A8 & A9). 

 

 

  

Figure 5.10. Diagram of crystal growth of the synthesis of YBCO using ethylene glycol/dextran and 
imidazole/dextran as chelating agents. 
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5.2.1.4 Structural Characterization 

 

5.2.1.4.1 SEM and TEM 

The sample prepared with (emim)OAc exhibited a plate-like morphology formed by agglomerated 

crystallites that fluctuated in sizes. (Figure 5.11 A). The smallest crystallite had an area calculated to be 

1,655 µm2 and the largest, 58,006 µm2. Particles measured, and distribution size table can be seen in Figure 

5.11 C. In terms of nanostructure, (emim)OAc shows some plate-like particles with dimensions of 250 nm 

in length and an average area of 141,333 nm2 (Figure 5.11 B). This result is consistent with what has been 

observed before when this ionic liquid and dextran in low concentrations were used.40  

 

Figure 5.11. A) Scanning electron microscopy. B) Scanning Electron Microscopy image of the 
superconductive YBCO sample. Highlighted the crystals chosen to be measured (Left). Table of their relative 

surfaces areas (Right). Transmission electron microscopy All the data shown in this figure was produced using 
(emim)OAc /dextran as chelating agents.  
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5.2.1.4.2 Squid magnetometry 

A superconducting quantum interference device was used as means to characterize the 

superconductive sample obtained during the series of experiments described above. Measuring the magnetic 

susceptibility against temperature one can determine the critical temperature at which the sample starts to 

exhibit a superconducting state. The sample prepared via (emim)OAc ionic liquid supported with dextran 

displayed Tc onset = 93.9 K (Figure 5.12) which is consistent to what has been previously reported.41 

 

 

5.2.1.4.3 pXRD 

The pXRD pattern of YBCO (97 %) can be seen in Figure 5.13. All peaks could be indexed to 

YBCO. Diffraction patterns were analysed using the Inorganic Crystal Structure Database (ICSD) reference 

numbers for phase identification (Chapter 2 table 2.2). 

 

 

 

Figure 5.12. SQUID characterization of YBCO superconductive crystal phase produced using (emim)OAc 
/dextran as chelating agents.  
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5.2.2 First conclusions 

 

In order to elucidate the mechanism of reactions of the ionic liquids and to be able to explain why 

some produce greater product purity in the synthesis of metal oxides, different scenarios were studied. 

Under such conditions there were a few points that need to be taken in account that shown to be key factors 

on the pursuance of producing single-phase metal oxides.  

 

First, it was proven that the IL/DES produces, in interaction with the metal cations, metal 

nanoparticles which, are stabilized by the anion layer around it and the cation acting as a surfactant. This is 

relevant as it constrains the system to the nanoscale, increasing the active surface area therefore, the 

reactivity of the system.  

 

Second, extra components such as chlorine will take part in the reaction and produce metal chloride 

associate phases. These phases when stable along the whole temperature setup, such as the case of BaCl2, 

will not decompose disabling the formation of YBCO superconductor. It has been proved however that 

Figure 5.13. Powder X-ray diffraction pattern of YBCO superconductive crystal phase produced using 
(emim)OAc /dextran as chelating agents.  
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chlorinated phases could be also use for the synthesis of metal oxides provided the temperature of 

calcination is high enough to allow for recombination.42 

 

Third, it is very important to identify, for every system, the precursory phases needed to form the 

target crystal phase. In this case copper oxide, yttrium copper oxide and barium carbonate were clearly 

identified as the precursor phases, consequently, allowing the formation of such phases at earlier stages will 

speed up the synthesis of the target phase. In this work we shown that YBCO phase appeared at a 

temperature 100 °C lower than the usual synthetic temperature of YBCO (920 °C),7 even as low as 800 °C 

when (emim)OAc was used as a chelating agent.  

 

Lastly, to promote environmental homogeneity and to strive for similar conditions in each 

synthesis, dextran was used as a non-specific, polychelating agent. It can be noted that even this addition 

did not produce the early formation of barium carbonate, the main crystal phase that differs between 

(emim)OAc and the rest, where barium carbonate is observed the formation at the early stages (320 °C) of 

calcination, whereas barium chloride is present in synthesis with ethylene glycol:ChCl DES/dextran and 

imidazole:ChCl DES/dextran, and barium nitrate when imidazole/dextran and ethylene glycol/dextran were 

employed. The carbonyl group of the acetate therefore is responsible of enabling the synthesis of barium 

carbonate at 320 °C, this will also restrict and prevent the synthesis of unwanted associate phases that will 

compromise the formation of the target crystal phase. Similar behaviour has been already observed before 

in an analogous system.43  
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5.3 Synthesis of the superconductor BSCCO (Bi-2212), using a deep eutectic 

solvent. 

 

As the information suggested, the carbonyl group in interaction with the metal cations at the 

beginning of the whole synthetic process was leading, during the calcination process, towards the formation 

of carbonate phases. The fact that carbonate phases can decompose releasing CO2(g) allows a faster re-

integration of metal ions to the synthetic process facilitating recombination and thus forming the desired 

crystal composition, whereas crystal phases without (CO3)2- will undergo to solid state reactions until the 

final composition is acquire. Following this principle and to lower the overall expenses of the synthetic 

process, namely substituting (emim)OAc, research was done to encounter with a molecule with similar 

characteristics, i.e. containing a carbonyl group. A candidate proposed was a DES made by mixing betaine 

(chemical formula (CH3)3N+CH2COO-) and D-(+)-glucose in 5:2 molar ratio. 

 

The proposed DES was employed for the synthesis of Bi2Sr2CaCu2O8+x (BSCCO or Bi-2212), 

another high-temperature superconductor. Previous work done to synthesise this crystal composition 

required prior preparation to integrate barium nitrate, an insoluble salt, into a solution. To achieve that 

ethylenediaminetetraacetic acid (EDTA) and ammonium hydroxide were used. Furthermore, instead of 1-

ethyl-3-methylimidazolium acetate, 1-ethyl-3-methylimidazolium nitrate was utilized,7 which is extremely 

expensive, 1 g cost £32.90 (Sigma Aldrich product 04363-1G). In contrast, via the use of betaine it was 

possible to solubilized bismuth nitrate in water, therefore avoiding previous steps. Further ahead the overall 

synthetic procedure was investigated in detail.  
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5.3.1 Results and discussion 

 

5.3.1.1 Infrared spectroscopy 

By FTIR it is possible to track first interactions between the chelating agent and the metal cation. 

The FTIR study was done by comparing the interaction of the DES itself and with all the metal cations (M-

DES) before and after dehydration (Figure 5.14). Betaine is composed by carbonyl group on one side and 

tri-substitute amine on the second part. Tertiary amines exhibit no bands in the FTIR therefore the focus 

relies on the range of wavelengths from 3300-2500 cm-1 belonging to the O-H stretching, 1630 cm-1 to the 

C=O stretching, 1325 cm-1 and 885 cm-1 to the O-H in plane bend (Figure 5.14 *)31. Most of the bands 

remain in the same wavelength with the only one exception by the band found in the rage from 2958 cm-1 

to 2970 cm-1. When the hydrated metal nitrates are introduced in the DES the band is barely seen in the 

wavelength 2982 cm-1, however, in comparison it is not visible for the DES itself. Furthermore, when the 

M-DES is dehydrated the band is clearly visible at wavelengths 2981cm-1 and 2971cm-1 The fact that all 

the other remaining bands corresponding to the carboxyl group are not shifted towards any directions 

implies that the band seen in the range of 2958 cm-1 to 2970 cm-1 belongs to the nitrate group of the metal 

cations 44,45 rather than the carboxyl group of the betaine. Overall, in contrast with what was observed 

previously when (emim)OAc was used, there is complex formation between the molecule betaine and the 

metal cations via electrostatic interactions forming a weak coordination sphere rather than the production 

of nanoparticles with stronger binding bonds which, would explain the lack of a shift in any band of the 

carboxyl group of the betaine molecule or the appearance of a new band due to the complex formation. 

Moreover, these purely electrostatic interactions can be observed by changes in the width of the infrared 

bands due to the number of chemical environments (Figure 5.14 A).  
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5.3.1.2 Temperature analysis  

Preliminary studies as control reactions were made to understand the role played by every 

component that forms part of the synthesis, namely glucose, betaine, and finally the DES. With the use of 

pXRD (Figure 5.15) it was established that just the mixture of betaine and glucose (Figure 5.15 C), will 

provide high yields of BSCCO superconductor. Nonetheless, using only betaine (Figure 5.15 B) as a mono-

molecular chelating agent could produce, based on Rietveld refinement, 82.9 % of the superconductive 

phase, whereas the reaction carried out with D-(+)-glucose (Figure 5.15 A) gave only 22.5 %.  

Figure 5.14. Fourier transformation infrared spectra of A) black: DES with Bi, Sr, Ca, and Cu nitrates, and 
red: just DES, both, black & red, dehydrated. B) Fourier transformation infrared spectra of black: DES with Bi, Sr, 

Ca, and Cu nitrates, and red: just DES, both, black & red, hydrated. Inset represent zoom areas of the respective 
bands marked with *. 

Figure 5.15. Powder X-ray diffraction pattern of the synthesis of Bi-2212 using A) glucose, B) betaine, C) 
betaine: D-(+)-glucose (5:2) DES as chelating agents, and D) Standard deviation of the synthesis of BSCCO 

superconductor via DES. 
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DESs stability has been subject of study,46 therefore the analysis of the reaction over a period of 

time, for 21 days every 3 days (Figure 5.16), was performed. The reaction performed immediately after 

producing the DES gave 93 % of the desired crystal phase (Figure 5.15 C), this being the optimum result 

obtained. 20 reactions followed to truly prove the reproducibility of this synthesis, giving an average value 

of 90.5% ± 5 % of the superconductive phase (Figure 5.15 D). After the third day there was a drop in the 

percentage of the target Bi-2212 phase to 87.3 % and a further decrease to 81.7 % by the sixth day and all 

days after that (Figure 5.16). DES are highly interactive systems capable of forming complex structures via 

hydrogen-bonding networks, 21,47–49 however, continuous interaction between components can also occur, 

producing a chemical structure change of a component therefore, changing the chelating properties of the 

DES. In the case of betaine: glucose based on the powder x-ray diffraction patterns, is notorious after 6 

days of aging. 

Figure 5.16. Powder X-ray diffraction patterns tracking the formation of undesired crystal phases while 
attempting the synthesis of Bi-2212 superconductor with betaine: glucose DES. 
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To elucidate what was happening during the synthetic process, temperature analyses via pXRD 

(Figure 5.17 & Appendix figure X) were executed. The crystal growth can be described in five different 

stages. The first part of the reaction (Figure 5.18 gray) shown singular metal oxides, mainly bismuth oxide 

(Bi2O3) and barely appreciated diffractions belonging to copper oxide (CuO). The second period (Figure 

Figure 5.17. Temperature analysis of the crystal growth via powder X-ray diffraction patterns of the 
synthesis of Bi-2212 using freshly made betaine: glucose DES. 
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5.18 blue) is represented by the appearance of ternary metal oxides, bismuth copper oxide (Bi2CuO4) and 

bismuth calcium oxide (Bi0.80Ca0.20O1.19). At this point there is not yet a crystalline phase containing 

strontium. The third period (Figure 5.18 red) covers the inception of carbonate phases such as strontium 

carbonate (Sr(CO3)), calcium carbonate (Ca(CO3)) and strontium calcium carbonate (Sr0.50Ca0.50(CO3)). The 

fourth and last period (Figure 5.18 green) is significantly important as it represents the growth and evolution 

of the more complex quaternary phases, such as bismuth strontium calcium oxide (Bi6Sr6.27Ca4.73O22) and 

bismuth strontium copper oxide (Bi1.91Sr1.84CuO5.48); the emergence of those crystal phases can be deduced 

Figure 5.18. A) Graphical representation via qualitative analysis of pXRD patterns from the temperature 
analysis of the synthesis of Bi-2212 using A) Immediately prepared betaine: glucose DES, and B) betaine: glucose 

DES aged for 21 days. 
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as being due to the continuous decomposition of the carbonates and the constant reaction of the ternary 

crystal phases. In this period is also where the desire superconducting phase is firstly seen, at 775 °C, and 

ending at 850 °C with the final crystal composition of Bi2212. From this period is clearly defined that the 

precursory phases needed for the generation of the superconductive phase are bismuth strontium copper 

oxide, bismuth strontium calcium oxide, and copper oxide.  

 

The crystal growth in both conditions, when the DES was freshly made and after 21 days of aging, 

appeared similar from pXRD results (Figure 5.18 & appendix Figure A10), however after doing a concise 

analysis with Rietveld refinement, a main difference can be observed. Highlighted in Figure 5.18, it is 

noticeable that the when the DES is freshly prepared, bismuth calcium oxide reacts faster than after the 

solution is left for days, change observable in values changes from 19.3 % at 450 °C to 5.4 % at 550 °C, 

whereas after the solution is aged, the percentage drops from 21.7 % at 450 °C to 16.4 % at 550°C. This 

will have a significant impact in the synthesis of Bi-2212 because the precursory quaternary phases are 

produced from the elements released from the decay of the carbonates and the recombination of ternary 

crystal phases. This implication is graphically seen for bismuth strontium calcium oxide, where when the 

DES is freshly prepared, it is present as 43.8 % at 650 °C of the total percentage, and only 30.2 % at the 

same temperature when the solvent was aged for 21 days; consequently, the crystal phase will start to re-

combine 25 °C earlier in the first case. This will eventually result in >90 % of the superconductive phase 

against 81 %  5 % from an aged solution. A diagram representing the crystal growth can be found in Figure 

5.19.  

 

 

Figure 5.19. Diagram of the crystal growth of the synthesis of Bi-2212 using betaine: glucose DES. 
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5.3.1.3 Structural characterization 

 

5.3.1.3.1 SEM and TEM 

Characterization via TEM and SEM showed that in both cases neither the nano- or 

macromorphology was controlled in any significant way. The usual Bi-2212 structures that are found in 

typical control syntheses are present, namely that the material is mainly composed by planar crystallites at 

the microscale (Figure 5.20 A), albeit the macrostructure resembles a sponge-like morphology made of 

polycrystalline aggregates. (Figure 5.20 B).  

 

EDX analysis showed a homogenous distribution, throughout all the material, of all the metal 

cations involved in the reaction (Figure 5.20 B). 

 

 

5.3.1.3.2 Squid magnetometry 

SQUID magnetometry (Figure 5.21), measuring the magnetic susceptibility as a function of 

temperature, showed that the critical temperature at which the sample starts to exhibit a superconducting 

Figure 5.20. A) Transmission electron microscopy of Bi-2212 nanocrystals, and B) scanning electron 
microscopy of Bi-2212 with the elemental mapping of each respective element of the synthesis of Bi-2212 using 

freshly prepared betaine: glucose DES. Scale bars A = 200 nm, B = 200 µm, Bi-Sr-Ca-Cu-O = 500 µm. 
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state, Tc onset, was 82 K.  This compares favourably with the usually reported Tc onset for Bi-2212 as being 

between 82 K and 90 K.50,51 

 

5.3.2 Second conclusions  

The use of betaine as a chelating molecule in a deep eutectic solvent allows the dissolution of 

bismuth nitrate (Figure 5.22), leading to the formation of a uniform multicationic solution in the DES. The 

evenly distribution allowed after calcination the creation of the superconductor Bi-2212 by a DES for the 

first time. Via this synthetic protocol it was possible to obtain > 90 % of the superconductive crystal 

composition. However, it was noted that after 6 days a considerable growth of precursory phases instead of 

the superconductive crystal.  

Figure 5.21. SQUID characterization of Bi-2212 synthesized using freshly prepared betaine: glucose DES. 

Figure 5.22. Photography showing the dissolution of bismuth nitrate in D-(+)-glucose (left) and betaine 
(right).  
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The mixture of the polysaccharide and betaine seems to continuously interact. This phenomenon 

can be visually observed by pictures taken at different times, namely freshly prepared being a transparent 

solution, after 2 months with a yellow coloration, and after 6 months turning into a dark yellow (Figure 

5.23). Such changes can be related to the oxidation of the polysaccharide over time therefore, changing the 

chelating properties of the molecule.  

 

 

Certainly, further investigation is needed to provide more evidence of such process and how is that 

directly related to the change in the chelating properties of the DES. However, based on this observation 

should provide valuable guidance to those wishing to use deep eutectic solvents in the synthesis of complex 

functional materials, in that syntheses should be attempted within the first 48 hours of preparation of the 

DES to avoid any structural changes of the solvent.  

 

  

Figure 5.23. Photography of the DES freshly prepared (A), 2 months aged (B), and 6 months aged (C).  
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5.4 Synthesis of a new sodium strontium niobate via imidazole: choline chloride 

DES. 

Are carboxyl groups the only reliable synthetic media for the synthesis of metal oxides? The 

straight answer to that is no. Rebeca et al. were capable to synthesized barium titanate via malonic acid 

choline chloride DES.42 As stated above, if the temperature is high enough to provide enough energy for a 

re-combination of a higher temperature-stable crystals, then chlorinated crystal compositions are not an 

issue.  

To test this, it was decided to compare the crystal growth of sodium strontium niobates via 

(emim)OAc, and imidazole: choline chloride DES. Knowing that chlorine was going to take part of the 

reaction, in the case of imidazole: choline chloride DES, the formation of sodium chloride is expected, 

whereas on the other hand the formation of carbonates should be seen. 

 

5.4.1 Results and discussion 

 

5.4.1.1 Via (emim)OAC 

 

5.4.1.1.1 Temperature Analysis via pXRD 

The first attempt was done with the use of the ionic liquid, (emim)OAc, and analysed via powder 

x-ray diffraction pattern. The synthesis was done mixing 1 ml of the ionic liquid with sodium hydroxide, 

strontium nitrate, and niobium ethoxide in a final molar ratio of 1:2:3. After dehydration 1 g of dextran was 

added to form a gel and immediately placed in the furnace with a ramp rate of 1 °C/min, and dwelling time 

of 6 h at different temperatures.  

 

The crystal growth was studied from 400 °C to 1100 °C (Figure 5.24). At the beginning of the 

crystal growth there is no appreciable crystal phases. Once 500 °C is reached, as expected, the formation 

of strontium carbonate is seen. Also, Na0.3Sr0.7NbO3 is present in the powder diffraction pattern with two 
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more diffraction that could not been identified (highlighted in Figure 5.26 blue), 28.6 ° and 40.9 ° 2-theta. 

However, when the temperature increases those two diffractions almost disappear at 700 °C and are 

completely gone by 800 °C, where the powder diffraction pattern is covered by Na0.3Sr0.7NbO3 and 

Sr5Nb4O15, indicating that those two diffractions could belong to an unknown crystal composition made of 

an uncertain mixture of some or all of the participating elements. The strontium niobate will eventually 

react and by 900 °C and 1000 °C only the sodium strontium niobate is observable. At 1100 °C the strontium 

niobate appears again in the diffraction pattern, hinting a possible loss of sodium during the calcination 

process.  

 

Figure 5.24. Temperature analysis of the crystal growth via powder X-ray diffraction patterns of the 
synthesis of a sodium strontium niobate using (emim)OAc and dextran as chelating agents. 
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This phenomenon can be studied by reviewing with more detail the diffraction patterns (Figure 

5.25), where at 700 °C the most intense diffraction is located at 31.6 ° 2-theta however, at 800 °C this shifts 

to 31.6 °, where Sr5Nb4O15 is also found in the powder diffraction pattern. From the next 200 °C a constant 

shift to lower angles is noticed, namely 31.5 ° at 900 °C, and 31.5 ° at 1000 °C. The exact position of the 

diffraction of the Na0.3Sr0.7NbO3, analysed via profex software (ICSD number 51872), is at 31.6 ° and 

knowing that increasing the sodium concentration a shift to bigger angles is seen, 31.7 ° for Na0.4Sr0.6NbO3 

(ICSD number 51871) and 31.8 ° for Na0.5Sr0.5NbO3 (ICSD number 51873), indicates that indeed there is a 

small loss of sodium during the calcination process. Moreover, at 1100 °C, when Sr5Nb4O15 is again present, 

the position of the diffraction peak is found to be at 31.6 ° 2-theta. Therefore, during the calcination process 

the Na0.3Sr0.7NbO3 is formed but it will steadily loss low amounts of sodium, from 700 °C to 1000 °C, where 

some portions of the sample will loss entirely sodium concentration re-forming Sr5Nb4O15 and some other 

will compensate the sodium loss of the remaining sodium strontium niobate occasioning a shift back to the 

diffraction corresponding to Na0.3Sr0.7NbO3.  

 

Figure 5.25. Powder X-ray diffractions demonstrating displacement of A) solely to the diffraction of 
Na0.3Sr0.7NbO3 at 700 °C, B & C) to smaller angles due to slight loss of sodium content from 900 °C to 1000 °C, and 

B & E) when Sr5Nb4O15 is present returning to bigger angles at 800 °C and1100 °C.  
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5.4.1.1.2 SEM EDX analysis  

To obtain reliable data on the SEM during EDX analysis pellets were made. Two different 

temperatures were studied, specifically 900 °C and 1100 °C (Figure 5.26), when Na0.3-xSr0.7+yNbO3 is 

present, and the second temperature when it exhibits Sr5Nb4O15 for a second time in the powder diffraction 

pattern. Differences in sodium content were not significant, 4.7 wt. % and 4.6 wt. % (appendix Figure A6), 

however, via elemental mapping (Figure 5.26 A) it was possible to visualize how the sample is not 

homogenous which, goes in agreement with what has been observed via powder diffraction pattern. On the 

other hand, an even elemental distribution, homogenous sample, is seen at 900 °C (Figure 5.26 B).  

 

 

 

Figure 5.26. A) Scanning electron microscopy image with the elemental mapping of each respective 
element involved in the synthesis of a sodium strontium niobate via (emim)OAc/dextran at A)1100 °C and B) 900 

°C.  
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5.4.1.2 Via imidazole: choline chloride DES. 

 

5.4.1.2.1 Temperature Analysis via pXRD 

The synthetic protocol is analogous to the synthesis via (emim)OAc. From powder diffraction 

patterns at different temperatures (Figure 5.27), clear differences are seen from the beginning. At 500 °C 

there are still no indexable diffractions in the pattern, meaning that amorphous mass with all the elements 

contained is formed, 100 °C higher than (emim)OAc where at that temperature some crystal compositions 

were already observed. At 600 °C broad diffractions which can be indexed by Na0.3Sr0.7NbO3 and NaCl are 

seen. Moreover, 100 °C latter the strontium niobate, Sr5Nb4O15, is again spotted but in higher intensities as 

the observed by the synthesis using (emim)OAc. As expected, the formation of a chlorinated crystal 

composition is formed which stands higher temperature, this is notorious by the fact that at 900 °C both 

crystal compositions composed with sodium are present. By this point Sr5Nb4O15 has already completely 

reacted. From 1000 °C to 1100 °C instead of forming a, like the synthesis via (emim)OAc, strontium niobate 

and a crystal composition containing sodium, a new diffraction patterns is observed. This diffraction pattern 

does not belong to any of the possible crystal composition formed by strontium, niobium, and sodium, nor 

the any mix of this elements. It does seem to indicate that when stable-at-higher-temperature crystal 

compositions are formed, they can undergo a new re-combination process, forming in this case an entirely 

new crystal composition.  
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5.4.1.2.2 SEM EDX analysis 

SEM EDX analysis was performed to study the evolution of sodium content along the calcination 

temperature. A clear decrease of sodium content is observed along the different temperatures with 3.1 % 

wt. % of the whole at 700 °C, 2.8 wt. % at 900 °C, and 1.7-2.0 % at 1100 °C (Figure 5.28). This is suggesting 

that the new crystal composition must have lower sodium content than the initial Na0.3Sr0.7NbO3. It was 

impossible to digest most of the sample for ICP-OES analysis but, with what was digested (very low 

concentration) it was possible to stablish the Sr/Nb molar ratio, being 0.89:1. Moreover, via SEM-EDX and 

TEM-EDX the crystal composition was studied. SEM-EDX agrees with Sr/Nb ratio that was obtained via 

ICP-OES, 0.82-0.75 for strontium, and sodium ratio was stablished to be 0.16- 0.18. Furthermore, elemental 

mapping shown a perfect evenly distribution of the metal cations, confirming that the powder diffraction 

pattern could belong to a new crystal composition (Figure 5.29).  

Figure 5.27. Temperature analysis of the crystal growth via powder X-ray diffraction patterns of the 
synthesis of a sodium strontium niobate via imidazole: choline chloride DES/dextran. 
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Figure 5.28. Scanning Electron microscopy energy dispersive X-ray analysis of the synthesis of a 
sodium strontium niobate via imidazole: choline chloride DES/dextran at: A) 700 °C, B) 900 °C, and C1&C2) 

1100 °C. Insets show the quantitative analysis of elemental composition. 

Figure 5.29. Scanning electron microscopy image with the elemental mapping of each respective element 
involved in the synthesis of a sodium strontium niobate via imidazole: choline chloride DES/dextran at 1100 °C. 
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5.4.1.2.3 HRTEM- EDX analysis  

Further analysis using HRTEM was carried out. Being a polycrystalline sample, by SAED a ring 

pattern is observed. The distances measured agreed with diffractions observed via the powder diffraction 

pattern, i.e. 3.90 Å, 3.22 Å, 2.98 Å, 2.36 Å, and 2.05 Å which correspond to 22.78 °, 27.68 °, 29.86 °, 38.07 

°, and 44.14 ° respectively (Figure 5.30 C). Also, via HRTEM images it was possible to measure the 

interplanar distance, namely 3.56 Å, 2.75 Å, and 1.61 Å, which correspond to the diffraction of the angles 

24.96 °, 32.5 °, and 56.82 ° (Figure 5.30 D1-D3). The fact that via two different techniques were able to 

spot different diffractions indicates once again that the powder diffraction does not belong to separate 

crystal compositions but rather one.  

Figure 5.30. A) HRTEM image of the crystallites synthesised via imidazole: choline chloride DES, and B) 
showing where the SAED pattern was taken. C) SAED diffraction pattern. D) HRTEM image where different 
crystal fringes are visible. D1-3) Insets are zooming zones to measure the interplanar distance. White circles 

showing the exact area where the interplanar distance was measured. 
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Using TEM EDX on eight different crystallites (Table 5.1) we were able to compare compositions 

obtained via other medias, ICP-OES for Sr and Nb, and SEM-EDX for all the elements involved. The 

average values obtained are 1 for Sr, 1 for Nb, 0.1 for Na, and 5.5 for O. This time values are slightly 

different, specially Sr concentration being higher than the stablish via SEM-EDX and ICP-OES. On the 

other hand, sodium concentration represents lower values in comparison with values obtained via SEM-

EDX. The oxygen content is not a reliable read via any EDX analysis however there is an increase in 

concentration if we compare it with SEM-EDX results.  
 

Na Sr Nb O  
0.1 1.1 1 6.0  
0.1 1.0 1 6.0  
0.1 1.0 1 3.9  
0.1 0.9 1 4.0  
0.1 1.1 1 4.7  
0.1 1.1 1 4.8  
0.1 1.0 1 7.2  
0.1 1.0 1 7.2      

Average 0.1 1.0 1 5.5 

 

Table 5.1. Values obtained via HRTEM-EDX analysis of the elemental composition of the sodium 
strontium niobate synthesized via imidazole: choline chloride DES/dextran. 

 

Also, is important to highlight is that elemental mapping via HRTEM also shown an even 

distribution of all the elements involved (Figure 5.31).  
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5.4.2 Third Conclusions 

Different crystal growth of sodium strontium niobates has been proven. On one side, via 

(emim)OAc it was expected to form carbonates which indeed are present in the form of Sr(CO3). 

Furthermore, with the formation of the carbonate, the crystal composition Na0.3Sr0.7NbO3 is immediately 

synthesized and did not alter after synthesis until 1100 °C. On the other hand, via imidazole: choline 

chloride, also as expected, chlorinated crystal compositions are synthesized during the calcination process. 

The fact that part of the sodium is contained in two separate crystal compositions allow a further re-

combination via solid state reactions forming an entirely new sodium strontium niobate crystal composition. 

This proves that different reactions can take place depending on the speed of crystal formation, and in some 

ways, is beneficial to slow the crystal growth to later form, via re-recombination, crystal compositions that 

might be formed in a very narrow window of temperature/time gradient. Based on the different 

characterization techniques for the elemental content, it is assumed that the new crystal composition is close 

to Na0.1Sr0.9NbO3. 

 

Figure 5.31. HRTEM-EDX analysis of the sodium strontium niobate synthesised via imidazole: choline 
chloride DES/dextran. All the elements involved are evenly distributed along the crystal.  
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6.1 Other results 

 

6.1.1 Different atmospheres 

One of the most interesting tools for the crystal growth is the use of different atmospheres such as 

argon, carbon dioxide, and hydrogen gas to modify the oxygen content of the result crystal composition. A 

few attempts were carried out in this area, where firstly 1 ml of strontium nitrate (0.1M) was mixed with 1 

ml of ionic liquid and dehydrated at 70 °C for over 2 hours. Niobium ethoxide was added after that and left 

another hour to ensure complete dehydration. Finally, a paste-like was formed adding 100 mg of dextran 

and calcined immediately at 600 °C for 2 h. For the sake of comparison and reproducibility, all the attempted 

syntheses were done targeting the phase Sr5Nb4O15. The product was then sintered in different atmospheres 

at different temperatures. The ramp rate remained constant during all the calcination procedures, being 5 

°C min-1. The idea was that, as seen in chapter 3, at 600 °C powder diffraction patterns showed diffractions 

that could belong to the crystal phase SrNbO3, therefore, probably under a neutral or even reducing 

atmosphere it could be possible to form a reduced Nb (IV) crystal composition, however, none of the 

attempts were successful. 

6.1.1.1 Carbon dioxide  

Carbon dioxide is not a reducing gas but is in fact the opposite. As expected, all the reactions 

attempted under this atmosphere gave fully oxidized crystal compositions. The temperature selected for the 

experiments were 1000 °C and calcined for 2 h. Random results were obtained; sometimes high yields of a 

single-phase material resulted (Figure 6.1 A) however, some other attempts gave a mix of two phases. The 

reason behind this could be the fact that the oxygen is limited and less available forcing domains to 

crystalize into different crystal compositions (Figure 6.1 B).  
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6.1.1.2 Argon 

Argon is quite interesting because it is possible to eliminate all oxygen sources of the furnace. After 

running the experiment, it was noticed that despite the absence of oxygen, fully oxidised samples were 

obtained. This indicates that the mass formed at 600 °C must already contain enough oxygen to form the 

crystalline material containing Nb (V) (Figure 6.2). Two different temperatures where studied and at 800 

°C it was already possible to observe the diffractions corresponding to the fully oxidised Sr5Nb4O15 crystal 

composition. At 1000 °C clear diffractions of the crystal composition are shown.  

 

Figure 6.1. Left: powder diffraction pattern of A) almost phase pure material. Indexed planes correspond to 
the Sr5Nb4O15 crystal composition, and B) exhibiting a mix of two different crystal compositions, Sr5Nb4O15 and 

Sr2Nb2O7. 
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Attempts to do the reaction without pre-calcination process derived in carbonaceous material 

(Figure 6.3). The dwelling temperature was 1000 °C and dwelling time 2 h. The idea was to see if 

carbonaceous material could drag some oxygen of the crystal composition forming CO2, forcing the 

reduction of niobium. After analysing via powder diffraction pattern, it was possible to index diffractions 

belonging to strontium carbonate however, noise ratio signal is very low as expected due to most of the 

material not being able to crystallize.  

 

Figure 6.2. Powder diffraction pattern of the synthesis of Sr5Nb4O15 under argon atmosphere at two 
different temperatures, showing clear diffractions of a single phase at 900 °C. 



154 
 

 

6.1.1.3 Hydrogen  

Lastly, in the last attempt to reduce the material, hydrogen atmosphere was used. The experiment 

was run at different temperatures, namely 1000 °C, 1100 °C, 1400 °C, and ~1450 °C. The first two 

temperatures shown a single-phase Sr5Nb4O15 crystal composition. No reduction indications are visually 

seen, such as a change in colour. At 1400 °C the powder diffraction pattern shown a majority of a Sr5Nb4O15 

crystal composition however, what it looks like the diffraction of Sr2Nb2O7 are also visualized. The last 

temperature, 1450 °C, was very hard to attain due to lack of equipment capacity to generate enough power 

to rise the temperature to such temperature. The powder diffraction pattern showed only Sr2Nb2O7 but this 

time some sort of reduction process is expected to happen due to a change in coloration of the power, from 

white to blue-greyish coloration. Despite such high temperatures and a reducing atmosphere, the fact that 

the patterns seem to belong to still fully oxidised material is not so much of a surprise, as to reduce strontium 

niobates molybdenum foil must be used, for the synthesis of SrNbO3,1 or plasma hydrogen at 2000 °C for 

the synthesis of Sr5Nb5O16.2 

Figure 6.3. Powder diffraction of the reaction under argon atmosphere without pre-calcination process. 
Arrows indicate strontium carbonate diffractions. Inset is a photo of the carbonaceous material obtained. 
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Despite the fact that it was not possible to accomplish the reduction of the strontium niobate it is 

still very interesting to explore, joint with the vast versatility of ionic liquids/deep eutectic solvents, the 

synthesis of crystalline material under different atmospheres.  

Figure 6.4. Powder diffraction patterns of the sintering of strontium niobate powder at different 
temperatures under hydrogen atmosphere.  

Figure 6.5. Photography of the powder obtained at 1450 °C under hydrogen atmosphere exhibiting 
different colours due to possible reduction. 
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6.2  General conclusions 

Chapter 3 proves that the ionic liquid synthetic method is a reliable technique to produce metal 

oxides. It has proven to be fast and simple, in terms of equipment and ease of use, to produce high yields 

(> 98 %) of a metal oxide. It was also proven that it is possible to obtain different crystal compositions by 

varying the molar ratios between metal cations. The crystal compositions of the strontium niobates obtained 

are Sr4Nb2O9, Sr5Nb4O15, Sr2Nb2O7, SrNb2O6, SrNb6O16. Moreover, it was possible to synthesize, 

straightforward, five different crystal compositions with proximity to the Sr4Nb2O9. Based on different 

characterization techniques, such as ICP-OES and Rietveld refinement, it was possible to establish the 

Sr/Nb molar ratios of the five different crystal composition, being 3.37, 2.88, 2.70, 2.53, and 2.08 

respectively. Finally, the chelating properties of every component of the technique were tested, proving that 

the ionic liquid was the main chelator agent, capable of producing, without the use of a polysaccharide, 

high yields of a metal oxide. 

 

Chapter 4 provides more in-depth information about the interaction of the polysaccharide and the 

ionic liquid. It was proven that without considering the type of polysaccharide in use, i.e. cellulose, chitosan, 

starch, and dextran, all provided, when studied via powder x-ray diffraction patterns, high yields of the 

metal oxides explored, namely Sr5Nb4O15 and YBa2Cu3O7-δ. However, further characterization on the 

superconductive phase, via SQUID magnetometry, indicated by changes on the Tc, that the oxygen varied 

depending on the polysaccharide used. The highest critical temperature exhibited belongs to dextran with 

Tc onset = 94 K and cellulose with the second highest Tc onset = 91 K, chitosan exhibited Tc onset = 66 K and 

starch Tc onset = 60 K. Furthermore, for the synthesis of the strontium niobate, where low and high 

concentrations of the organic source (1 g and 0.1g) were employed, only dextran provided single phase 

powder x-ray diffraction patterns. 

 

Morphological evidence indicates that when the concentration of the organic source is low (0.1 g), 

the morphology exhibited is dictated by the ionic liquid, with exception of chitosan who also shown 
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structural changes at low concentrations. However, increasing the concentration of the polysaccharide 

delivered differences in the morphology of the resultant crystallites. Cellulose has shown drastic changes 

from agglomerates of poly-crystallites to elongated particles. 

 

In chapter 5 via a mechanistic study of the crystal growth of YBa2Cu3O7-δ in different synthetic 

medias, namely one ionic liquid ((emim)OAc), two deep eutectic solvents (ethylene glycol: choline 

chloride, and imidazole: choline chloride), and two mono-molecular chelating agents (ethylene glycol, and 

imidazole), the role of the IL/DES in the synthesis of metal oxides was elucidated. First, it was proven that 

the IL/DES in interaction with the metal cations, produce metal nanoparticles, stabilized by the surrounding 

anion layer, and the cation acting as a surfactant. Therefore, the system is not a homogenous multicationic 

solution but rather a heterogenous nanoparticulate system. Second, extra components, such as chlorine will 

take part in the reaction and create metal chloride associate phases. These phases when stable along the 

whole temperature setup, will not re-react obstructing the formation of the desire crystal phase. Third, by 

identifying precursory phases needed to form the target crystal phase and allowing the formation of such at 

earlier stages, will speed up the crystal formation, meaning a reduction of the maximum temperature 

required. Lastly, it was proven that the anion layer is key factor to obtain the desire crystal phase. In the 

case of the YBCO superconductor only the carboxylic group provided by (emim)OAc produced above 95 

% of the superconductive crystal. Attempts to synthesize this crystal without a carboxylic group were not 

successful (no superconductive phase present), when DES with chlorine were used, namely ethylene glycol: 

choline chloride and imidazole: choline chloride, and only lower yields of the superconductor were 

obtained, below 40 %, when monomolecular chelators such as ethylene glycol and imidazole were utilized. 

This is due to the production of barium carbonate at early stages of the calcination process by the direct 

link of the acetate of (emim)OAc with the metal nanoparticle. On the other hand, barium chloride will be 

formed when DES with chlorine where employed, and barium nitrate is seen when the synthetic process 

was carried out with both monomolecular chelators.   
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As a prove of concept and to lower the overall expenses of the synthetic process, a DES made by 

mixing betaine and D-(+)-glucose in 5:2 molar ratio, was used for the synthesis of Bi2Sr2CaCu2O8+x 

superconductor. Via the use of this DES it was possible to obtain > 93 % of the superconductive phase 

when the DES was freshly prepared. However, when the DES was aged notorious changes happened in the 

chelating properties of the solvent, represented by a significant growth, observed via powder diffraction 

patterns, of a precursory crystal phase. This is also visually observed by the changes of colour in the DES, 

from transparent to light yellow in 2 months, and dark brown in 6 months. The mixture of the polysaccharide 

and betaine seems to continuously interact uninterruptedly oxidizing the polysaccharide therefore, changing 

the chelating properties of the solvent. 

 

Finally, it was demonstrated that the formation of carbonate phases will indeed speed up the 

reaction process however, this is not always beneficial. The synthesis of a new sodium strontium niobate 

was synthesize via imidazole: choline chloride DES. The crystal growth was also carried out using 

(emim)OAc and both compared. The IL produced a carbonate phase in the form of strontium carbonate, 

along with Na0.3Sr0.7NbO3 crystal phase. The latter will remain unchanged along the whole synthetic 

process. On the other hand, when the DES was used, two different crystal phases containing sodium where 

produced during the calcination process, namely Na0.3Sr0.7NbO3 and NaCl. The fact that the overall sodium 

content was contained in two different crystals allowed, via solid state reactions, a further recombination 

resulting in an entirely new sodium strontium niobate crystal composition. Based on the different 

characterization techniques for the elemental content, it is assumed that the new crystal composition is close 

to Na0.1Sr0.9NbO3. 
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6.3 Future work  

 

6.3.1 Solvate ionic liquids/metal based DES 

This idea comes from work done in 1965 by Austen Angell, where a new class of molten salt 

mixture using hydrated multivalent cations as independent cation species was proposed.3 In 2011 he then 

classified such systems as solvate ionic liquids.4 The basic idea is to incorporate solvated cations as a 

constituent of ILs.5–7  

 

Similarly, Metal based DES are formed between metal salts and simple organic alcohols or amides. 

An example is the production of eutectic mixtures with metal nitrates and urea8-9, or the used of a metal 

salt, such as ZnCl2, with hydrogen bond donors like urea, acetamide, ethylene glycol, and hexanediol10. 

Both candidates must be considered for future work on this area.  

 

6.3.2 Acid based DES 

Perhaps these candidates represent the best option for the synthesis of metal oxides via the IL/DES 

method. Acid based DES contain components that are widely known as good chelators, such as oxalic acid 

and citric acid11. Both organic molecules belong to the family of carboxylic acids which have shown during 

this work, to be relevant in the production of high yields of metal oxides, as well as speeding the overall 

crystallization process of the desire crystal phase.  

 

6.3.3 Control over the morphology/dynamic light scattering analysis (DLS)/ 

Thermogravimetric analysis (TGA) 

It is well known that the control over the morphology is crucial for the enhancement performance 

of several applications12-17 therefore, it is absolutely needed to work over this specific area to obtain basic 

knowledge, which will provide this synthetic protocol to extend control over that too. Until now it was 

believed that the IL/DES will form a multicationic homogenous solution however, during this work it was 
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proven that the IL/DES in interaction with metal salts will form nanoparticles therefore, an inhomogeneous 

solution. During this work it was also proven that the morphology of the resultant crystal phases, despite 

using the same ionic liquid for the synthesis, will change while varying the metal cations. This could 

possibly be explained by relating the size of the nanoparticles formed, measured via DLS, with the resultant 

morphology. Also, it would be interesting to unveil how the nanoparticle size distribution is affecting the 

overall crystallization process.  

 

It is also relevant to highlight the importance of TG analysis to provide a better understanding of 

the reaction process of the system. Comparing this technique with the size distribution of nanoparticles in 

the system, can provide high valuable information of the size-dependence reactivity of the system This 

could be used to improve the overall reaction protocol.  
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Figure A1. A) Uv-vis spectra of the crystal compositions based on the molar ratio of Sr/Nb (X/Y): 2.18 - 
2.09. a) Tauc plot of the same crystal composition. Sample was prepared using (emim)OAc/dextran as chelating 

agents. 
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Figure A2. B) Uv-vis spectra of the crystal compositions based on the molar ratio of Sr/Nb (X/Y): 2.00 - 
1.93. b) Tauc plot of the same crystal composition. Sample was prepared using (emim)OAc/dextran as chelating 

agents. 
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Figure A3. C) Uv-vis spectra of the crystal compositions based on the molar ratio of Sr/Nb (X/Y): 1.85 - 
1.79. c) Tauc plot of the same crystal composition. Sample was prepared using (emim)OAc/dextran as chelating 

agents. 
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Figure A4. D) Uv-vis spectra of the crystal compositions based on the molar ratio of Sr/Nb (X/Y): 1.73 - 
1.67. d) Tauc plot of the same crystal composition. Sample was prepared using (emim)OAc/dextran as chelating 

agents. 
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Figure A5. E) Uv-vis spectra of the crystal compositions based on the molar ratio of Sr/Nb (X/Y): 1.61 – 
1.56. e) Tauc plot of the same crystal composition. Sample was prepared using (emim)OAc/dextran as chelating 

agents. 
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Figure A6. Scanning Electron microscopy energy dispersive X-ray analysis of the synthesis a sodium 
strontium niobate via (emim)OAc at: A) 900 °C and B) 1100 °C. Insets show the quantitative analysis of elemental 

composition. 
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Figure A6. Temperature analysis via powder X-ray diffraction patterns of the crystal growth of the 
synthesis of YBCO (123) superconductor via ethylene glycol: choline chloride DES/dextran. 
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Figure A7. Temperature analysis via powder X-ray diffraction patterns of the crystal growth of the 
synthesis of YBCO (123) superconductor via imidazole: choline chloride DES/dextran. 
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Figure A8. Temperature analysis via powder X-ray diffraction patterns of the crystal growth of the 
synthesis of YBCO (123) superconductor via ethylene glycol/dextran. 
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Figure A9. Temperature analysis via powder X-ray diffraction patterns of the crystal growth of the 
synthesis of YBCO (123) superconductor via imidazole/dextran. 
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Figure A10. Temperature analysis via powder X-ray diffraction patterns of the crystal growth of the 
synthesis of Bi-2212 superconductor via betaine: glucose DES aged 21 days. 

 

 




