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Abstract  

Synthesis of nanostructured materials in deep eutectic solvents 

Sukanya Datta 

Deep eutectic solvents (DES), a new generation of non-toxic, eco-friendly and 

biodegradable solvents discovered in 2001 consist of a variety of cations and anions. These 

new sub-category of ionic liquids present interesting properties due to the hydrogen 

bonding between their components and are being currently explored for a number of 

applications such as nanomaterial synthesis, electrodeposition, metal processing etc. 

Particularly interesting is their use as solvents for the synthesis of nanomaterials. The DES 

are especially attractive due to the lack of toxic emissions because of their negligible 

vapour pressure in comparison to the volatile organic compounds. However there is a lack 

in the understanding on the role played by DES to produce nanomaterials.   

Herein, the role of reline, an eutectic mixture of choline chloride and urea, one of the most 

popular DES, is elucidated during the synthesis of different families such as gold (noble 

metal), vanadium pentoxide (transition metal oxide), ceria and zirconia (ceramic oxides). 

The work focuses on gaining a holistic understanding on the interaction of reline with 

different precursors. It is found that reline can act as an ‘all in one’ platform such as 

template reagent, reducing agent, solvent platform and morphology directing agent in the 

synthesis of nanomaterials. It is important to highlight that there is no addition of any 

external additives in contrast to previously published work.   

It is demonstrated here that reline can actively form gold nanoparticles by reducing a salt 

precursor and simultaneously stabilize the nuclei, delaying their growth, leading to highly 

monodispersed small gold particles. In the case of metal oxides, the templating role of 

reline is elucidated to produce different morphologies of vanadium pentoxide upon altering 

the water ratio in reline. Reline has been also shown to direct the growth of 1D ceria-

zirconia nanorods. The effect of reline on the crystal phase of the zirconia nanomaterial is 

also investigated herein.  
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Chapter 1: Introduction 

Nanotechnology finds its applications in a number of areas such as health care1, 

diagnostics2, catalysis3, sensors4, and agriculture5 as shown in Figure 1 due to its attractive 

properties like high surface area to volume ratio and the unique quantum confinement 

effects that comes into play at the nanoscale. The physical and chemical properties of 

nanomaterials are strongly dependent on their size and morphology and this aspect is 

particularly relevant for the above mentioned applications6. Hence, the choice of synthesis 

routes to develop nanomaterials is extremely crucial to achieve desirable morphology-

activity relationships7,8,6. 

 

Figure 1: Summary of the different applications of nanotechnology. 

In this regard, deep eutectic solvent (DES) is an emerging class of green, eco-friendly and 

biodegradable solvent discovered by Abbott et al. in 20019 which have shown to fulfil 

multiple roles in the synthesis of nanomaterials10. DES are formed by mixing two solids 

with high melting points in a particular ratio to form a free flowing liquid. Reline which is 

formed by combing choline chloride and urea in the molar ratio of 1:2 is one of the most 

popular DES reported till date in the literature towards the synthesis of nanomaterials. 

However there is a lack in the understanding on the role of reline in the synthesis of 
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nanomaterials. In this thesis, the multiple roles played by reline in the development of the 

nanomaterials are investigated. Another DES known as asline formed by the combination 

of choline chloride and ascorbic acid in the molar ratio of 2:1 is also reported herein to 

elucidate the capping ligand action of the DES. 

A range of physical methods (atomic layer deposition, molecular beam epitaxial, spray 

pyrolysis, pulsed layer deposition) and chemical routes (microemulsion routes, sol-gel, 

sonochemical, solvothermal and metal salt reduction and photochemical process) are 

available for the synthesis of nanomaterials11. Due to the simplicity and better control in 

size and morphologies of the nanostructures by the wet chemical synthesis method12, this 

thesis has employed the wet chemical routes for nanomaterial synthesis. 

By carefully selecting the main components of a chemical synthesis process such as 

solvent, reducing agent, nature of precursor and capping ligand/surfactant, it is possible to 

tune the morphology and size of nanomaterials. The present state of nanomaterial synthesis 

rely heavily on the addition of external additives in solvents as shape directing agents and 

stabilizers to control the crystal growth and sizes of these materials13. However most of the 

commonly used surfactants, reducing agents and solvents have several environmental 

hazards associated with them as presented in Table 114. 

Table 1: Environmental hazards associated with some of the common capping ligands, reducing agents 

and solvents14. 

Toxicities Capping ligands Reducing agents Solvents 

Harmful PPI, PEI, CTAB EG, Vitamin C Ethanol, toluene, 

ODE 

Irritant PEG,PAA, linoleic acid, 

TOPO, TOP, OA, ODA 

Citric acid  

Corrosive PAA, TOP, OAm, DDA Citric acid, NaBH4, OAm OAm 

Toxic PAA, PAMAM, OA Formaldehyde, CO,N2H4, 

NaBH4 

Ethanol, DMF, 

toluene 

Flammable - Ethanol, N2H4 Ethanol, toluene 

Extremely 

flammable 

- CO - 

Non eco-friendly CTAB, OAm, DDA N2H4, NaBH4, OAm OAm 

PPI: poly(propyleneimine), PEI: polyetherimide, CTAB: cetyltrimethylammonium bromide, PEG: 

polyethylene glycol, PAA: polyacrylic acid, TOPO: trioctyl-phosphine oxide, TOP: tri-n-octylphosphine, 
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OA: oleic acid, ODA: octadecylamine, OAm: oleylamine, DDA: dodecylamine, PAMAM: 

poly(amidoamine), EG: ethylene glycol, ODE: 1-octadecence. 

Hence, it is important to look for alternative sustainable routes such as DES for the 

synthesis of nanomaterials to minimize the use of these external additives in the reaction 

medium so that the overall ecological footprint is reduced minimizing chemical wastage. 

The addition of these auxiliary additives also hampers the nanoparticle surface and 

passivates them for catalysis reactions15. 

In wet chemical synthesis, solvents are extremely crucial as they not only constitute almost 

80% by mass in a chemical reaction but also possess the potential to replace surfactants 

and reducing agents to act ‘all-in-one’ platform in the chemical reaction16.  

However there is a lack in the development and understanding of the solvent systems 

which have the potential to fulfil multiple roles in the synthesis of nanomaterials17.  

The main motivation of this PhD thesis is to understand the role of the DES reline in the 

synthesis of nanomaterials to reveal how the interaction of the components of the eutectic 

mixtures can act and thus substitute the use of multiple auxiliary additives such as reducing 

agents, templating ligands and morphology directing compounds as summarized in Figure 

2. 

 

 

 

 

 

 

 



4 

 

 

Figure 2: Schematic representation of the PhD aim to replace the present nanomaterial synthesis route 

employing multiple components in the reaction medium with only DES to play various roles. 

1.0 Aims and objectives of the thesis 

The overall aim of this PhD thesis is to elucidate and understand the role of deep eutectic 

solvents towards the synthesis of nanomaterials. In order to achieve this aim, the following 

objectives are carried out: 

 Development and mechanistic understanding of synthesis route for three different 

classes of nanomaterials: Au (noble metal), V2O5 (transition metal oxide), CeO2 

and ZrO2 (ceramic oxides). These three different classes of materials are chosen in 

order to elucidate the role of DES and its chemistry with different materials (Figure 

3). 

 Understand the effect of DES/water ratios on the crystal structure, morphology and 

consequently physical and chemical properties by advanced characterization of 

these nanomaterials. 

 Study of the morphology-activity relationship of these nanostructured materials for 

applications like carbon monoxide (CO) oxidation (ceria-zirconia, gold on ceria-

zirconia support and gold on zirconia support), Li-ion batteries (vanadium 

pentoxide) and plasmonics (gold nanomaterials) as model reactions. 

 

Present synthetic methods Our approach

Solvent
Addition of capping ligand
Addition of reducing agent

Solvent system DES playing multiple roles 
like reducing agent and capping ligand

Multiple 
components

Only solvent



5 

 

 

Figure 3: Range of different materials chosen for this PhD thesis. 

1.1 Impact of the thesis 

The ability of the DES system to produce nanomaterials within a sustainable framework on 

account of its green, biodegradable and eco-friendly affiliation offers a huge potential to 

create a meaningful impact to generate nanomaterials in an environmental-friendly manner.  

The conventional use of aromatic solvents for organic or nanomaterial synthesis is 

hazardous due to the volatile and toxic emissions which also destroys the ozone layer18. 

This challenge is mitigated by the use of DES due to the lack of associated vapour 

emissions because of negligible vapour pressure in comparison to the volatile organic 

compounds. 

 The need to develop external additives-free solvent platforms for the synthesis of 

nanomaterials is of great importance to reduce the overall ecological footprint. The 

addition of external additives to tune morphology or size of nanomaterials in the solvents 

add to the operational production cost and also presents several detrimental effects to the 

environment.  
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1.2 Thesis structure 

This thesis is divided into the following chapters: 

Chapter 1: Introduction 

Chapter 2: Literature review 

This chapter reviews the current state of art on the synthesis of nanomaterials by DES 

routes and the available synthesis methods to produce gold (Au), vanadium pentoxide 

(V2O5), ceria (CeO2) and zirconia (ZrO2). In addition, the structure-property relationship of 

these materials are also presented. This chapter concludes by identifying potential gaps 

present in the literature and how this thesis work can address these gaps. 

Chapter 3: Experimental methodologies 

This chapter provides detailed experimental protocols on the synthesis of nanomaterials in 

DES, characterization tools and catalytic measurements for CO oxidation. 

Chapter 4: The role of DES in the synthesis of gold nanomaterials 

This chapter unravels the role of DES reline and asline as a reducing agent, stabilizer and 

capping ligand towards the synthesis of gold nanomaterials without the addition of any 

external additives. The as-synthesized gold nanomaterials are further used for plasmonic 

applications (surface enhanced Raman spectroscopy) for rhodamine B dye. 

Chapter 5: Elucidating the role of DES reline towards the synthesis of nanostructured 

V2O5  

This chapter elucidates the template role of reline/water mixtures to produce different 

morphologies of V2O5 (nanoballs, nanosheet and nanofleece) upon changing the water 

ratio in DES in the solvothermal synthesis. The structure-property relationships of these 

different V2O5 nanostructures have been studied for Li-ion battery applications. 

Chapter 6: Synthesis of ceria-zirconia nanomaterials in DES reline 

This chapter devises the synthesis of CeO2/ZrO2 nanomaterials in reline. Advanced 

characterization of these CeO2/ZrO2 nanomaterials are further carried out. CO oxidation is 
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used as a model reaction to test the catalytic activities of the CeO2/ZrO2 nanomaterials. 

These CeO2/ZrO2 nanomaterials are also used as supports for gold nanoparticles as 

catalysts for  CO oxidation. 

Chapter 7: Synthesis of nanostructured ZrO2 in DES reline 

This chapter presents the synthesis of nanostructured ZrO2 in reline and aqueous NaOH 

solutions. These two different synthesis routes are carried out to study the effect of the 

solvent environment on the final crystal phase. Building on the methodology of gold 

nanoparticle synthesis in DES from chapter 4, Au/ZrO2 catalysts are synthesized and tested 

for CO oxidation reaction. 

Chapter 8: Conclusions and future work. 

This chapter presents the main conclusions of this work as well as future directions in the 

field. 
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Chapter 2: Literature review 

The primary aim of this research project is to underpin the actual role of the deep eutectic 

solvent (DES) reline (formed from choline chloride and urea in the molar ratio of 1:2) and 

asline (formed by combining choline chloride and ascorbic acid in the molar ratio of 2:1) in 

the synthesis of nanomaterials. This literature review evaluates the current state of art on 

areas relevant to this research work. Initially, the properties of DES are explained, 

highlighting their uses for nanomaterial synthesis. Subsequently, the common synthesis 

routes of the metal and metal oxide materials (Au, V2O5, CeO2 are ZrO2) that are employed 

in this work are evaluated along with their structure-property relationships. Previously 

reported synthesis methods in DES and ionic liquid (IL) available for these materials are 

discussed as well. The mechanism for CO oxidation reaction for un-doped and doped 

support is reviewed herein. Finally the conclusions from this chapter has addressed those 

areas where more work is required to fill the gaps highlighting the scientific challenges.  

2.1 Introduction to deep eutectic solvents (DES) 

In 2001, Abbott and co-workers at the University of Leicester, UK first coined the term 

‘deep eutectic solvent’ or DES to describe a class of solvents that are formed by mixing 

two kinds of solids with high melting points in a particular ratio to form a free flowing 

liquid9. DES are composed of Brønsted and Lewis acids/bases and contain a number of 

cations and anions19. DES are popularly considered to be an alternative and sustainable 

sub-category of ionic liquid (IL) based solvents. However there are some differences 

between IL and DES. IL primarily comprise of one kind of cation and anion whereas DES 

contains a mixture of cations and anions19. Preparation of DES is easier than IL as IL often 

requires an oxygen-free environment. The ‘green affiliation’ of the IL are questionable due 

to the nature of the starting materials to make the IL at the first place and the related 
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toxicity issues along with poor biodegradability of the IL are pointed out in certain reports 

as well20. To overcome these challenges faced by the IL, DES are explored to synthesize 

nanomaterials in a solvent-driven approach. 

The historic development of IL (which in the later years gave rise to DES) started in 1914 

when Paul Walden synthesized the first IL ethylamine nitrate (melting point 14 ℃) by 

protonating ethylamine with nitric acid21. It is imperative to revisit this legendary work of 

Paul Walden as this laid the first foundation of IL as we now know it. Even though the 

work is more than 100 years old, the principles and concepts behind association and 

dissociation of salt solutions to create liquid solvents (with melting points lower than 100 

℃) are still relevant today22. Since the discovery of the first IL in 1914, it took several 

years before scientists achieved major milestones toward developing different generations 

of IL.  These developments ultimately led to the formation of DES in the recent years23. 

The properties of IL and DES depend heavily on the choice of cations and anions. Over the 

years, properties from the 1st generation of IL to the DES have been significantly altered by 

employing more bio-renewable ions. The earlier generations of IL were toxic and air-

moisture sensitive in comparison to their later generations which are more air/moisture 

stable and less toxic24. 

2.1.1 DES formation and lowering in melting point 

Frederick Guthrie, a British physicist and chemist coined the word ‘eutectic’ in 1884. 

Eutectic systems are defined as homogeneous mixtures formed by two or more 

components that melts or solidifies at temperatures lower than the melting point of either 

constituents. Thermodynamically, a eutectic point in a binary mixture is referred to as that 

temperature when both the solid phases are in equilibrium with the liquid phase. There are 

some theories available in the literature to explain the eutectic fusion of components to 

produce a liquid. Savchenko proposed that due to the overlapping of energy levels and 

electron sharing, a eutectic mixture is formed25. A different theory of eutectic mixture 

formation was put forward by Petrucci who suggested a vapour phase mechanism of 

eutectic fusion25. According to Petrucci’s theory, whenever two solids are mixed, there will 

be certainly a vapour phase present which is in equilibrium with the solid components, 

even if the volatility of the solids are low. Below eutectic temperatures, the solids 
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vaporizes independently and a mixed vapour is formed. At the eutectic temperature, this 

vapour phase comes into equilibrium with a liquid phase, the eutectic liquid. The first trace 

of the eutectic liquid results from the condensation of the vapours produced on mixing 

solid A and solid B. As can be seen from Figure 4, the eutectic point of a mixture is 

achieved at a particular molar ratio (also known as eutectic ratio) between the solid 

compounds which gives the lowest melting point. 

 

Figure 4: Phase diagram of a eutectic mixture. 

The melting point of a DES system is significantly lower in comparison to its components 

due to a decrease in the lattice energy. According to Born Lande’s equation, the lattice 

energy is inversely proportional to the radius of the ion. Consequently, in a DES, on 

account of hydrogen bonding between the parent compounds, the size of the ion increases 

leading to a decrease in lattice energy. The Born Lande’s equation is shown as follows in 

eq.1. 

∆𝐻𝑙𝑎𝑡𝑡𝑖𝑐𝑒 =
−𝑒2𝑧+𝑧−

4𝜋𝜀𝑜𝑟𝑜
×𝑀 × 𝑁𝐴 × (1 −

1
𝑛⁄ )       (1) 

Where e is the elementary charge, 1.602177× 10-19 C, 𝜀𝑜  is permittivity of vacuum, 

8.85419× 10-12 Fm-1, NA is the Avogadro constant, 6.02214× 1023 mol-1, M is the 

Madelung constant, n is the Born’s exponent, z+ and z-  are the magnitudes of ionic 

charges and ro is the cation-anion inter-nuclear distance. 

Eutectic point

Solid A + Solid B

Liquid + 
solid A

Liquid + 
solid B

m.p. 
A

Liquid phase
m.p. 

B

100% B100% A

T



11 

 

Due to the hydrogen bonding between the hydrogen bond donor (HBD) molecule and the 

chloride anion of choline chloride, there is an increase in the radius of the ion. As a result, 

the net lattice energy of the system decreases. As the lattice energy of an ionic substance is 

defined as the energy required to dissociate a solid into gaseous ions hence higher lattice 

energies result in higher melting points and lower lattice energies results in lower melting 

points. 

2.1.2 Categories of DES 

DES are broadly divided into four major categories depending on the nature of the parent 

constituents as follows: 

a) Type I: These have the general formula Cat+X−
zMX and are formed from quaternary 

ammonium salts (Cat+X−
z) and metal halides MX (M= Zn, Sn, Fe, Al, Ga, In, X is a 

halide anion)19. The metal halide should have a melting point of less than 300 ℃ to 

form room temperature eutectic mixtures19. ZnCl2, FeCl3 and SnCl2 are the most 

commonly investigated metal halide salts with choline chloride (ChCl) as the 

quaternary ammonium moiety. It is interesting to note that although ZnCl2, FeCl3 and 

SnCl2 are metal halides, their eutectic compositions are different (e.g. 

ZnCl2:ChCl=2:1 and SnCl2:ChCl=2.5:1) because formation of a eutectic mixture 

strongly depends on factors such as nature of the Lewis acidity and bonding strength 

of the constituent metal salts with choline chloride26. 

b) Type II: In type II DES, the metal salts from type I DES are replaced with hydrated 

metal salts as the anionic complexing species with the formula Cat+X−MX·yH2O. 

Type II DES are a combination of quaternary ammonium salts and hydrated metal 

chlorides. For example, hydrated chromium chloride (CrCl2.6H2O) forms a eutectic 

mixture with choline chloride; however, anhydrous chromium chloride with the 

addition of 6 molecules of water externally does not lead to the formation of an 

eutectic mixture, indicating the importance of water coordination around the 

chromium centres26. 

c) Type III: Type III DES are composed of a quaternary ammonium salt and a 

hydrogen bond donor (HBD) with the general formula Cat+X−RZ (Z= CONH2, 
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COOH, OH). This is the most popular family of DES formed by a cation, an anion 

and a HBD species. Some of the most common HBD are polyalcohols, polyamides 

and carboxylic acids. The reduction in the overall lattice energy leading to the 

formation of the eutectic mixture is due to the complexation of the HBD species to 

the anion and withdrawing the electron density of the anion from the cation10. 

Weaker anion-cation interaction results in weakening of these bonds. The two most 

important factors that determine the lowering in melting point of a system containing 

a quaternary ammonium salt and HBD are their individual lattice energies and extent 

to which HBD interacts with the quaternary ammonium salt27. 

d) Type IV: Type IV DES have the general formula MClx−1
+·RZ (MCl is the metal 

chloride and RZ is the HBD). In type IV DES, the metal chloride replaces the 

quaternary ammonium salt moiety and complexes with a HBD. Metal halides like 

ZnCl2 and HBD like urea and acetamide constitute type IV systems28.  

The use of choline chloride (hydroxyethyltrimethylammonium chloride) as the quaternary 

ammonium salt is the most common hydrogen bond acceptor (HBA) because it is a small 

molecule that has an asymmetric quaternary ammonium salt with a polar functional group. 

These factors reduce the melting points of the resultant system26. When salts of 

symmetrical cations such as H4NCl and Me4NCl are used, no liquid formation is observed 

below 200 ℃ whereas on using salts containing asymmetric ions such as Me3NEt+, it is 

possible to achieve larger depressions in the freezing points of the eutectic mixtures9. 

Choline chloride is used as pro-vitamin B4 and as chicken feedstock which makes it one of 

the eco-friendly starting components to be used in the DES.  

2.1.3 Reline 

Reline is one of the most popular type III DES which is a combination of a quaternary 

ammonium salt (choline chloride) and a HBD (urea) in a molar ratio of 1:2 respectively. 

The melting point of choline chloride and urea are 303 ℃ and 133 ℃ respectively. On 

mixing them in the molar ratio of 1:2 (choline chloride: urea), the net DES reline is a liquid 

at room temperature which has a melting point of just 12 ℃. The chemical structure of 

reline is shown in Figure 5. For each 1 (choline chloride): 2 (urea) moities in reline, 8 

hydrogen from the urea moiety are available for every 14 hydrogen from the choline 
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molecule. The most accepted theory behind the deep eutectic behaviour is the interaction 

of the chloride anion (from choline chloride) with the hydrogen bond donor, urea29,30. Out 

of the several possible hydrogen bond networks possible in reline, O-H⸻O=C are stronger 

than N-H⸻O=C and N-H⸻Cl hydrogen bonds31. Ineleastic neutron scattering studies 

have shown that the choline cation skeleton is conserved and urea loses its planarity (i.e. 

shifts from its regular sp2 hybridization state to an intermediate stage between sp2 and 

sp3)31. The loss of urea’s planarity leads to greater flexibility in reline’s network pertaining 

to the formation of several intermolecular contacts with varying strengths. The eutectic 

mixture is formed on account of charge delocalization between the halide anion with the 

amide moiety32. It is important to mention that the ab-initio studies by Zahn et al. have 

recently disputed the widely cited charge delocalization theory between urea and chloride 

anion in reline33. It was found that the negative charge transfer occurred from the chloride 

anion to the choline moiety and urea remained primarily uncharged.   

 

Figure 5: a) Parent components of reline- choline chloride and urea; b) Schematic representation of the 

various hydrogen bonds possible in reline system showing a 2 ChCl: 4 urea cluster (blue dashed lines 

are the intermolecular forces, the pink dotted lines and black solid lines are already present in the 

parent solids) Adapted from Perkins et al.31. The pink dotted lines represent intermolecular H bonding 

and black lines represent the C-N and C-C bonds in the solid. Partial charges are depicted on the 

atoms to indicate the direction of hydrogen bonding. 

Reline presents a number of unique chemical characteristics. Some of the facts on the 

intermolecular and intramolecular hydrogen bonding in reline are as follows34: 
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1) Urea is the HBD, with strong hydrogen bonding between urea and the chloride anion 

present. However, the self-diffusion coefficient of urea is greater than choline and 

consequently their motions are not fully aligned, with the urea molecules having 

greater mobility than chlorine anion. 

2) Urea has a smaller size and low molar mass than choline chloride leading to a higher 

number of urea molecules interacting with the anions compared to the choline cations 

interacting with urea molecules. 

3) Urea presents specific hydrogen interactions with chloride anions. While hydrogen 

atoms (cis and trans) maintain their original configuration, Htrans is more likely to 

form hydrogen bond with anions than Hcis. 

4) Hydrogen bonds between NH---Cl- are stronger than NH---O=C hydrogen bonds, so 

the former are preferred. The trans NH group can form a bifurcated double hydrogen 

bond as in the urea crystal, and so trans NH----Cl- hydrogen bonds are favoured over 

cis. 

2.1.4 Asline 

Asline, a new type III DES was recently discovered in 2018, formed from choline chloride 

as the quaternary ammonium salt and ascorbic acid as the HBD moiety35. A range of molar 

ratios between choline chloride and ascorbic acid (1.2:1, 2:1 and 2.5:1) produces the 

eutectic liquid (asline) that has a melting point of 85 ℃. Out of all the eutectic ratios 

possible for asline, the eutectic ratio of 2:1 (choline chloride: ascorbic acid) exhibits the 

highest decomposition temperature and hence the highest thermal stability. The main 

reason of formation of asline is attributed to the strong hydrogen bond present between the 

halide anion of choline chloride and ascorbic acid. Due to the recent discovery of asline, 

there are no published reports in the literature yet on the detailed molecular structure and 

nature of hydrogen bonding present. 

2.1.5 Physico-chemical properties of reline and asline 

The main physico-chemical properties like melting point, density, viscosity, ionic 

conductivity and solubilities of certain metal oxides in reline and asline are summarized in 

Table 2 as follows: 
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Table 2: Physico-chemical properties of reline and asline. 

Property Reline Asline 

Melting point 12 ℃19 85 ℃35 

Density36 1.25 gcm-3 Not available 

Viscosity at 60 ℃ (mPa.s) 6937 1852 

Ionic conductivity at 30 ℃38 0.199 mS cm-1 - 

Solubilities of certain metal oxides (in 
ppm)39 

ZnO-1894, V2O5-4593, 
Cu2O-219 

- 

- Not available. 

2.1.6 Use of DES in nanotechnology 

The increasing interest in DES due to their excellent solvation properties, readily 

biodegradable and eco-friendly components makes them adoptable for a number of 

applications in nanotechnology. The role of DES to synthesize nanomaterials are broadly 

studied in six major areas40: a) shape-control of nanomaterials, b) electrodeposited films, c) 

metal-organic frameworks, d) colloidal assemblies, e) hierarchically porous carbons and f) 

DNA/RNA architectures. Although there has been an accelerated interest in the use of DES 

as a solvent media for nanomaterial synthesis, yet employing DES for synthesis of 

materials at the nanoscale is still in its infancy as the first research article on the use of 

DES to synthesize nanomaterials was published only in 200841. 

 

2.2 Gold nanoparticles 

Gold nanoparticles play a crucial role in several technological advancements in an array of 

applications related to catalysis, plasmonics and therapeutics amongst others due to its 

exceptional physical and chemical properties at the nanoscale42. Au nanoparticles offers 

several properties such as high surface to volume ratio, excellent biocompatibility, ease of 

preparation and unique optoelectronic properties in comparison to the bulk counterparts43. 

The physico-chemical properties of the nanomaterials are dictated strongly by the size and 

morphologies which in turn affects the final applications. 

Size is a crucial factor because smaller particles have a greater fraction of surface atoms 

which possess higher binding energies than their bulk atoms44. The high reactivity of the 
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surface atoms is due to fewer number of neighbouring atoms and thus more number of 

unsatisfied bonds which makes the surface atoms less stable than their bulk counterparts. As 

can be seen from Figure 6, the % of surface atoms to bulk is about 50% for metal 

nanoparticle of sizes less than 3 nm and less than 10% for sizes more than 50 nm45. 

 

Figure 6: Calculated % of atoms present in bulk to surface ratio as a function of different particle size 

(Adapted from Klabunde et al. 45). 

In addition to size, morphology plays a key role in the final applications due to the selective 

exposure of surface active planes in metal and metal oxide nanocrystals46. For example in 

the case of metal nanoparticles, anisotropic shapes of gold such as nanoplates and branched 

structures are particularly attractive because of the sharp edges and high electric field 

localization at the corners which are suitable for plasmonic properties47. Plasmonic 

properties are the interactions arising between the free electrons and the incident light due to 

the collective oscillation of electrons upon excitation by electromagnetic radiation. For metal 

oxide nanocrystals such as in CeO2, selective exposure of different crystallographic planes 

exhibit different reactivities towards CO oxidation due to differences in surface energies of 

the phases6. 
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2.2.1 Synthesis of gold nanomaterials 

Proper scientific investigation on gold nanoparticles started in 1850s when Michael 

Faraday prepared colloidal gold by reducing gold chloride with phosphorus in carbon 

disulphide in a biphasic system48. Due to facile fabrication and easy tuneability of size and 

shape by changing the components in the wet chemical colloidal synthesis method49, in this 

thesis, the synthesis of gold nanoparticles is carried out by wet chemical synthesis 

technique. This section will focus on some of the important concepts like colloidal 

stability, size and shape control in such synthesis as discussed below before reviewing the 

state of art available to synthesize gold nanomaterials. 

2.2.1.1 Colloidal stability of gold nanoparticles 

Colloidal nanoparticles refers to the formation and uniform dispersion of nanoparticles in a 

colloidal state. A colloidal system is considered to be unstable if the nanoparticles 

agglomerate with each other. Colloidal nanoparticles tend to aggregate due to the attractive 

van der waals forces acting between their surfaces50. In 1940s, Derjaguin, Landau, Vervey 

and Overbeek (DLVO) proposed a theory to explain colloidal stability by looking at the 

balance between these two opposing forces: electrostatic repulsion (electrolytic double 

layer forces) and Van der Waals attraction. According to the DLVO theory, a colloidal 

system will be stable if the electrostatic repulsive forces are stronger than the attractive 

forces so that the particles repel each other and hence, there will be no coagulation51. 

However, if the attractive forces are dominant, then the colloidal particles will attract each 

other and form aggregates. A colloidal solution of nanoparticles are usually stabilized in 

two ways:  

1)  Electrostatic stabilization is achieved by the formation of an electrical double layer 

around the nanoparticles52. The nature of charge on the colloidal nanoparticles depends on 

the charges by the ions of the dispersing medium adsorbed on their surfaces. For example, 

Au nanoparticles prepared by the most common citrate reduction method are negatively 

charged due to the adsorption of citrate anions and Cl- ions from the gold precursor53. 

Positive counter ions surround the negative charged particle surface as shown in Figure 7a. 

An electrical double layer is formed subsequently where these ions adsorb to the metal 
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nanoparticle surface due to the attraction of opposite charged ions. This electrical double 

layer is neutral in charge. The main components of the electrical double layer are as 

follows: 

a) Surface charge: The charge on the colloidal nanoparticle due to surface adsorption 

of the ions present in the dispersion medium. 

b) Stern layer: Layer comprising of opposite charges (counter-ions) adhering to the 

surface charges by electrostatic forces. 

c) Diffuse layer: A film of the solvent surrounding the nanoparticle. This layer 

contains a mixture of cations and anions which move freely. 

 

 

Figure 7: a) Schematic representation of the electrical double layer surrounding the metal nanoparticle 

according to the DLVO theory; in this case, the nanoparticle surface is negatively charged, the stern 

layer comprises of oppositely charged ions and the outer diffuse layer contains a medley of cations and 

anions that are moving freely, b) steric stabilization present between two nanoparticles due to the 

adsorption of polymers. 

However there are certain limitations to electrostatic stabilization of colloidal nanoparticles 

such as these concepts are applicable to dilute systems only, neglects the possibilities of 

chemical reaction between the solvent and the nanoparticle and assumes uniform surface 

charge density on the nanoparticle.  

2) Steric stabilization: Steric stabilization is a stabilization process where the particles are 

coated with an adsorbed layer of stabilizers to prevent their agglomeration. By adding 

stabilizers such as capping ligands and surfactants, coagulation of colloidal nanoparticles 

can be prevented as shown in Figure 7b. The adsorbed layers of these polymeric materials 
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repel each other and this kind of repulsion is known as steric repulsion54. For example, 

amphiphilic stabilizers such as PVP (poly vinyl pyrrolidone) is one of the popular steric 

stabilizers owing to its amphiphilic nature where both the hydrophilic and hydrophobic 

component remains attached to the nanoparticles55. 

2.2.1.2 Size control of gold nanoparticles 

In order to develop an understanding on size control of gold nanoparticles, it is crucial to 

understand the mechanism of growth of nanocrystals in the solution in the first place56. The 

growth of nanocrystals in solution is explained by the La Mer scheme which was originally 

developed in 1950s to explain the growth of colloidal sulphur sols57 but over the years, La 

Mer model has been used extensively to explain the growth mechanistic of nanoparticles. 

The La Mer mechanism is divided into two processes: first nucleation followed by the 

growth of nanocrystals. The entire process of nucleation and growth is divided into three 

stages as shown in Figure 8: (I) rapid increase in the concentration of free monomers in the 

solution, (II) burst-nucleation of the monomers decreasing the concentration of free 

monomers in the solution and (III) growth of nuclei due to diffusion of monomers.  



20 

 

 

Figure 8: La Mer’s schematic representation (Adapted from Thanh et al. 58). 

It is desirable to obtain monodisperse uniform size distribution for nanoparticles due to 

their strong property-size relationship59. In solutions of relatively higher monomer 

concentration, small nanoparticles grow faster than the larger ones (size focussing) leading 

to monodisperse size distribution. By arresting the reaction at the nucleation stage such as 

by supplying more reactants to maintain the saturation, a critical radius rcrit can be 

maintained to ensure monodispersity. Critical radius for a particle is defined as the 

minimum size at which the particle will survive in the solution without getting dissolved58. 

When the monomer concentration is low or gets consumed in due course because of 

particle growth, the smaller particles (r < rcrit) are depleted and the larger ones (r > rcrit) 

grow (size defocussing) that leads to broad size distribution. The growth of the larger 

particles at the cost of smaller particles is known as Ostwald ripening. 

The growth condition of the critical radii rcrit is strongly dependent on the saturation ratio, 

S, which is the ratio of C/C0, where C is the concentration of the solute and C0 is the 

equilibrium concentration. The relation is given by Eq.258 
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𝑟𝑐𝑟𝑖𝑡 =
2𝛾𝑉

𝑘𝑏𝑇𝑙𝑛𝑆
            (2) 

 

where 𝑉 is the molecular volume of the precipitated species, 𝛾 is the surface free energy 

per unit surface area, 𝑘𝑏 is the Boltzmann constant, and 𝑇 is the temperature.  

A large body of literature is available on methods to tune the size of gold nanoparticles 

from 1-100 nm either by using surfactants like oleylamine60, PVP61 and tannic acid62 or by 

employing surfactant-free synthesis in which the reaction medium itself such as the solvent 

play dual roles of reducing the precursor and size control63. Under aqueous conditions, 

gold nanoparticles of sizes 12-64 nm are produced by the pioneering work of Frens et al. 

by changing the concentration of sodium citrate or sodium borohydride in the reaction 

medium where the citrate and borohydride play dual roles of controlling the nanoparticle 

size and acting as reducing agent64,65. In the presence of a strong reducing agent like 

sodium borohydride, small sized gold nanoparticles are formed due to faster rates of 

reduction whereas in weak reducing agents like citric acid, large gold nanoparticles are 

obtained because of slower reduction rates. In non-aqueous medium, the popular work of 

Brust in the synthesis of gold nanoparticles show that it is possible to synthesize gold 

nanoparticles of size 1-4 nm depending on the reaction conditions when the 

tetrachloroaurate ions are transferred to the toluene phase by using tetra-alkylammonium 

bromide followed by reduction with sodium borohydride in the presence of thiols66. In 

Brust synthesis, sodium borohydride reduces the gold precursor and thiols act as capping 

ligands to control the growth of gold nanoparticles. 

2.2.1.3 Shape control of gold nanoparticles 

Although there has been an explosion of research articles on the growth of gold 

nanocrystals in solutions, our understanding on the shape evolution of metal nanocrystals is 

still rudimentary67. Some of the main factors that are responsible for effective shape 

control are: a) the growth of a particular crystal morphology due to the adsorption of 

capping ligands like PVP on particular crystal facets68 or the presence of small amounts of 

different salts that can greatly alter the final morphology by selective adhesion to particular 

facets of the crystal for example small amounts of silver nitrate salt present in the solution 
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during the growth of gold nanoparticles has a prominent effect on the morphology because 

deposition of silver monolayer on the surface of Au nanoparticles acts as a strong binding 

agent that prohibits crystal growth in some dimensions such as {110} facets47 and b) a 

strong relation is present between the final morphology and the crystalline structure of the 

seed for example, nanoparticles exhibiting regular decahedral geometry grow from seeds 

with pre-formed decahedral geometry69. There are two major categories of the shapes of 

gold nanoparticles; spherical and non-spherical. The most common gold nanoparticle 

synthesis routes like Turkevich70, Frens71 and Brust66 provide spherical gold nanoparticles 

(as discussed in the previous Section 2.2.1.2).  

There has been an increasing interest to develop non-spherical or anisotropic gold 

nanoparticles due to several attractive features offered by them such as rod shaped gold 

nanoparticles are beneficial to enhance the surface plasmon resonance properties due to 

their sharp geometries (i.e. ends of rods) which leads to high electric field gradients72. Gold 

nanomaterials with spiky edges are also desirable for the generation of hot electrons which 

is useful for surface enhanced Raman spectroscopy (SERS)73. SERS is a surface sensitive 

technique that enhances Raman scattering by molecules adsorbed on plasmonic 

nanoparticles. A vast amount of literature is available on the anisotropic growth of gold 

nanomaterials in aqueous conditions. Branched gold nanostructures like bipod, tripod and 

tetrapod are prepared by adding capping surfactants like CTAB (cetyltrimethylammonium 

bromide) to solutions containing HAuCl4 and ascorbic acid74,75. The use of other capping 

agents like SDS (sodium dodecyl sulfate) and PVP (poly vinyl pyrrolidone) are also carried 

out to synthesize branched Au nanostructures76. Dimethylformamide (DMF) is a versatile 

solvent which acts as a reductant, solvent and ligand to synthesize metal nanoparticles77. 

DMF acts both as a solvent and capping ligand by tuning shape morphologies like 

triangles, decahedra, octahedrons or spheres78 . 

2.2.2 Structure-activity relationship of Au 

Structure functionality studies show that the optimum size and shape required for the gold 

nanoparticles is strongly dependent on the final applications for e.g. the optical properties 

of gold nanomaterials rely heavily on shape because the refractive index sensitivities (i.e. 

change in localized surface plasmon resonance wavelength per unit refractive index) 
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changes with morphology79. The index sensitivities increases with an increase in 

elongation and as the axes becomes sharper such as for nanorods and nanobipyramids due 

to an increase in the electromagnetic field at the sharper edges80 whereas for nanocubes 

and nanospheres, the index sensitivities are much smaller81. Anisotropic gold 

nanostructures like nanostars, nanothorns and snowflakes are also effective for catalytic 

activities such as electrocatalysis owing to a high density of stepped atoms41. 

One of the most commonly studied catalytic reaction for gold nanoparticles to gain more 

insights on the structure-activity relationship is the oxidation of CO82. The unique physico-

chemical properties of gold which makes it suitable for a range of applications such as 

catalysis are highly dependent on the size of nanoparticles for e.g. small gold nanoparticles 

of sizes 2-4 nm are two times more reactive towards CO oxidation than 20-30 nm size 

because Au atoms at the steps and corners of the smaller particles have lower coordination 

numbers and d states closer to the Fermi level resulting in a stronger interaction between 

the Au atoms and CO molecules83.   

2.2.3 Synthesis of gold nanomaterials in DES 

Over the last decade, a number of studies84,85,86,87 have been published on the wet 

chemistry synthesis of gold nanoparticles in reline by adding external reducing agents like 

ascorbic acid and sodium borohydride. Sun et al.41, Stassi et al.87 and Barcenas et al.85 

reported the synthesis of multiple twinned gold nanostructures such as stars and 

snowflakes by reducing HAuCl4 in reline using ascorbic acid as a reducing agent. The 

effect of different reaction parameters such as amount of water, reactant concentration and 

temperature on the resulting gold nanostructures are investigated by them. In these studies, 

ascorbic acid acts both as a reducing agent and an anisotropic template directing agent due 

to its preferential adsorption on particular crystalline facets directing the anisotropic crystal 

growth process49.  

The reduction of HAuCl4 by ascorbic acid involves its deprotonation and thus the presence 

of water in the system accelerates the synthesis of gold nanoparticles88. Although the 

varying amounts of water lead to different shapes, the exact contribution of water towards 

the tuning of varied morphologies is yet to be fully understood in detail. Similarly, gold 
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nanowire networks have been synthesized by Chirea et al. by reducing HAuCl4 by sodium 

borohydride in reline at 40 ℃86. It was shown here that urea molecules in reline stabilizes 

the resulting gold nanowire network during the fast reduction of Au3+ by sodium 

borohydride due to the formation of an intermediate adduct between choline chloride, urea 

and AuCl4
-. The different morphologies of Au nanocrystals were tuned in reline by 

changing the amount of water and the applied potential during electrodeposition by Li et 

al.89. The change in morphologies upon varying the water content occur mostly because of 

the following reasons: a) on increasing water content in the DES reline, the rate of ionic 

migration and electrochemical reduction happens faster leading to a rapid nucleation and 

growth of Au nanocrystals; b) in the absence of water, a large number of choline cations 

are available in the solvent but on increasing the amount of water, the availability of 

choline cations to participate in the reaction to tune the shape decreases which affects the 

final morphologies. A summary of the different gold nano morphologies synthesized in 

reline with different reducing agents are listed in Table 3. 

Similar results on the synthesis of gold nanoflowers in the DES formed by a mixture of 

choline chloride, gallic acid and glycerol is reported where the carboxyl and hydroxyl 

groups present in gallic acid act as the reducing and stabilizing agent to synthesize gold 

nanostructures90. 

Table 3: Summary of the synthesis of gold nanomaterials in DES with the addition of external reducing 

agents. 

Ref DES Reducing agent Gold Morphologies 
85  

Reline (choline chloride and urea) 

 

Ascorbic acid 

Nanoflowers (30 ℃) 

Urchin like structures (60 ℃) 
Star shaped (90 ℃) 

Agglomerates of stars (120 ℃) 
87 Reline (choline chloride and urea) Ascorbic acid Nanostars (room temperature) 
41 Reline (choline chloride and urea) Ascorbic acid Snowflakes (no water) 

Nanostars (5000 ppm water) 

Nanothorns (10000 ppm water) 
89 Reline (choline chloride and urea) Electrodeposition Nanostars (pure reline) 

Sea-urchin (80% water in reline) 
Spherical (50% water in reline) 

Amorphous (pure water) 
86 Reline (choline chloride and urea) NaBH4 Nanowires 
90 Choline chloride, gallic acid and 

glycerol 
- Nanoflowers 
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2.3 Metal oxide nanomaterials 

Metal oxides constitute an important class of materials in various areas such as catalysis, 

energy storage, medicines and sensor applications91. At the nanoscale, metal oxides are 

attractive because of their unique electrical, chemical and physical properties for example, 

the electrical and ionic conductivity properties of metal oxides like SnO2 makes it 

attractive for sensor applications due to change in conductivity on account of band bending 

produced by adsorption of molecules92. There are a wide range of different morphologies 

of metal oxide nanomaterials available such as 1D nanowires and nanotubes, 2D 

nanosheets, 3D shapes and nanoparticles. As discussed in Chapter 1, out of several 

physical and chemical methods available for the synthesis of nanomaterials, the focus of 

the thesis is on two methods; solvothermal/hydrothermal routes and wet chemistry 

reduction of the precursor salt method because of their simplicity and good control of size 

and shape at the nanoscale93,94. 

2.3.1 Wet chemical synthesis of metal oxide nanomaterial 

Hydrothermal synthesis 
Hydrothermal synthesis of nanomaterials involves their growth at high temperature and 

autogeneous pressure (> 100 ℃, > 1 atm) in aqueous conditions. The mechanism consists 

of the hydrolysation of the metal nitrate salt normally used as precursor to form metal 

hydroxides. Metal hydroxides are then precipitated as metal oxides through dehydration as 

shown in eq. 3 and 495,96.  

𝑀(𝑁𝑂3)𝑥 + 𝑥𝐻2𝑂 → 𝑀(𝑂𝐻)𝑥 + 𝑥𝐻𝑁𝑂3       (3) 

𝑀(𝑂𝐻)𝑥 → 𝑀𝑂𝑥 2  ⁄ + 𝑥 2⁄ 𝐻2𝑂                           (4) 

Solvothermal synthesis 

Solvothermal synthesis of nanomaterials is similar to the hydrothermal synthesis; however, 

the main difference between the two methods is that in solvothermal synthesis, the solvent 

is non-aqueous. This synthesis involves operating pressures ranging from more than 1 atm 

and temperatures between 100 ℃ and 300 ℃97. The main factors governing the 

solvothermal reactions are the solvent nature and the thermodynamic parameters98. Solvent 
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selection is important as it determines the mechanism of formation and thus the resulting 

product. It is possible to tune the shape and size of the nanomaterials by controlling the 

other factors in solution such as nature of solvent, precursor, temperature, reaction time 

and pH99. In solvothermal synthesis, supersaturation is the phenomenon that controls the 

overall nucleation rate and crystal growth99. Supersaturation is defined as the condition 

when a solution has more amount of the dissolved material than could be dissolved by the 

solvent under normal conditions. The solute starts precipitating into clusters of crystals 

whenever the solution reaches its supersaturation stage. Soon following nucleation, these 

crystals grow in larger sizes and shapes following mostly two processes i.e. transport of 

units through solution and attachment of these units to the growth sites as seen in Figure 9 

100. 

 

Figure 9: Schematic representation of the growth of nanomaterials in solvothermal synthesis 

conditions (Adapted from Li et al. 100). 

Main advantages of solvothermal processes for the synthesis of nanomaterials are better 

control over shape and size, growth of single crystals at low temperatures and ceramics 

preparation from metastable states101. However one of the disadvantages of this synthesis 

technique is the inability to monitor the reaction in-situ because the ordinary autoclaves 

(reaction vessels employed for solvothermal synthesis) are usually opaque. 

The growth of metal oxide nanomaterials is broadly governed by four possible processes 

taking place in the solution phase: nucleation, particle growth, Ostwald ripening102 (where 

some of the nanoparticles grow at the expense of other nanoparticles which dissolve) and 

dissolution kinetics of nanoparticles103. The concepts of nucleation and particle growth are 

explained with the help of La Mer diagram shown in Section 2.2.1.2.  
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2.3.2 Mechanistic strategies to control shape of metal oxide 

nanomaterials 

Before the current state of art is reported for the wet chemical synthesis of metal oxide 

nanomaterials, it is vital to understand how the nanocrystal surfaces of metal oxides can be 

manipulated to tailor shape and sizes of the products. Shape control of the nanomaterials is 

an interplay between thermodynamic parameters (e.g. relative stabilities of the crystal 

faces) and kinetic limited processes like diffusion of reactants in the mixture and surface 

adhesion of surfactants104. The three major strategies for metal oxide shape control are as 

follows: 

1) Oriented attachment (OA): It is the growth mechanism process where the 

nanoparticles with common crystallographic axes are combined together directly to form 

larger particles105. The mechanism of the growth of anisotropic nanomaterials by OA 

route is by either collisions of aligned nanoparticles in solution or rotation of non-aligned 

nanoparticles that are in contact to obtain low-energy morphologies106. Nanorods of TiO2 

grows in hydrothermal conditions by OA mechanism due to the collision amongst the 

nanocrystals and formation of rod like morphology possessing minimum surface area107.   

2) Effect of surface energy and selective adhesion: Surfactants having different 

affinities for different crystal phases lead to excellent shape control due to selective 

adhesion. For example, in the absence of surfactants, TiO2 grows as arrow shaped 

nanocrystals with fast growth along {001} face followed by a bipyramid shaped base 

terminated by {001} and {101} crystal faces. When lauric acid is used as a surfactant, 

there is a reduction in the growth along {001} direction resulting in the formation of 

nanorods108.  

In addition to surfactants, dopants (traces of impurity elements) play an important role in 

shape control by stabilizing specific phases of the crystallographic lattice. An example of 

this can be seen from the conversion of CeO2 nanopolyhedra into nanospheres by doping 

with Ti4+109. Introduction of dopants in the crystal lattice increases the number of electric 

dipoles present which in turn affects the nucleation and growth process, hence 

influencing the final shape and size of the nanocrystals110. 
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3) Control of the growth regime: Isotropic growth of nanomaterials is favoured in 

the presence of a sufficient supply of thermal energy and low flux of monomers whereas 

anisotropic growth is favoured by a high flux of monomers104. An example of the effect 

of growth regime can be seen from the evolution of Co3O4 crystals under different 

reaction times. During early stages, Co3O4 nanocubes are formed by the specific growth 

of {111} facets but upon exceeding the reaction time, the initial monomer concentration 

gradually depletes to a level that is lower than required for nanocube formation. Thus, the 

cubic shape evolves into spherical shape which is the most stable phase by the growth of 

{100} faces because of the differences in the chemical potential of these two faces111. 

2.3.3 Surfactant-free processes to synthesize nanomaterials 

One of the aims of this PhD thesis is to investigate the use of DES to synthesize 

nanomaterials in a solvent-controlled approach without the addition of any external 

additives in the reaction medium, hence it is imperative to mention other solvents that are 

reported in the literature that fulfil the surfactant-free approach to develop nanomaterials. 

Benzyl alcohol is a versatile solvent as more than 53 different types of metal oxides are 

synthesized by reacting their respective precursors in it112. Oxides of metals such as iron, 

indium, gallium and zinc are produced by reaction of the respective metal 

acetyalacetonates with certain amines like benzylamine which play dual roles of reactant 

and solvent113,114. A series of reactions involving the solvolysis of metal acetylacetonates 

followed by C-C bond cleavage to produce N-benzylacetamide and enolate ligands upon 

reaction with benzylamine produces metal oxide nanoparticles114. Glycothermal routes 

employing glycols like ethylene glycol, 1,4- butanediol and 1,5- butanediol as solvents also 

fulfils multiple roles such as strong oxidizer and bidentate ligands which can bind to the 

metal ions to form metal complexes that serve as molecular templates in directing 

chemistry at the nanoscale to synthesize metal oxides115,116,117.  

In ionothermal syntheses, IL are the reaction media and also provides template cations 

around which inorganic frameworks grow118. The ‘all-in one’ properties of IL are due to 

several factors119. On one side, the extensive hydrogen bonding system in IL is highly 

structured and hence affects the resulting products and on the other side, IL are immiscible 

with a number of organic solvents, thus desirable bi-phasic synthesis reactions can be 
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designed. IL also stabilizes nanomaterials by forming a protective layer of counter-ions 

around the metal nanoparticles that prevent these from agglomeration120.  

2.4 Ceria 

Ceria (CeO2) is a stable pale yellow oxide known to crystallize in a fluorite structure (space 

group Fm3m), where Ce4+ ions occupy the face centre and cubic positions, the oxide ions 

occupy the tetrahedral sites whereas the octahedral sites remain vacant as shown in Figure 

10121.  

 

 

Figure 10: Fluorite crystal structure of ceria, green spheres: cerium atoms, red spheres: oxygen atoms.  

Ceria forms non-stoichiometric oxides of the formula CeO2-x under reducing atmospheres 

(0<x<0.5) due to the capability of the cerium atom to cycle between +3 and +4 oxidation 

states. By increasing the reducing temperature, the ceria lattice undergoes an expansion 

due to the reduction of Ce4+ to Ce3+ (ionic size of Ce3+(101 pm) is larger than Ce4+(87 

pm))122. These non-stoichiometric phases formed during the reduction process can be 

easily oxidized to CeO2 under mild oxidizing conditions. This ability of CeO2 to store and 

release oxygen due to the Ce3+/Ce4+ redox couple is known as oxygen storage capacity 

(OSC)123 and depends on the ambient oxygen partial pressure and temperature as seen in 

eq. 5. 

𝑪𝒆𝑶𝟐  → 𝑪𝒆𝑶𝟐−𝒙  +
𝒙

𝟐
𝑶𝟐 (𝟎 < 𝒙 < 𝟎. 𝟓)       (𝟓) 
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OSC is an important property of the catalytic materials to store oxygen in an oxygen rich 

environment and to release oxygen in an oxygen deficient environment. Owing to its high 

OSC, CeO2 has attracted the attention of the scientific community for decades due to its 

applications in a wide range of catalytic areas such as in three way catalytic converters, 

fluidised catalytic cracking, removal of soot from diesel engine exhaust, oxidation of 

pollutants and in fuel cell technology124,125.  

2.4.1 Synthesis of nanostructured faceted CeO2 

A wide range of methods are reported for the synthesis of nanostructured ceria including 

electrochemical deposition126, sol-gel127 and hydrothermal methods7. Amongst these, the 

hydrothermal method being the simplest and one of the most economical routes, has 

attracted considerable interest as discussed in Section 2.3.1. Table 4 provides an overview 

of the main solvothermal methods used for the synthesis of nanostructured ceria, including 

the synthesis conditions and the resulting morphology.  

Table 4: Overview of the main solvothermal methods for the synthesis of nanostructured ceria. 

Ref Ceria precursor Solvent  Surfactant T / ℃ Time  Morphology 
7 Ce(NO3)3.6H2O Water / 

NaOH 
No surfactant 70 10 h Nanoparticles 

100 Nanorods 

180 Nanocubes 
128 CeCl3·7H2O Water / 

ethanol 
 

Octadecylamine 

SDS 
NaOT 

160 

160 
160 

72 h 

72 h 
72 h 

Nanorods 

Nanoparticle 
Nanoparticle 

129 Ce(NO3)3.6H2O 

 

Water / 

ethanol 

NaOH 

Oleic acid 180 

 

24 h Nanospheres 

Water / 

n-

butylalcohol 
NaOH 

Nanocubes 

130 Ce(NO3)3.6H2O Water Ethylene  glycol 300 10 

min 

Aggregates of 

nanoparticles 

350 Nanoflowers 

380 Nanoflowers 

 
131 

Ce(NO3)3.6H2O Urea / Water  150 0.5 Rods 

150 24 Prism 

150 72 Polygon 
132 Ce(NO3)3.6H2O Ethylene 

glycol 
- 180 

 

 

48 h Palm leaves 
using glass 

slides as 

substrates 
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133 [(NH4)2Ce(NO3)6] 
 

Aq. NH3 
solution 

NaOH 

Ethylene glycol 50 
(microwa

ve) 

30 
min 

nanoparticle 

134 CeCl3·7H2O 

 

Toluene 

 

hexadecylamine 80 

 

24 h Nanocubes 

135 CeCl3.7H2O Aq. H2SO4, 

NH3 solution 

CTAB 80 

 

4 

days 

Nanorods 

136 Ce(NO3)3·6H2O Water /  

Diethylenegl
ycol 

PVP 

 

180 24 h Nanospheres 

137 Ce(CH3CO2)3.xH2O 1,4-

butanediol/ 

ethylene 
glycol, 

octanoic acid 

 300 

 

2 h Plates 

138 CeCl3.7H2O Ethanol / 
peroxyacetic 

acid 

 160 
 

9 h Hollow 
nanocubes 

139 CeCl3.7H2O Water / 

formamide / 
H2O2 

PVP 180 24 h Hollow 

nanospheres 

 
140 

Ce(NO3)3.6H2O Urea / water 

/ 

Glycerine   

 100 24 h Nanospindles 

 
141 

Ce(NO3)3.6H2O Hexanol / 

Ammonia 

 180 

 

24 h Micropillows 

 
142 

Ce(NO3)3.6H2O Water   PVP 140 24 h Spherical 

nanocrystallite 

 
143 

Ce(NO3)3.6H2O Water / 

Urea   

 150 12 h Nanospindles 

 
144 

 

Ce(NO3)3.6H2O Water / 

Carbamide 

CTAB 150 16 h Triangular 

microplates 

Synthesis conditions play a key role to determine the resulting ceria morphology and size. 

For example by systematically varying the concentration of base (NaOH) and temperature 

during hydrothermal synthesis; nanoparticles, nanorods and nanocubes are selectively 

synthesised as the temperature and NaOH concentration increases7 due to changes in the 

dissolution/recrystallization kinetics. Alternatively, templating agents and/or surfactants 

are also used to control the morphology. Surfactants like octadecylamine, CTAB and PVP 

are able to tune the morphology of ceria into nanorods and even affecting the size 

distribution128,135,142, while others such as SDS and NaAOT fail to produce 1D 

morphologies128. The choice of solvent and precursor also plays a crucial role in affecting 

the morphology of the resulting ceria materials. In specific cases, the solvent is not only a 
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platform for the dissolution of the ceria precursor but also plays dual role as a surfactant. 

Oleic acid acts as a surfactant to produce nanospheres when water/ethanol is used as the 

solvent and nanocubes when water/n-butylalcohol is used129. Other factors such as the 

presence of alcoholic groups in organic compounds, e.g. glycerine, are responsible for the 

linkage of nanoparticles, forming nanospindles140. Alkaline conditions favour the synthesis 

of a mixture of quadrangular and hexagonal nanoparticles whereas acidic conditions 

induces the formation of hexagonal shaped nanoparticles131.  

2.4.2 Structure-activity relationship of nano CeO2  

Experimental145 and theoretical146 studies show that the physico-chemical properties of the 

nanoceria exhibit surface-structure dependent characteristics because different 

morphologies selectively expose different crystal planes6. Ceria nanoparticles 

preferentially expose {111} and {100} facets, ceria rods are known to enclose {110} and 

{100} surface planes, and ceria cubes, {100} planes. Figure 11 shows the atomic 

configurations of each of the ceria facets. Ab-initio calculations show that {100} phase is 

the most reactive surface as it presents a high surface energy of 2 eV followed by the 

{110} surface of 1.50 eV and finally the {111} surface exhibits the lowest surface energy 

of 1.21 eV and hence is the most stable surface147,148. The oxidation activities are inversely 

proportional to the phase stabilities and thus, the most reactive crystal surfaces are {110} 

and {100} facilitating the formation of oxygen vacancies and exhibiting higher reducibility 

at lower temperatures along with larger OSC7. Experimental results show that the 

migration of lattice oxygen from bulk to surface is highest for these two {100} and {110} 

surfaces149 while for the (111) surface, surface oxygen vacancies are immobile at room 

temperature150. Hence, the reducibility of nanoceria increases in the order of rods > 

particles > cubes7. 
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Figure 11: Atomic configurations of the unit cell and the {001}, {111}, and {110} facets of CeO2 

(Adapted from Li et al. 46). 

In addition to morphology effects, the OSC of ceria is known to depend strongly on the 

particle size such as 5-10 nm particles show a higher surface oxygen concentration than the 

30 nm particles151. The presence of this surface oxygen is of key importance specially in 

oxidation reactions where it can easily react with reacting species151. Thus, a good 

morphological control and selective exposure of crystal phases is extremely important for 

various oxidation catalytic reactions (e.g. VOCs and CO) on nanostructured ceria because 

theoretical calculations predict strong CO chemisorption on the higher energetic {100} and 

{110} surface planes in comparison to the {111} plane152. 

2.4.3 Use of IL and DES to synthesize nanostructured CeO2 

Despite the easy scale-up of most of these hydrothermal methods, they often involve the 

use of harsh, toxic and corrosive alkaline agents like NaOH. Some works using IL to 

engineer different morphologies of nanostructured ceria like nanospheres, rod, ribbons and 

flowers have been reported by manipulating the nature of cation such as aromatic, 

pyrridinium, pyrrolidinium and alkyl chain based in the IL153. In these IL, different cations 

influence differently towards mechanisms like electrostatic attractions, self-assembly, 

hydrogen bonds and ᴨ-ᴨ stacking to influence the growth of CeO2 in IL resulting in 
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different morphologies. Monodisperse spherical aggregates of nanocrystalline ceria were 

developed using IL both as the solvent and template source154. 

In addition to IL, DES also presents a sustainable and non-toxic alternative towards novel 

solvothermal routes. To date, reline and another DES composed of CTAB and acetic acid 

are the only DES that are used to successfully synthesise nanostructured ceria155,156. 

Liquid-phase neutron diffraction measurements show that the solvent plays the role of a 

latent supramolecular catalyst leading to a solvent-driven pre-organisation of reactants, 

allowing the low-temperature synthesis of nanostructured ceria. Significant control over 

the morphology, size and porosity can be achieved by controlling the reline/water ratio155. 

DES composed of CTAB and acetic acid is shown to stabilize ceria nanoparticles and 

prevent these against agglomeration156. CTAB is a common surfactant and hence its 

incorporation in the DES serves dual roles of surfactant and solvent along acetic acid. 

 

2.5 Zirconia 

ZrO2 exists in three crystallographic phases: monoclinic, tetragonal and cubic phase157. 

Monoclinic phase exists below 1170 ℃, tetragonal between 1170 ℃ and 2370 ℃ and 

cubic phase above 2370 ℃ as shown in Figure 12. 
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Figure 12: Crystallographic phases of ZrO2: monoclinic, tetragonal and cubic (Adapted from Brog et 

al. 158). 

Zirconia, ZrO2 is used extensively in a wide range of applications such as nanoceramics, 

reinforced ceramic composites, bio-material for dental implants and coatings for ceramic 

fibres159. The use of ZrO2 as a technologically important metal oxide is due to its intrinsic 

properties such as high melting point, resistance to acids and alkali, hardness and shock 

wear. Factors like low thermal conductivity and high thermal coefficient expansion makes 

ZrO2 a suitable candidate to be used as thermal coatings160. 

2.5.1 Synthesis of nanostructured ZrO2 

Several methods are reported in the literature to synthesize nanostructured zirconia such as 

co-precipitation, hydrothermal synthesis, sonochemical, microemulsion and sol-gel161. 

Hydrothermal route is one of the most popular route to synthesize ZrO2 nanomaterial due 

to easy preparation methods and good control over morphology and size as mentioned 

previously in Section 2.3.1. An overview on the synthesis of ZrO2 in hydrothermal 

conditions to develop different phases and morphologies is shown in Table 5. 

 

Monoclinic Tetragonal Cubic
1170°C 2370°C

a   c
α=γ=90°, β     

a=   c
α=β=γ=   a=  = c

α=β=γ=   
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Table 5: Overview of the main solvothermal methods for the synthesis of nanostructured zirconia. 

Ref Zirconia 

precursor 

Solvent Surfactant T(℃) Time 

(h) 

Morphology/ 

Phase 
162 ZrO(NO3)2.xH2O NaOH (5M), 

ethanol 

- 200 

250 

24 

24 

Nano ricem 

Hexagonal 
nanodiscsm 

163 Commercial ZrO2 NaOH 

(10M) 

- 150 85 Sphericalt,m,c 

164 ZrOCl2.8H2O 

Zr(OH)2(C2H3O2)2 

ZrO(NO3)2.xH2O 

H2O 

H2O 

H2O 

- 170 

210 

210 

- 

- 

- 

Sphericalm 

Circularm 

Irregularm 
165 ZrO(NO3)2.xH2O H2O - 250 24 Nanocrystalm 
166 ZrO(NO3)2.xH2O Urea/ H2O 

Urea/CH3OH 
- 140 

140 
20 
20 

Nanocrystalm 
Nanocrystalt 

167 

 

Zr(NO3)4.5H2O N2H4.H2O 

NaOH 

- 150 

150 

24 

24 

Nanocrystaltmaj 

Nanocrystalm 

maj 

ZrOCl2.8H2O 

 

N2H4.H2O 

NaOH 

- 150 

150 

24 

24 

Nanocrystalt maj 

Nanocrystalm 

maj 
168 ZrOCl2.8H2O Aq. NH3 

solution 

Diethanolamine 

Triethanolamine 

Glycerol 

Dichloromethane 
Ethyl bromide 

Ethyl iodide 

Trimethylamine 
Dimethylamine 

180 

 

24 

 

Ellipset 

Ellipset 

Spheret 

Spindlem 
Ellipsem 

Spindlem 

- t+m 
- t+m 

169 Commercial ZrO NaOH 

(15,20,25M) 

- 200 7 

days 

Nanobarsm 

170 ZrB2 H2O2 - 170 24 Nanorodm 
171 Zr(NO3)4.5H2O NH4F - 180 72 Nanorods 
172 ZrOCl2.8H2O NH4OH - 200 12 Nanoparticlest 
173 ZrCl4 LiOH.H2O 

NaOH 
KOH 

 

(CH3)4NOH 

- 110 7 Nanoparticlecmaj 

Nanoparticlesc 

Nanoparticlesc 

med, m small 

Nanoparticlesm 

med, c&t minor 
174 ZrOCl2.8H2O Na2CO3 

NaOH 

Na2SO4 
HNO3 

NH4F 

- 450 50 Twinnedm 

Twinnedm 

Powderm 
Powdersm 

Plate crystalsm 
175 ZrO(NO3)2.xH2O 

(0.25M) 
ZrO(NO3)2.xH2O 

(0.38M) 

H2O 

 
H2O 

- 250 

 
250 

24 

 
0.5 

Nanoparticlem 

 
Nanoparticlem+t 

176 ZrOCl2.8H2O NH3 solution CTAB 250 18 Nanoparticlest 
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177,178 ZrOCl2.8H2O NaOH Lauric acid, SDS 160 12 Lamellar  

- No surfactants used. 

m, t, c, maj, min, med represents monoclinic, tetragonal, cubic, major phase, minor phase and medium phase 

respectively. 

From Table 5, it can be seen that the final ZrO2 phase is closely dependent on the synthesis 

conditions such as the nature of solvent. Unlike monoclinic (m-zirconia), tetragonal (t-

zirconia) and cubic (c-zirconia) are unstable at room temperatures and transform to m-

zirconia in the presence of moisture179,180. However, by systematically varying the nature 

of the alkaline base and solvent during the hydrothermal treatment or by introducing 

dopants like alkali metals and yttria181, selective tuning of zirconia phases (monoclinic, 

tetragonal, cubic) can be achieved due to changes in the dissolution/recrystallization 

kinetics. Pure phases of t-ZrO2 and m-ZrO2 are obtained when methanol and water are used 

respectively as solvents with urea166. This shows that solvents play a crucial role towards 

phase control because water transforms the hydrous intermediate metastable t-ZrO2 

precipitates into more stable m-ZrO2 by dissolution and precipitation, whereas methanol 

removes the water molecules from the precursors by the reaction with urea to maintain the 

tetragonal phase of the ZrO2 intermediates166. Synthesis of t-ZrO2 and m-ZrO2 are also 

achieved by using hydrazine and NaOH respectively because hydrazine not only acts as the 

solvent but also as a coordinating ligand with the Zr precursor167. The use of additives like 

polyhydric alcohols (glycerol) act as good chelating agents to Zr centres in order to tune t-

ZrO2 phase whereas alkyl halides favour the formation of m-ZrO2 but the exact reason for 

the phase stabilities by these alcohols and alkyl halides is still poorly understood168. Phase 

determination depends largely on the nature of the cation present in the base as well173. 

Mineralizers such as LiOH and NaOH, which have a smaller cationic radii, favour the 

formation of cubic phase whereas monoclinic phase is favoured in solvents like 

trimethylamine which have a larger radii. The larger cationic radii of the mineralizer 

causes a decrease in the crystallization rate which provides sufficient time to the nucleation 

reaction to arrive at the thermodynamically stable monoclinic phase182. 

Templating agents and/or surfactants are also used to control the morphologies of 

nanomaterials as discussed previously. Surfactants such as CTAB, SDS and lauric acid are 

able to produce nanoparticles and lamellar structures and even affecting the size 
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distribution177,176. The choice of solvent and precursor also plays a crucial role in affecting 

the morphology of the resulting ZrO2 materials. In specific cases, the solvent is not only a 

platform for the dissolution of the precursor but also acts as a surfactant. For example, 

changing the solvent from water/NaOH to water/ethanol mixtures, the resultant 

morphology modifies from nano-rice to hexagonal nanodiscs162. Other factors such as the 

presence of OH groups in organic compounds, e.g. glycerol, leads to the formation of 

nanospheres whereas additives like those containing amine groups such as triethanolamine 

and diethanolamine form nano-ellipses due to the difference in the growth rate of different 

crystallographic planes168. Acidic conditions induce the formation of a mixture of 

nanoplates and nanoparticles whereas alkaline conditions favour the synthesis of 

micrometer sized twinned particles due to the differences in the dissolution process, 

formation of intermediate metal-additive species and nucleation growth steps174. 

2.5.2 Structure-activity relationship of ZrO2 

Selective exposure of the crystallographic phases in ZrO2 plays a significant role in a wide 

range of applications such as nanostructured ceramics, sensors, solid oxide fuel cells and 

catalyst support due to high oxygen ion conductivity, good mechanical and electrical 

properties163. The three different ZrO2 polymorphs: monoclinic, tetragonal and cubic; 

exhibit different catalytic activities, selectivities and adsorption phenomenon due to the 

variations in the densities of the hydroxyl group, lewis acid/base strength of cation/anion 

pair sites and Brønsted acid and base sites on their surfaces183. Experiments have shown 

the difference in the total number of acid sites and base sites on the surface of m and t-

ZrO2
184. The total number of acid sites for m-ZrO2 and t-ZrO2 are 1.88 and 1.55 nm-2 

respectively. Whereas the total number of base sites are 0.93 and 3.23 nm-2 respectively. In 

order to understand the crystal phase-activity relationship of ZrO2 polymorphs, several 

catalytic reactions have been reported in the recent past, allowing the study and 

comparison of the activity of different phases. For example, monoclinic ZrO2 presents a 

higher activity than c-ZrO2 and t-ZrO2 in the photocatalysis of methyl orange due to the 

presence of more surface hydroxyl groups, lewis acid sites, better adsorption properties and 

more defects185. The formation of carbonate-like complexes via strong binding of CO is 

suggested as potential reaction pathway for t-phase whereas formate intermediate species 
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are created on m-phase184. Due to the larger number of acid and base sites on monoclinic 

zirconia, Cu/m-ZrO2 and Au/m-ZrO2 are more effective than the tetragonal phase towards 

methanol synthesis from CO/H2 and water gas shift reactions respectively186,187. V2O5/m-

ZrO2 is more active for alkylation of phenol due to high acidity on account of anionic 

concentration on monoclinic surface188. However, the presence of a lower number of lewis 

acid sites on the surface of tetragonal phase is beneficial for other applications like liquid 

phase hydrogenation of benzene to cyclohexene (Rh-B/t-ZrO2)
189 and Cu/t-ZrO2 for CO 

hydrogenation as Cu is displaced better on the t-phase190. Higher hydrocarbon formation 

occurs for the tetragonal/cubic phase due to a greater number of basic sites in comparison 

to monoclinic zirconia. Tetragonal sulphated ZrO2 is found to be more effective in 

bimolecular reactions like n- butane isomerization due to the stabilities of intermediate 

transition state complex species to the O2
- that is tetra-coordinated on the surface191. These 

results show that a solid understanding on the development of a particular phase is 

essential for final applications. 

2.5.3 Use of IL and DES to synthesize nanostructured ZrO2  

Tetrafluoroborate based IL with different cations (1-butyl-3-methylimidazolium (BMim) 

and N-butylpyrridinium (Bpy) are used to synthesize ZrO2 nanowires to study the role of 

cation in the synthesis as the solvent192. It is observed that ZrO2 nanowire formation does 

not takes place in the absence of IL however BMim IL produces more uniform nanowires 

suggesting the surfactant role of IL towards the formation of ZrO2 nanowires. A 

combination of BMim IL and water is used to synthesize spherical ZrO2 nanoparticles 

using the technique of microemulsion in order to replace the highly volatile xylene phase 

with the negligible vapour pressure of BMim IL193. Tetragonal phase of ZrO2 is 

synthesized in the microemulsion technique and the BMim IL also help in preventing the 

agglomeration of ZrO2. There are no reports published so far in the synthesis of nano ZrO2 

in DES. Synthesis of 2D open framework zirconium phosphates in DES via solvothermal 

synthesis based on tri- and tetra methyl alkyl groups along with oxalic acid as the HBD 

moiety play dual roles of both the solvent and template to synthesize zirconium phosphates 

by getting incorporated in the Zr framework194,195,196,197. These examples show the 
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potential of novel chemistries based on IL and DES to synthesize nanomaterials in 

solvothermal reactions. 

2.6 Vanadium pentoxide (V2O5) 

Vanadium, the chemical element with an atomic number of 23 is named so after the 

Scandinavian goddess of beauty and fertility (Vanadis) by Nils Gabriel Sefström who 

discovered various chloride salts of vanadium in 1830s. Out of several possible oxides of 

vanadium from +2 to +5, vanadium pentoxide (V2O5) is the most important oxide due to its 

wide usage in various technological applications such as cathode materials for Li-ion 

batteries198, electrochemical capacitors199 and biological sensors200. In particular, 

orthorhombic V2O5 is an attractive cathode material for battery applications as its 

theoretical and real capacity upon two Li ion insertions/extractions is higher (294 mAhg-1) 

than conventional cathode materials201. One of the most common oxide of vanadium, V2O5 

belongs to the orthorhombic crystal class with a space group of Pmmn, (D2h
13) and lattice 

parameters a = 11.510 Å, b = 3.563 Å, c = 4.369 Å with distorted square pyramidal 

coordination symmetry202 as shown in Figure 13. This distorted polyhedral structure forms 

(V2O4)n zigzag double-chains along the {001} direction which are cross-linked along 

{100} through shared corners203. The layered structure of V2O5 are held together by weak 

V-O bonds comprising of VO5 square pyramids sharing edges and corners204.  

 

 

Figure 13: Orthorhombic phase of V2O5; black spheres: vanadium atoms, red spheres: oxygen atoms.  



41 

 

2.6.1 Synthesis of nanostructured V2O5 

Various strategies are employed to synthesize nanostructured V2O5 such as sol-gel 

processing, thermolysis, reverse micelle and hydrothermal synthesis205. Out of these 

methods, due to the advantages offered by the hydrothermal route such as rapid and facile 

preparation, cheap and scalable synthesis (as discussed in the previous Section 2.3.1), 

several reports are published in the past towards the synthesis of different nanostructured 

morphologies of V2O5 by hydrothermal routes199,206,207,208. Different morphologies of 

nanostructured V2O5 such as nanowires, nanowaxberries and nanoflowers are synthesized 

by using different concentrations of PVP under hydrothermal conditions207.  

PVP is an excellent crystal growth modifier that tunes the formation of superstructures in 

solutions by its preferential adsorption to certain crystalline facets, leading to different 

shapes of V2O5. Similarly, ethylene glycol has been used as an additive to synthesize V2O5 

nanoflowers209 by its coordination with vanadium ions forming nanorods which then self-

assemble into nanoflowers. In the absence of ethylene glycol, nanobelts and nanoparticles 

are synthesized. Different acids such as acetic acid and nitric acid are used in aqueous and 

ethanol solvents to obtain nanoflowers, nanoballs, nanowires and nanorods208. As can be 

seen from the above examples, it is possible to obtain various morphologies from different 

solvents such as acids and alcohols due to the adsorption abilities of the functional groups 

present in these solvents to adhere on the nanocrystal facets210.   

High aspect ratio V2O5.xH2O nanobelts and nanorolls are synthesized under hydrothermal 

conditions by using strong and weak acids like sulphuric acid and acetic acid 

respectively211. On altering the hydrothermal conditions like temperature and synthesis 

time, the amount of water intercalated between the nanostructures in the reaction mixture 

plays an important role to tune various morphologies of nanostructured V2O5.xH2O 

nanowires and nanorods206. At lower temperatures, more flexible structures like nanowires 

are obtained whereas nanorods are obtained under high temperature conditions i.e. in the 

less hydrated forms206.  
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2.6.2 Structure-activity relationship of V2O5 

Various V2O5 nanostructured morphologies like nanowires, nanowaxberries and 

nanoflowers have been tested for Li-ion battery electrode applications207. The best stability 

is shown by the nanoflowers and highest Li-ion diffusion coefficient in comparison to 

other nanostructures because the nanoflowers are usually composed of nanoflakes, which 

increases the surface area of the materials that facilitates the easy diffusion of ions. The 

structure-activity relationship is evident on studying the electrochemical behaviours using 

cyclic voltammetry and galvanostatic charge-discharge curves on four different 

morphologies of V2O5 including nanoflowers, nanoballs, nanowires and nanorods208. V2O5 

nanorods exhibits the best electrochemical behaviour in terms of storage capacity, 

electrochemical kinetics and charge discharge capabilities due to its rod-like structure 

which facilitates the diffusion and migration of Na+ ions during ion insertion while using 

Na2SO4 electrolyte. Microspheres of V2O5 with different interiors such as hollow, yolk-

shelled, multi-shelled and single-shelled structures have been tested to understand the role 

of these complex interior structures for Li-ion battery applications212. The unique yolk-

shell structures facilitate an efficient penetration of the electrolyte and a good contact area 

between the electrolytes and electrode due to the void space present within the 

microspheres and porous shell. 

2.6.3 Use of IL and DES to synthesize nanostructured vanadium 

based compounds 

Two IL [Py1,4][Tf2N] and [EMIM][Tf2N] with different cations [Py1,4]
+ and [EMIM]+  have 

been used to synthesize V2O5 nanoparticles and study the effect of cations in the 

synthesis213. V2O5 nanoparticles with poor surface areas and crystallinity are obtained in 

[EMIM]Tf2N because the positive charge is delocalized in the aromatic imidazolium ring 

and is not available for donation in comparison to pyrrolidinium where the charge is 

available for donation213.  Imidazolium based IL have been used as both solvents and 

intercalating agents to synthesize 1D nanorods by a facile solvothermal synthesis route214. 

V2O5 nano/micro rods are synthesized by using two types of IL [EMIM][TfO] and 

[EMIM][Tf2N] by ultrasound irradiation technique to study the effect of different anions 
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[TfO]- and [Tf2N]- on the V2O5 morphologies215. Due to the steric hindrance of [Tf2N]- 

anion in comparison to [TfO]-, the micro/nanorods of V2O5 are less aggregated. Lamellar 

and clubbed morphologies of vanadium phosphate catalysts by using sodium metavanadate 

and peroxyphosphoric acid as the initial raw precursors are synthesized in reline as the 

template agent216. It is believed that the breakdown of the urea portion from reline releases 

the expected template species to synthesize other compounds such as vanadium 

oxyfluorides217. There have been no reports published in the literature so far on the use of 

any DES to synthesize nano V2O5. 

2.7 CO oxidation 

Catalytic CO oxidation to form CO2 is one of the most widely studied reactions due to its 

applicability in a large number of industrial processes to oxidize CO in the automotive 

industry sector, petrochemical industries and fuel production. CO oxidation is commonly 

used as a model reaction to compare oxidation catalytic activities. Research towards the 

development of catalysts that can facilitate CO oxidation at lower temperatures is attractive 

in order to enable the catalytic converters in the automobiles to convert CO during the cold 

start period218. An increased interest in gold nanoparticles for low temperature CO 

oxidation began when an unexpected high catalytic activity of gold was reported by Haruta 

et al. and Hutchings et al. towards the oxidation of CO at temperatures as low as -70 

℃219,220. Gold is attractive for CO oxidation reactions due to the high propensity of oxygen 

to adhere to the surface of gold nanoparticles particularly at the low coordinated sites and 

defects221. CO is a strong σ- donor and a good ᴨ- acceptor ligand. The bonding of CO to 

the metals comprises of two components. The first component is the donation of 2 

electrons from the lone pair on carbon into a vacant metal d-orbital by the formation of a σ 

bond (formed by the overlap of sp hybridized electron pair on carbon with the d, s and p 

orbitals on the metal). This electron donation make the metals more electron rich and 

subsequently a filled metal d orbital interacts with an empty ᴨ* orbital on the carbon atom 

from the CO molecule (known as back-bonding) to decrease the added electron density. As 

the ᴨ* orbital of the carbon gets filled from the back-donation of electrons from the metal d 
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orbital, the carbon-oxygen bond is weakened whereas the metal-carbon bond is 

strengthened. 

The catalytic activity of gold is strongly dependent on the nature of support (reducible or 

non-reducible) and the active sites present at the interface between the gold nanoparticle 

and the support222. Ceria is one of the most popular supports for Au nanoparticles to study 

CO oxidation reactions due to its high OSC6.  

Mars-Van-Krevelen model is one of the most popular mechanisms available to explain the 

CO oxidation on both (with and without gold nanoparticle) ceria based supports. Figure 

14a presents a schematic representation of the CO oxidation for only ceria based catalyst 

(without any gold nanoparticle) comprising of three key steps; i) reaction of CO molecule 

with the lattice oxygen of ceria to form CO2 and leaving a surface oxygen vacancy site; ii) 

Adsorption of gas phase oxygen into the vacancy site and iii) second CO molecule reacting 

with the adsorbed oxygen.   

The mechanism of oxidation of CO by ceria/Au system is depicted in Figure 14b showing 

the following steps223: i) CO is activated on the metal nanoparticle surface and react with 

oxygen atoms coming from the ceria based support. Oxygen transport from the support to 

the metal depends on the availability and mobility of oxygen and vacancies at the surface 

and the interface between the metal nanoparticle/support. Gas-phase oxygen are adsorbed 

on the two electron defect sites at the metal nanoparticle-oxide border and are consumed 

by the adsorbed CO; ii) consumption of lattice oxygen by the adsorbed CO to produce CO2 

and iii) replenishment of the surface oxygen vacancies by gas-phase O2.  Metal 

nanoparticles on ceria support systems are more effective than pure ceria towards CO 

oxidation due to the preference of CO adsorption on Au nanoparticle surface rather than 

the oxide224. 
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Figure 14: Schematic representation of CO oxidation mechanism on a) only ceria-based support 

(Adapted from Liu et al. 225) and b) Au supported ceria catalysts (Adapted from Lohrenscheit et al. 223).  
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2.8 Literature review conclusions 

In this thesis, the use of deep eutectic solvent(s) as an alternative route to the use of 

surfactants and corrosive bases is explored and indeed, initial studies are reported in the 

literature showing the ability of DES to control the size and morphology of nanomaterials 

within the framework of a solvent-controlled approach. As the DES are a class of green 

and eco-friendly solvents hence there is an overall decrease in the ecological footprint on 

using these for nanomaterial synthesis replacing the addition of external additives in the 

reaction. 

Since the discovery of DES in 2001, it is only from 2008 onwards that research groups 

have started exploring the potential of DES to synthesize nanomaterials.  However, full 

understanding of the mechanism of formation and/or the actual role of the different DES 

components is not clear, limiting the development of new solvent systems. The use of DES 

towards the synthesis of metal oxides is extremely limited. Although DES systems have 

been employed to synthesize metal nanoparticles like copper, platinum and gold, yet the 

exact role on the interaction of the eutectic solvent with the materials is not completely 

understood. 

This literature review has considered previous work on various surfactant assisted and 

other surfactant-free approaches for the synthesis of metal oxide (CeO2, ZrO2 and V2O5) 

and gold nanomaterials. These metal oxides and Au are used for various applications such 

as catalysis, Li-ion batteries and plasmonics which are strongly dependent on the structure-

property relationship of the nanomaterials.  

It is highlighted herein that synthesis reaction conditions are important to influence the 

final shape and size of the nanomaterials. In order to synthesize nanomaterials of desirable 

morphologies and sizes, several reagents such as surfactants and capping ligands are 

employed in the wet chemical synthesis method. In addition to the use of surfactants, 

conventionally the use of aqueous NaOH and KOH as the solvent medium is common to 

prepare nanomaterials in spite of their corrosive and harsh nature.  

This PhD thesis fulfils the gaps presented in the literature so far to develop external 

additives free systems based on DES to synthesize nanomaterials and use them for various 
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applications. This research also elucidates the mechanism on how these DES platforms 

serve several roles such as reducing agent, template delivery component and exfoliating 

agent.  
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Chapter 3: Experimental methods 

This chapter reports the experimental methodologies followed to synthesize nanomaterials 

in the DES (Chapters 4, 5, 6 and 7). The different nanomaterials are synthesized by two 

routes- solvothermal and colloidal synthesis. Gold nanomaterials are synthesized by 

colloidal route and the metal oxides (transition and ceramic) based nanomaterials are 

synthesized by the solvothermal routes. 

3.1 Solvothermal synthesis 

The solvothermal approach involves the heating of the reactants in a sealed stainless-steel 

vessel, commonly known as the autoclave. The autoclave comprises of a 

polytetrafluoroethylene (PTFE) liner inside a stainless steel unit. The reaction mixture is 

poured in the PTFE liner followed by the sealing of the autoclave using the rupture disc 

and top ring discs and then heated inside the air-circulating oven. Throughout this thesis, 

Parr PTFE liners of capacity 125 mL and autoclave model 4748 are used. The components 

of the autoclave and the air-circulating oven are shown in Figure 15. 
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Figure 15: Experimental set-up arrangement of the solvothermal synthesis process: a) various 

components of the autoclave; b) air-circulating oven for heating the autoclave. 

3.2 Colloidal synthesis 

In this thesis, gold nanomaterials are synthesized by batch colloidal synthesis method 

under ambient pressures using heat-up technique as shown in Figure 16. The typical 

experimental setup for the colloidal synthesis of nanomaterials comprises an oil (or water 

bath), magnetic hot plate and a thermocouple to maintain the reaction temperature. 

Solvothermal226,227,228 and colloidal229,230 synthesis routes are widely reported as 

reproducible and feasible techniques in the literature to synthesize nanomaterials of 

controllable morphologies and sizes. Applying the framework of these synthesis 

techniques, this thesis provides the detailed experimental methodologies to synthesize 

different nanomaterials as explained in Sections 3.3 - 3.9. The use of solvothermal and 

colloidal synthesis of nanomaterials demonstrates the reproducibility and robustness of 

these techniques to produce the nanomaterials for the different experiments. The quality of 

the nanomaterials were tested by techniques like X-ray diffraction (XRD) and scanning 

electron microscopy (SEM). 
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Figure 16: Typical experimental setup of a colloidal nanomaterial synthesis approach in the 

laboratory. 

3.3 Preparation of deep eutectic solvents (DES) 

3.3.1 Reline 

The deep eutectic solvent reline is prepared following a previously reported method155 

using choline chloride and urea as received from Alfa Aesar. The components are mixed in 

the molar ratio of 1:2 respectively and allowed to stir for 4 h at a temperature of 80 ℃ till a 

clear liquid is formed. In order to prepare reline/water mixtures, water is added in the 

requisite molar quantity after the preparation of reline. The water content of pure reline 

was found to be ~2250 ppm by Karl Fischer titration technique. Due to the hygroscopic 

nature of the starting precursor (choline chloride; >98% pure), it might be expected that it 

may contribute to the traces of water in the deep eutectic solvent formation. 

3.3.2 Asline 

The deep eutectic solvent asline is prepared following a previously reported method35 

using choline chloride and ascorbic acid as received from Alfa Aesar and Acros Organic 

respectively. The components are mixed in the molar ratio of 2:1 respectively and allowed 
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to stir for 4 h at a temperature of 100 ℃ till a clear liquid is formed. In order to prepare 

asline/water mixtures, water is added in the requisite molar quantity after the preparation of 

reline. 

3.4 Synthesis of gold nanoparticles in DES 

This section discusses the synthesis of gold nanomaterials using DES (reline and asline). 

3.4.1 Synthesis of gold nanoparticles in pure reline and reline/water 

mixtures  

Gold nanoparticles are synthesised in reline-based solvents. In a typical synthesis 

procedure, 10 mL of freshly prepared reline (or reline/water (1:10 molar ratio respectively) 

mixture) is heated in an oil bath to the required reaction temperature under stirring. Once 

the required temperature (30 ℃, 60 ℃, 100 ℃ and 140 ℃) is achieved, 10 µL of HAuCl4 

solution (Sigma Aldrich, 4.82 mM) precursor is added. The reaction is left to proceed 

under constant stirring for a number of h depending on the reaction temperature. After the 

synthesis, the solution is cooled down to room temperature. In this reaction, as different 

oxidation states of gold exhibits different colours hence it is possible to stop the reaction at 

that stage to isolate a particular oxidation state by quenching the reaction in ice-cold water; 

for e.g. Au in +3, +1 and 0 oxidation state shows yellow, colourless and ruby red solution 

colours.  

3.4.2 Synthesis of gold nanoparticles in pure asline and asline/water 

mixtures  

Gold nanomaterials are synthesised in asline-based solvents. In a typical synthesis 

procedure, 10 mL of freshly prepared asline or asline: water (1:5 and 1:10 molar ratio 

respectively) in a closed glass bottle is heated in an oil bath to the reaction temperature 

under stirring. Once the required temperature (30 ℃, 60 ℃ and 100 ℃) is achieved, 100 

µL of HAuCl4 solution (Sigma Aldrich, 48.2 mM) precursor is added. The reaction is left 

to proceed under constant magnetic stirring for 1h. After the synthesis, the solution is 

cooled down to room temperature. The solutions are alternately washed with water and 
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ethanol repeatedly and centrifuged for 10 min at 4200 rpm to remove the asline. The 

products are dried overnight in vacuum oven at 80 ℃. 

3.5 Synthesis of divananadium pentoxide (V2O5) 

nanomaterials in reline  

V2O5 nanostructures are synthesized using a solvothermal route. In a typical synthesis, 80 

mL of pure reline, reline/water mixture (1:2, 1:10 and 1:20 by molar ratio respectively) or 

pure water is added to a PTFE autoclave liner. V2O5 (1.8 g) is added to the solution and 

stirred at 80 ℃ for two h. The liner is then placed inside a stainless steel autoclave which is 

heated inside an air-circulating oven for 10 h at 180 ℃. After this time, the autoclave is 

cooled down naturally to ambient temperature. The resulting black reaction mixture is 

washed repeatedly with water and ethanol, centrifuged at 4200 rpm for 10 min and dried in 

a vacuum oven at 80 ℃ overnight. This dried black solid is then calcined at 500 ℃ for 4 h 

at a rate of 10 ℃/min to yield a bright yellow V2O5. 

3.6 Synthesis of nano ceria (CeO2) in reline and 

reline/water mixtures  

80 mL of reline/water (1:10) molar ratio is added to a PTFE liner autoclave. 

Ce(NO3)3.6H2O (1.5g), purchased from Sigma Aldrich is added to the vessel and 

homogeneously mixed before sealing it. The liner is then placed inside a stainless steel 

autoclave which is heated inside an air-circulating oven at 140⁰C for 10 h. Once the 

synthesis is finished, the autoclave is cooled down naturally to ambient temperature. The 

resulting solid product is washed repeatedly with water and ethanol, centrifuged at 4200 

rpm for 10 min and dried in a vacuum oven at 80 ℃ overnight. This dried solid is then 

calcined at 500 ℃ for 4 h at a rate of 10 ℃/min to produce a pale yellow CeO2. 
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3.7 Synthesis of nano ceria/zirconia (CeO2-ZrO2) in 

reline and reline/water mixtures  

A range of ceria-zirconia nanostructure synthesis are carried out by the solvothermal 

synthesis approach in reline/water system using Ce(NO3)2.6H2O and ZrO(NO3)2.6H2O as 

the initial precursors. These samples are referenced as pure ceria, CZ 80/20 (80% CeO2 

and 20% ZrO2), CZ 60/40 (60% CeO2 and 40% ZrO2), CZ 50/50 (50% CeO2 and 50% 

ZrO2), CZ (80% CeO2 and 20% ZrO2) and pure ZrO2. The percentages denote the molar 

ratios between the initial precursor i.e. Ce(NO3)2.6H2O and ZrO(NO3)2.6H2O. To maintain 

the desirable molar ratios, following quantities of the starting precursors were added: pure 

ceria (1.5g Ce(NO3)2.6H2O), CZ 80/20 (1.5g Ce(NO3)2.6H2O and 0.28g ZrO(NO3)2.6H2O), 

CZ 60/40 (1.5g Ce(NO3)2.6H2O and 0.72g ZrO(NO3)2.6H2O), CZ 50/50 (1.5g 

Ce(NO3)2.6H2O and 1.11g ZrO(NO3)2.6H2O), CZ 40/60 (1.5g Ce(NO3)2.6H2O and 1.64g 

ZrO(NO3)2.6H2O) and CZ 20/80 (1.5g Ce(NO3)2.6H2O and 4.42g ZrO(NO3)2.6H2O). 80 

mL of reline/water (1:10) molar ratio is added to a PTFE liner autoclave. Suitable amounts 

of Ce(NO3)3.6H2O and ZrO(NO3)2.6H2O are added to the vessel to form the CZ samples 

and homogeneously mixed before sealing it. The liner is then placed inside a stainless steel 

autoclave which is heated inside an air-circulating oven at 140 ℃ for 10 h. After this time, 

the autoclave is cooled down naturally to ambient temperature. The resulting reaction 

mixture is washed repeatedly with water and ethanol, centrifuged at 4200 rpm for 10 min 

and dried in a vacuum oven at 80 ℃ overnight. This dried solid is then calcined at 500 ℃ 

for 4 h at a rate of 10 ℃/min to yield CeO2-ZrO2 samples. 

3.8 Synthesis of zirconia (ZrO2) in reline/water 

mixtures and NaOH  

ZrO2 nanoparticles are synthesized using a solvothermal route. In a typical synthesis, 80 

mL of different ratios of reline/water solutions or pure water is added to a PTFE liner. 

Detailed studies are done mostly for reline/water (1:10 molar ratio) but other reline/water 

ratios such as 1:2 are used to understand the synthesis mechanism better.  ZrO(NO3)2.6H2O 
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(3.51 g) is added to the solution and stirred for two h. The liner is then placed inside a 

stainless steel autoclave which is heated inside an air-circulating oven for 10 h at 140 ℃ 

and 180 ℃. After this time, the autoclave is cooled down naturally to ambient temperature. 

The resulting white product is then washed alternately with water and ethanol to remove 

any traces of deep eutectic solvent and centrifuged at 4200 rpm for 10 min and dried in a 

vacuum oven at 80 ℃ overnight. The same synthesis protocol is also repeated with 80 mL 

of NaOH (1M, 5M and 15 M) (instead of reline solutions) to study the effect of the solvent 

on the resulting ZrO2 crystalline phase.  

3.9 Catalyst preparation – Au/CeO2-ZrO2  

The catalytic activities of Au/CeO2-ZrO2 are tested in the model CO-oxidation reactions. In 

10 mL of pure reline, appropriate amount of HAuCl4 precursor is added (2.8 wt% and 5.6 

wt% theoretical Au loading) and the solution is stirred at 80 ℃ for 5 min till the solution 

turns homogeneously pale yellow. 200 mg of the ceria-zirconia (or pure ceria or zirconia) 

is added to the reaction mixture and stirred constantly for 3 h at 80 ℃ till the solution turns 

colourless.  After this, the reaction is quenched by putting it under ice-water bath and 

allowed to cool overnight. The resulting reaction mixture is washed repeatedly with water 

and ethanol, centrifuged at 4200 rpm for 10 min and dried in a vacuum oven for overnight.  

3.10 Material characterization 

A complete and detailed characterization of the prepared materials is extremely crucial to 

obtain a full understanding on the physical and chemical properties of these materials 

which in turn provides fundamental insights on the material’s activity and provides 

feedback in designing better samples with improved performances.  

3.10.1 X-ray diffraction (XRD) 

XRD is an analytical technique carried out for the phase identification of samples. The 

principle behind XRD is the interaction of the monochromatic light source (like Cu Kα or 

Mo Kα) with the atoms of the periodic lattice. As given by the Bragg’s law, the scattering 
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of the X-ray atoms in the atomic lattice in a constructive interference manner is given by 

eq. 6. 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝛩         (6) 

Where n represents the integral order of reflection, λ is the X-ray wavelength, d is the 

distance between the two lattice planes and Θ is the angle between the incoming X-rays 

and the normal to the reflecting lattice plane. Each phase has a particular diffraction pattern 

that helps the users to determine the crystal phase and crystallinity.  

In this work, powder X-ray diffraction has been carried out for powder samples which are 

finely ground and homogeneous. 

Crystal phase identification of the powder samples are carried on a Bruker D8 Advance 

powder X-ray diffractometer with a VANTEC-1 detector and Cu Kα radiation at 40 kV 

and 40 mA. For this purpose, a thin layer of vacuum grease is put on the plastic XRD 

mould and approximately 50 mg of sample is mounted on the holder.  

The coherent diffraction domain size for the particles is given by the Scherrer equation is 

eq.7. 

𝐷 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝛩
   (7) 

Where D is the coherent diffraction domain size, λ is the wavelength of the X-ray source 

applied, β is the reflection width (2Θ) and K is the shape constant (usually 0.9). The 

Scherrer equation used to calculate the coherent diffraction domain size for the CZ samples 

is calculated from the peak centred at 28.5° (Chapter 6) and the peak centred at 28.2° is 

used for the zirconia samples (Chapter 7). Scherrer equation is a method to ‘estimate’ the 

particle sizes and the true sizes could be determined by using electron microscopy 

techniques like TEM. Contributions from the XRD instrument towards peak broadening 

could be calculated by peak modelling studies using Rietveld calculations231. However, in 

this thesis, in the absence of taking into consideration the instrumental errors towards peak 

broadening, the upper size limits for particles might be over-estimated by 1 nm232. 
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3.10.2 Electron microscopy measurements 

Electron microscopy is an invaluable technique for obtaining high resolution images at the 

nanoscale. 

High-resolution transmission electron microscopy (HR-TEM) measurements are recorded 

at an electron beam energy of 200 kV on a Talos TEM. For TEM, the samples were 

dispersed in 5mL of ethanol and directly drop-casted on carbon/copper TEM grids. The 

particle size distribution are calculated by using the ImageJ software and the particle sizes 

are expressed as average ± standard deviation. Several micrographs are taken from 

different areas of the TEM grid to calculate the lateral size diameter of the particles. 

High angle annular dark field (HAADF-STEM) measurements are carried out using a 

Tecnai F20 using an accelerating voltage of 200 kV. 

Aberration-corrected scanning transmission electron microscopy (AC-STEM) 

measurements are carried out by our collaborator Dr Emanuela Liberti at the University of 

Oxford. The samples are imaged on a probe corrected JEOL ARM200F at the electron 

Physical Science Imaging Centre (ePSIC) operated at 200 kV. A probe convergence semi-

angle of 24 mrad and a probe current of 13 pA are used for the simultaneous acquisition of 

annular dark-field (ADF) and bright-field (BF) images. For ADF, an inner collection semi-

angle of 55 mrad and outer collection semi-angle of 215 mrad are used, while BF images 

are recorded with a collection semi-angle of 15 mrad. 

Scanning electron microscopy (SEM) measurements are performed on a MIRA3 FEG-

SEM (Field emission gun scanning electron microscope) with a Schottky emitter for 

imaging the samples. The samples are mounted on a conductive carbon tape followed by a 

10 nm Pt sputtering. 

3.10.3 Electrospray ionization-mass spectroscopy (ESI-MS) 

ESI-MS technique produces ions using an electrospray where a high voltage is applied to a 

liquid to produce an aerosol. The ionic species from the solution phase to the gas phase are 

transferred as follows: a) dispersal of the fine spray of charge droplets, b) solvent 
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evaporation (this refers to the solvent which is used to dilute deep eutectic solvent), c) ion 

ejection from the highly charged droplets. 

ESI-MS spectra are recorded at the National Mass Spectrometry Facility at Swansea 

University using a Fourier Transform MS (FTMS or Orbitrap) by nanoelectrospray 

ionization (NSI). A very small aliquot (~ 2-4 µl) of each of the samples is diluted into 1 ml 

MeOH: H2O (1:1) for nanoelectrospray analysis on the Thermo LTQ Orbitrap XL in both 

positive ion and negative ion modes. The Advion NanoMate inlet is used with a 96-well 

plate, corresponding transfer tips and 400-nozzle spray-chip at a flow rate of approximately 

0.25 µL/min. The Orbitrap API source settings are as follows: source voltage +/- 1.4 KV; 

capillary temperature 200 ℃; capillary voltage +/- 47V; tube lens +150 V/-100 V. MS scan 

parameters: m/z 150 to 2000 and m/z 80 to 400 for internal lock mass accurate mass 

measurement of low m/z ions; resolution 100000. 

ESI-MS studies are carried out to gain information on the alkylamine species formed in-

situ in reline/water mixtures (Chapter 5). For this, the reline/water solutions (1:2 and 1:10 

by molar ratio) are subjected to solvothermal synthesis in the autoclave at 180 ℃ for 10 h 

without the addition of any vanadium precursor. These samples are then sent to Swansea 

for the ESI-MS studies. 

3.10.4 Nuclear magnetic resonance (NMR) studies 

NMR is an analytical chemistry technique to identify structure and chemical environment 

of molecules in the solution phase. 

For the gold samples, 13C NMR and DEPT-135 (Distortionless enhancement by 

polarization transfer) are carried out in a 400 MHz Avance III HD Smart Probe 

spectrometer. For sample preparation, the colloidal samples are diluted with 750 µL of 

D2O prior to analysis. The shift reference for 13C and DEPT is actually the solvent itself. 

The NMR instrument uses a digital lock system, where the instrument consults a table of 

data to find where the 2H signal of a given solvent should appear, then adjusts the field of 

the magnet so the deuterium signal resonates at the expected frequency. The 13C signal of 

the solvent should then be found at near the reference value. For 13C experiments, the 

number of scans are 128, pulse lengths are 9.50 µs and recycle delay is 2 s. 
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51V NMR measurements are carried out for the V2O5 samples in a 400 MHz Avance III 

HD Smart Probe spectrometer. For sample preparation, the colloidal samples are diluted 

with 750 µL of D2O prior to analysis. Stock solutions of V(V) are prepared by dissolving 

the initial bulk V2O5 precursor (0.01M) in reline, reline/water (1:2 and 1:10 by molar ratio) 

and pure water solutions for analysis. An external reference comprising of a test solution 

of  V(OiPr)3 in C6D6 is used for 51V NMR experiments and this is observed near the 

expected reference value of -634.5ppm. For 51V experiments, the number of scans are 608, 

pulse lengths are 17.75 µs and recycle delay is 0.5 s. 

3.10.5 Small angle X-ray scattering (SAXS) 

Small angle X-ray scattering is a structural characterization technique which has enabled 

the scientific community to gain much more insights on nanoparticle research due to its 

ability to monitor reactions in real time and under native sample environment. In this 

thesis, SAXS technique is carried out to investigate the polydispersity and agglomeration 

of nanoparticles in solution. 

In-situ SAXS measurements are performed on the I22 beamline at the Diamond Light 

source (Didcot, UK) by our collaborators Dr Iva Manasi and Prof Karen Edler at the 

University of Bath, UK. Small Angle X-ray Scattering (SAXS) measurements are carried 

out on the Au+ (colourless) and Au0 ruby red solutions prepared using the method 

described above in the experimental section to synthesize gold nanoparticles with initial 

concentration of HAuCl4 at 4.82 mM and 9.64 mM. SAXS is carried out immediately after 

quenching the reaction using the XENOCS Nano-inXider SAXS/WAXS system and the 

Anton Paar SAXS/WAXS/GISAXS point system. Both of these use a Cu K-α source with 

wavelength 1.54 Å, giving a q-range of 0.004 Å-1< q < 0.4 Å-1. The scattering pattern so 

observed is fitted to spherical form factor with radius, r, and polydispersity, σ. The radius 

r, is calculated from the scattering factor q (Å-1) where q is represented in eq. (8): 

                                              𝑞 =
4ᴨ𝑠𝑖𝑛𝛩

𝜆
                                      (8) 

𝑟 =
ᴨ

𝑞
 



59 

 

Θ is the glancing angle between the incident X-ray beam and the sample, λ is the 

wavelength of X-ray beam. 

3.10.6 Cyclic voltammetry 

Cyclic voltammetry studies are carried out on colloidal nanoparticle systems (gold 

nanoparticle in reline in this case) to gain better understanding on the stability of the 

reaction products and the change in reduction potential values as a function of temperature. 

Cyclic voltammograms are obtained for gold in pure reline samples utilizing a potentiostat 

(BioLogic VSP) connected to a three-electrode electrochemical setup consisting of a glassy 

carbon rod as the working electrode (Alfa Aesar, 3.14 mm2 active area). Platinum wires are 

used as the counter and as the reference electrodes (Alfa Aesar, 99.997% metal basis). 

Before the beginning of each experiment, the glassy carbon electrode is cleaned with fresh 

aqua regia, rinsed with ultrapure water and subsequently washed with isopropanol and 

ultrapure water in a sonication bath. The platinum electrodes are cleaned with fresh aqua 

regia and rinsed with copious amounts of ultrapure water every time prior to use. The 

cyclic voltammograms are performed at different temperatures (30 ℃, 100 ℃ and 140 ℃) 

using an oil bath. Cyclic voltammetry measurements are carried out with the assistance of 

Dr Mauro Malizia, University of Cambridge. 

3.10.7 Surface area measurements 

Nitrogen adsorption and desorption studies are carried out at 77 K using an ASAP 2020 

BET surface area analyser equipment from Micromeritics. Samples weighing 

approximately 100 mg are degassed prior to the analysis by heating at 120 ℃ under ultra-

high vacuum. The specific surface area is calculated using the Brunauer-Emmett-Teller 

(BET) theory which takes into account the physical multilayer adsorption of gas molecules 

on a solid surface according to the given equation in eq. 9. 

𝑃

𝑉𝑎(𝑃𝑜 − 𝑃)
=

1

𝑉𝑚𝐶
+
𝐶 − 1

𝑉𝑚𝐶
(
𝑃

𝑃𝑜
)                          (9) 
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𝑉𝑎 is the amount of gas adsorbed at pressure 𝑃, 𝑃𝑜 is the saturation pressure of the gas and 

𝐶 is a constant. In this equation, a straight line plot of 
𝑃

𝑉𝑎(𝑃𝑜−𝑃)
 against 

𝑃

𝑃𝑜
  with a slope of 

𝐶−1

𝑉𝑚𝐶
 and intercept of  

1

𝑉𝑚𝐶
. Vm is calculated from slope and intercept.  

Hence, the surface area is further calculated from Vm by using eq. 10. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2𝑔−1) =
𝑉𝑚 × 𝑁𝐴 × 𝐴𝑀
𝑊 × 𝑉𝑜

  (10) 

NA is the Avogadro’s constant (6.023×1023); 

AM is the cross-sectional area of the adsorbate molecule, (for nitrogen, AM=0.162 nm2 at 77 

K) 

W is the weight of the sample 

Vo is 22414 mL mol-1. 

3.10.8 X-ray photoelectron spectroscopy (XPS) 

XPS is a surface sensitive technique that gives information on the elemental composition, 

oxidation states and electronic states for the material. The working of the XPS is based on 

the photoelectric effect. According to the photoelectric effect, when a photon of energy hν 

is absorbed by an atom, an electron either from the valence shell or core shell with binding 

energy Eb is ejected with kinetic energy Ek (eq. 11). 

𝐸𝑘 = ℎν − Eb − ɸ                  (11) 

ɸ is defined as the spectrometer work function 

The instrument collects these photoelectrons to produce a spectrum between emission 

intensity and kinetic energies. This spectra can be further used for surface elemental 

analysis as the binding energies of the photoelectrons are characteristic of the elements 

from which these are emitted. XPS is used in this project to study the oxidation state of 

gold and ceria-zirconia nanomaterials synthesized in pure reline. 

For gold, XPS spectra is recorded using a Thermo Scientific ESCALAB 250 Xi 

Spectrometer equipped with a monochromated Al K alpha source operating at 13.5 kV and 

0.0205 mA. The pressure during the XPS analysis is 10⁻7 and 10⁻9 mbar. Three spot sizes 
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are recorded on each sample for analysis purposes. The spot size of each area is 

approximately 900 µm × 900 µm. The high resolution Au scans are done using a pass 

energy of 50 eV and step size of 0.1 eV. All the binding energies are corrected using the 

Au 4f7/2 peak at 84 eV. It takes approximately 5 min to acquire the XPS spectra for each 

sample. The XPS data is processed using Thermo avantage software package. The high 

resolution Au scans are done using a pass energy of 50 eV and step size of 0.1 eV. The 

samples for XPS measurement are prepared by dissolving HAuCl4 in pure reline and 

heating the solution at 140 ℃. The reaction is stopped at different time intervals in order to 

take out samples containing Au3+, Au+ and Au0. Thin layers of these samples are spin-

coated on Si wafers. To ensure a homogeneous film, the substrate holder is rotated 

continuously at 0-5000 rpm over 2 s, at 5000 rpm for 60 s, 5000 to 0 rpm over 0.4 s after 

drop casting 1.5 mL of the samples on the Si wafers. The wafers are dried overnight in 

vacuum oven at room temperature prior to XPS analysis.  

For ceria-zirconia samples, XPS Analysis is performed using a Thermo NEXSA XPS fitted 

with a monochromated Al kα X-ray source (1486.7 eV), a spherical sector analyser and 3 

multichannel resistive plate, 128 channel delay line detectors. All data are recorded at 19.2 

W and an X-ray beam size of 200 x 100 µm. Survey scans are recorded at a pass energy of 

160 eV, and high-resolution scans are recorded at a pass energy of 20 eV. Electronic 

charge neutralization is achieved using a Dual-beam low-energy electron/ion source 

(Thermo Scientific FG-03). Ion gun current = 150 µA. Ion gun voltage = 45 V. All sample 

data are recorded at a pressure below 10-8 Torr and a room temperature of 294 K. Data is 

analysed using CasaXPS v2.3.19PR1.0. Peaks are fitted with a Shirley background prior to 

component analysis. Lineshapes of LA(1.53,243) are used to fit components. The X-ray 

photoelectron (XPS) data collection for the ceria-zirconia materials is performed at the 

EPSRC National Facility for XPS (“HarwellXPS”), operated by Cardiff University and 

UCL, under Contract No. PR16195. 

3.10.9 Raman spectroscopy 

Raman spectroscopy is a complimentary technique to XRD to study the phases of the 

samples. Raman spectroscopy is based on the ‘Raman effect’ which depends on the 

inelastic scattering of monochromatic light. Inelastic scattering means that when the 
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photons of the monochromatic light source interacts with the sample, their frequency 

changes. This shift in frequency or the ‘Raman effect’ provides information on the 

vibrational, rotational and other frequency transitions in the molecules. Raman 

spectroscopy is commonly used to characterize metal oxides because unlike XRD, which 

provides information only on the cationic lattice arrangement; Raman spectroscopy is 

sensitive to the position of the oxygen lattice vibrations as it is sensitive to the crystal 

symmetry233. In this thesis, Raman spectroscopy is used to study the phases of 

ceria/zirconia samples (synthesis of ceria/zirconia samples discussed in Section 3.7). For 

Raman measurements, sample amount equivalent to the fingertip is required. A LabRam 

300 Horiba Raman microscope with a 50 x lens and a 532 nm excitation laser was used for 

the measurements. 

3.10.10 Inductive coupled plasma - optical emission spectroscopy 

(ICP-OES)  

ICP-OES is commonly used to determine the metal concentrations in dilute aqueous 

solutions with low ppm concentrations (~1 ppm). ICP-OES is used to analyse the gold 

content in the Au supported catalyst by acid digestion of the solid. For the acid digestion, 

aqua regia (1:3 mixture of 70 vol% HNO3 and 36 vol% HCl is used) of volume 8 mL is 

used. These mixtures containing aqua regia solution are heated in an oil bath at 50 ℃ for 1 

h and then the temperature is gradually increased to 70 ℃ and 90 ℃. The solutions are 

then allowed to cool overnight and then the necessary dilutions are carried out. A Perkin 

Elmer Optima 2100 DV spectrometer is used for the ICP analysis with argon as the torch 

gas. The obtained results are calibrated with the appropriate metal standards for gold (1 to 

10 mg·L-1). 

3.10.11 Temperature programmed reduction (TPR) 

TPR is an analytical technique that is commonly used for the characterization of solid 

samples in order to determine the best reduction conditions. In this method, a reducing gas 

(hydrogen in our case) is passed over the oxidized sample which is subjected to a 

programmed temperature rise. The sample (approx.30 mg) is added in a U-shaped quartz 

reactor placed in a furnace fitted with a thermocouple. The sample is initially flushed with 
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an inert gas like argon or helium to remove any traces of air. After this, a reducing gas like 

hydrogen is passed through the sample while the temperature is raised. The composition of 

the exit gaseous mixtures are measured by the thermal conductivity detector (TCD). 

Whenever a reduction takes place at a particular temperature, hydrogen is consumed. TCD 

detects changes in conductivities related to the initial gas which can be related to hydrogen 

consumption. 

TPR profiles of the samples are carried out using a Micromeritics Autochem 2920 with 20 

mL/min of 5 vol% H2 in argon from room temperature to 900 ℃ at a heating rate of 5 

℃/min. TPR profiles are analysed for the ceria/zirconia and Au based catalysts. 

3.10.12 CO chemisorption 

The activity of the catalytic materials greatly depends on the particle size of the metal 

nanoparticles on them as well as the metal dispersion % on these supports. For this 

purpose, CO pulse chemisorption is a common method employed to determine these 

factors. CO pulse chemisorption is carried out to determine the gold particle size on the 

ceria-zirconia catalytic supports. Prior to CO chemisorption, the specimen (approx. 30 mg) 

is reduced in-situ using 20 mL/min of 5% H2 in argon at a heating rate of 5 ℃/min at a 

reduction temperature of 200 ℃ for 45 min. After the reduction is complete, the sample is 

cooled to -80 ℃ and held constantly at this temperature during the CO chemisorption 

analysis. The hemispherical diameter, d of the metal particle is calculated as follows234: 

The metallic surface area SAmetal is calculated first and then depending on the geometry, 

the diameter is found out in eq. 12 and 13. 

 

𝑆𝐴𝑚𝑒𝑡𝑎𝑙 =
𝑉𝑎𝑑𝑠
22414

× 𝑆𝐹 × 𝑁𝐴 × 𝐴𝑚𝑒𝑡𝑎𝑙        (12) 

𝑆𝐴𝑚𝑒𝑡𝑎𝑙 =
𝐴

𝑉. 𝜌
=

2ᴨ𝑟2

2
3ᴨ𝑟3

. 𝜌
=
3

𝑟. 𝜌
                  (13) 

Where SF is the stoichiometric factor that depends on the species involved for the CO: 

metal interaction. For CO: Au chemisorption, SF is usually 1:1 for Au. 



64 

 

Vads is total amount of CO adsorbed per mass of sample (cm3/g) 

NA is Avogadro’s constant 

Ametal is the cross-sectional area of the metal (0.0869 nm2 for gold) 

A is the area of the particle, r is the particle radius 

V is the volume of the particle, ρ is the density (19.3 g/cm3 for gold) 

The size distribution given by CO chemisorption is subjected to errors because of the 

following reasons234: the contact angle between the metal-support contact angle is not 

taken into consideration during particle size estimation, conventional assumption of semi-

spherical nanoparticles may lead to wrong size estimation (in case the metal particle had 

some other shape like frustum, semi-octahedron and semi-truncated octahedron) and CO 

chemisorption provides an average particle size distribution. 

3.10.13 Diffuse reflectance sphere solid UV measurements 

UV-vis diffuse reflectance spectroscopy for zirconia powders (Chapter 7) is obtained in a 

UV-vis Shimadzu spectrometer with an integrating sphere reflectance accessory. The UV-

vis absorption spectra is recorded in the spectral range of 190-900 nm. 

3.10.14 Carbon monoxide (CO) oxidation catalytic rig 

CO oxidation catalytic reaction is used as the model reaction to test the catalytic activity of 

the as-synthesized Au-ceria/zirconia, ceria-zirconia and Au/zirconia catalysts. The CO rig 

is designed and built by Dr Tamsin E. Bell, former PhD student at Torrente’s group (Figure 

17).  

The description of the CO rig is as follows: 

Mass flow controllers (MFCs) control the flow of the inlet gases. Four inlet gases are 

primarily used to study the CO oxidation reaction. These are: 5 vol% (CO/He); 5 vol% 

(O2/He); 99.9 vol% (H2) and 99.9 vol% (He). A Carbolyte tube furnace (30 cm in length) is 

used to heat the sample with openings at either end. 

The catalyst is added in a U-shaped quartz reactor with an internal diameter of 0.4 cm with 

two bridges (one at the bottom and other at the top) to prevent the reactor against breaking 

while mounting the reactor in the rig. U-shape design of the reactor is usually preferred so 
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that the gases reach the set reaction temperature before arriving at the catalyst bed. The 

catalyst bed is prepared by first adding some quartz wool followed by 175 mg of fine 

silicon carbide, followed by a mixture of 25 mg of catalyst and 600 mg of coarse silicon 

carbide. Quartz wool is added on top to keep the catalyst bed in place. Two pressure 

indicators (P1 and P2) are present in the CO rig to monitor the pressure changes in the 

system and any kind of pressure drop across the catalyst bed. 

The thermocouple data is obtained using a PICO TC-08 data logger and the gas analyser 

signal is recorded using a PICOLOG 1216 logger. The Picolog software records these 

signals after every 2 s. The gases are analysed by non-dispersive IR gas analyser (ABB, 

EL3020-Uras 26). 

The rig is well equipped with handheld and portable CO and H2 gas alarms in order to 

warn the rig user and other people working in the laboratory area. In addition to this, the 

CO line is fitted with a solenoid valve which turns off the gas line when the CO 

concentration exceeds 25 ppm in the laboratory area in case of an accidental leakage. 

 

 

Figure 17: CO oxidation catalytic rig used in the lab (Adapted from Dr Tamsin E. Bell’s PhD thesis) 
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Calibration: Two types of bubble flow meters are used to calibrate the MFC. Bubble flow 

meter with a capacity of 10 mL is used to calibrate the CO, H2 and O2 lines (as these have 

lower flow rates). Whereas 100 mL capacity bubble flow meter is used to calibrate the He 

inlet line as this has a higher flow rate. The gas analyser is also calibrated regularly to 

confirm the accurate flow rate. The calibration of the gas analyser is shown in Appendix 

A1. 

During the catalytic test, the catalyst bed is pre-treated initially (by reducing in-situ by 

heating at 200 ℃ by flowing H2 gas) followed by the CO oxidation reaction. The pre-

reduction step is necessary for the Au supported catalysts to ensure that Au in the catalyst 

is properly reduced. A total flow rate of 300 mL/min is used, that is composed of 264 

mL/min of He, 18 mL/min of 5 vol% of CO/He and 18 mL/min of 5 vol% O2/He. These 

flow rates results in 3000 ppm of CO and 3000 ppm of O2. According to the equation for 

CO oxidation (eq. 14), although only half as much as oxygen is required for CO, a 1:1 

reagent ratio of CO to O2 is used, representing an excess of O2 according to the theoretical 

stoichiometry. 

 

 

𝐶𝑂 +
1

2 
 𝑂2 → 𝐶𝑂2           (14) 

  Before reaction                      Fa       Fb           0 

  During reaction                      x        0.5x       x 

  After reaction                       Fa-x    Fb-0.5x    x 

𝐶𝑂 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑙𝑒𝑡 𝑠𝑡𝑟𝑒𝑎𝑚 =
𝐹𝑎 − 𝑥

𝐹𝑎 + 𝐹𝑏 + 𝐹𝐻𝑒 − 0.5𝑥
= 𝑀 

𝐹𝑎 − 𝑋 = 𝑀𝐹𝑎 +𝑀𝐹𝑏 +𝑀𝐹𝐻𝑒 − 0.5𝑥𝑀 

𝐹𝑎 −𝑀(𝐹𝑎 + 𝐹𝑏 + 𝐹𝐻𝑒) = (1 − 0.5𝑀)𝑥 

𝑥 =
𝐹𝑎 −𝑀(𝐹𝑎 + 𝐹𝑏 + 𝐹𝐻𝑒)

1 − 0.5𝑀
 

𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑥

𝐹𝑎
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Fa, Fb, FHe are known flowrates of CO, O2 and He in mol/s respectively. x is rate of CO 

consumed in mol/s. 

For a standard catalytic reaction, the furnace temperature is ramped till 650 ℃. These tests 

are repeated thrice to test the thermal stability of the catalyst.  

The activation energies of the catalyst are calculated by using the Arrhenius equation 

where log conversion (y-axis) is plotted against the reciprocal temperature (1/T). The 

Arrhenius equation gives the dependence of the rate constant (k) on the absolute 

temperature T and pre-exponential factor A as follows in eq. 15.  

𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                           (15) 

 

Upon taking the natural logarithm of the Arrhenius equation, Eq. 16 is obtained 

𝑙𝑛 𝑘 = ln𝐴 −
𝐸𝑎
𝑅𝑇
               (16) 

Ea is the activation energy and R is the ideal gas constant. 
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Chapter 4: The role of DES in the 

synthesis of gold nanomaterials 

The first report on the synthesis of gold nanoparticles in DES, particularly reline, was 

published in 2008 by Sun et al. using ascorbic acid as an external reducing agent41. Since 

then, a number of studies41,85,86,87 have been published on the wet chemistry synthesis of 

gold nanoparticles in DES reline by adding external reducing agents like ascorbic acid and 

sodium borohydride. Multiple twinned gold nanostructures such as stars and snowflakes 

were synthesized by Sun et al.41, Stassi et al.87 and Barcenas et al.85 by reducing HAuCl4 in 

reline using ascorbic acid as a reducing agent as discussed previously in the literature 

review (Chapter 2). In spite of several reports published on the synthesis of gold in reline, 

the actual role of reline in the synthesis of gold nanoparticles has not been known yet. 

Hence the aim of this chapter is to understand the role of reline in the synthesis mechanism 

of gold nanomaterials. Another DES known as asline is also studied herein to investigate 

the capping ligand roles offered by DES. 

The usual pathway to synthesize nanoparticles by using the wet chemical reduction 

technique is to employ a reducing agent to reduce the precursor (normally a metal salt) in 

the presence of surfactants, capping ligands or stabilizers235. The reducing agents do not 

only act as mere sources of electrons but their ability to control factors like nucleation and 

growth indicates their importance in tuning the size and shape of the nanoparticles in the 

solution. This chapter is focussed to understand the roles played by DES as a reducing 

agent and capping ligand/stabilizer towards the synthesis of gold nanomaterials and to 

provide a platform to tune the morphology and size of gold at the nanoscale. Herein we 

have used two different types of DES: reline (choline chloride and urea) and asline 

(choline chloride and ascorbic acid) to act as solvent platforms to produce gold 

nanomaterials.  

 



69 

 

4.1 Synthesis of gold nanoparticles in pure reline 

The gold precursor HAuCl4 (4.82 mM) was heated in pure reline at 140 ℃ under continued 

stirring. The initial pale yellow colour of the gold precursor (Au3+) turns to a colourless 

solution (Au+) after 4 min followed by a pale ruby red colour (Au0) after 7 min (or 11 min 

from the start of the reaction) (Figure 18). A dark reddish colour precipitate is observed 

later when the Au0 colloidal solution is left to stir further continuously. After the 

precipitation of the gold nanoparticles, a clear supernatant is seen. Each stage of synthesis 

is clearly observed as the reaction occurs in a step-wise manner from the reduction of Au3+ 

(yellow) to Au+ (colourless) and then to Au0 (ruby red) as seen in Figure 18.  

 

Figure 18: Different stages of gold nanoparticle formation in pure reline (HAuCl4: 4.82 mM, 140 ℃) 1) 

pale yellow solution at the beginning of the reaction; 2) colourless solution after 4 min and 3) ruby red 

colloidal solution after 11 min. 

XPS measurements are employed to investigate the different oxidation states of gold 

species in pure reline during the synthesis process after quenching the reaction in ice cold 

water at different times. In the colourless gold colloidal stage that is obtained after 4 min 

(Figure 19a), both Au+ and Au0 states are identified. The doublets at 84.9 eV and 88.4 eV 

are related to Au4f5/2 and Au4f7/2 respectively for Au+. Further, the doublet at 84.0 eV and 

87.7 eV corresponds to Au4f5/2 and Au4f7/2 respectively for Au0. From the XPS data, it is 

clear that in addition to the presence of +1 oxidation state in the colourless solution, 

reduced gold species are also present as indicated from the 0 oxidation state. This is in 

agreement with the high resolution-transmission electron microscopy (HR-TEM) 

micrographs (Figure 20a) where gold nanoparticles of size 1.6 ± 0.6 nm are observed in the 
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colourless samples. Earlier reports also state that colourless solution of gold nanoparticles 

are obtained when the particle sizes are about 1.9 ± 0.2 nm236 which  matches our 

observation of a colourless solution containing both the cationic gold (Au+) species and the 

gold nanoparticles. It is well known that gold in +1 oxidation state gives rise to colourless 

solutions as well237. After 11 min from the start of the reaction, XPS spectra of the ruby red 

solution show doublets of Au4f5/2 and Au4f7/2 for Au0 are observed at 84.0 eV and 87.7 eV 

respectively which is in agreement to the 0 oxidation state for gold (Figure 19b). The 

absence of the Au4f peak exhibiting a doublet at 85.8 eV and 89.5 eV corresponding to 

Au4f7/2 and Au4f5/2 respectively for Au3+ shows that Au3+ is reduced to Au+ and Au0. 

 

Figure 19: XPS spectra for the different stages of formation of gold nanoparticles in pure reline 

(HAuCl4:4.82 mM, 140 ℃) a) colourless solution after 4 min and b) ruby red solution after 11 min. 

HR-TEM micrographs gives the particle size distribution of gold nanoparticles in the 

colourless solution and the ruby red solution in Figure 20. As mentioned before in the 

colourless solution (Figure 20a), mostly particle sizes around 1.6 ± 0.6 nm are present. 

From Figure 20b, it is clear that the particle size of Au nanoparticles in the ruby red 

solution phase is 2.6 ± 0.5 nm. In addition to the formation of the monodisperse small gold 

nanoparticles, some agglomerates of size approx. 50 nm are also observed as shown in 

Figure 20c-d. 
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Figure 20: HR-TEM micrographs of gold nanoparticles in pure reline (i and iii); particle size 

distribution of the gold nanoparticles (ii and iv), a) colourless solution after 4 min; b) ruby red solution 

taken out after 11 min, c) gold agglomerates in colourless solution after 4 min; d) gold agglomerates 

observed in ruby red solution after 11 min. Both these samples are prepared at 140 ℃, HAuCl4: 4.82 

mM.  
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SAXS measurements are carried out by our collaborators at University of Bath, UK (Dr Iva 

Manasi and Prof. Karen Edler). 

In order to determine if the nanoparticle aggregates (as shown in the HR-TEM micrographs 

in Figure 20) are formed in the solution during the synthesis of the smaller gold 

nanoparticles or afterwards during the sample preparation for TEM measurements, in-situ 

SAXS analyses are performed for the samples (isolated at different stages of gold 

nanoparticle formation followed by quenching in ice-cold water) in pure reline at room 

temperature. SAXS is used as a complementary tool in addition to HR-TEM in order to 

gain understanding on the synthesis of gold nanoparticles in its liquid state itself i.e. in pure 

reline. Two different concentrations of HAuCl4 (4.82 mM and 9.64 mM separately) are 

used to prepare the samples in pure reline at 140 ℃ for SAXS measurement. It is important 

to note that the concentration of HAuCl4 for these SAXS measurements is 9.64 mM, 

double the concentration of 4.82 mM used in the rest of the experiments to avoid the signal 

to noise ratio masking the presence of small gold nanoparticles. In order to take out 

samples containing Au+ and Au0, the synthesis reaction is terminated at the same time 

intervals of 4 min and 11 min respectively.  

When the initial HAuCl4 concentration in the solution is 4.82 mM, nanoparticle 

agglomerates with a radius of 27.8 ± 1.6 nm and polydispersity of 28% is observed for the 

ruby red Au0 solution (Figure 21a). The HR-TEM micrographs of the gold nanoparticle 

agglomerates in the ruby red solution are in agreement with the SAXS data (Figure 20a). 

However in the case of colourless Au+ solution, it is noted that the signal to noise ratio is 

too weak and hence any scattering from ~1 nm particles is masked easily (Figure 21b).  

For solutions containing initial HAuCl4 concentration of 9.64 mM, two size populations 

are observed for the ruby red Au0 solution: one distribution shows small nanoparticles with 

a radius of 1.02 ± 0.02 nm and a polydispersity of 12% (Figure 21c) and the second size 

population comprises of agglomerates with a radius of 31.1 ± 0.5 nm and polydispersity of 

33%. For the colourless Au+ solutions, Figure 21d, two size populations are observed: one 

with a radius of 0.93 ± 0.06 nm and polydispersity of 11% and the other one with a radius 

of 49.5 ± 10.5 nm and polydispersity of 25%. For the higher concentration of 9.64 mM, the 

SAXS data is in accordance with the HR-TEM values (Figure 20) as both these techniques 
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show the presence of two size populations (monodisperse and agglomerates). The presence 

of two population density components from the SAXS fit in Figure 21d is justified from 

the previous knowledge obtained from HR-TEM micrographs exhibiting two size 

distributions (monodisperse and agglomerates) for the gold nanoparticles.  

 

 

Figure 21: SAXS from Au0 (ruby red) and Au+ (colourless) solutions in pure reline. (a) SAXS from Au0 

solution with initial concentration of HAuCl4 at 4.82 mM; (b) SAXS from Au+ solutions with initial 

concentration of HAuCl4 at 4.82 mM; (c) SAXS from Au0 solutions with initial concentration of 

HAuCl4 at 9.64 mM; (d) SAXS from Au+ solutions with initial concentration of HAuCl4 at 9.64 mM. 

The experimental SAXS intensity is shown in red with the spherical form factor fit to the data with 

black lines. All these solutions are prepared in pure reline at 140 ℃ and the reaction is stopped at 4 

min and 11 min respectively for Au+ and Au0 state. Acknowledgement: Dr Iva Manasi. 

From the SAXS data, it is found that for solutions with initial HAuCl4 concentration as 

4.82 mM which is also the original concentration used to synthesize gold nanoparticles, 

there are no agglomerates formed in-situ during the colourless Au+ state because if there 
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are any agglomerates present then the SAXS will detect the signals as agglomerates are 

detected easily in comparison to small monodisperse nanoparticles. The agglomeration 

growth occurs gradually when the synthesis reaction proceeds towards the Au0 ruby red 

state. The presence of small monodisperse gold nanoparticles are more evident when the 

initial gold concentration is 9.64 mM because the solution with 4.82 mM is too dilute to 

provide any scattering signals from these small sized gold nanoparticles. 

4.1.1 Role of water in the synthesis of gold nanoparticle in reline 

In order to understand the role of water in the reline system towards the synthesis of gold 

nanoparticles, reline/water mixtures with a 1:10 molar ratio is used as the reaction medium. 

As the synthesis reaction continues, the initial pale yellow colour of the gold precursor 

(Au3+) changes to colourless (Au+) state followed by a pale red colour (Au0) at 140 ℃ 

(Figure 22). In comparison to pure reline, reduction of gold nanoparticles takes a longer 

time in the presence of water in reline as can be seen from Figure 22. It takes 30 min to 

reach the colourless state and 1.5 h to achieve the pale red stage. Differently to the pure 

reline system, the initial volume of the reaction solution is 10 mL but the volume decreases 

gradually as the reaction proceeds after the reaction times; the colourless vial has 5 mL and 

the pale red vial has 4 mL of the solution (Figure 22). The condensation of water droplets 

at the mouth of the vial containing the pale yellow solution indicates the loss of water from 

the solution as the reaction proceeds (Figure 22). 



75 

 

 

Figure 22: Different stages of the formation of gold nanoparticles in reline/water 1:10 molar ratio (140 

℃) a) yellow solution taken at the beginning of the experiment; b) colourless solution after 30 min and 

c) pale ruby red solution after 1.5 h. 

The estimated size of nanoparticles produced in reline/water mixtures (1:10) at 140 ℃ in 

the pale red solution is 2.5 ± 0.5 nm as seen in Figure 23a-b. Aggregates of gold 

nanoparticles of size 50 nm are also observed in the pale red solution as shown in Figure 

23c. 

 

 

Figure 23: a) HR-TEM micrographs of Au0 in reline/water 1:10 molar ratio, b) size distribution of the 

monodisperse gold nanoparticles and c) agglomerates of sizes greater than 50 nm. Initial HAuCl4 

concentration is 4.82 mM. The gold nanoparticles are prepared in reline/water (1:10 by molar ratio) at 

140 ℃. 
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4.1.2 Mechanism of the formation of gold nanoparticles in reline and 

reline/water systems 

The following sections shed light on the role of reline and reline/water systems in the 

formation of gold nanoparticles. 

Upon heating reline and reline/water mixtures at the synthesis temperature of 140 ℃, 

gaseous compounds are released due to the in-situ decomposition of these solutions. A 

damp litmus test is carried out to identify the nature of these reducing gases and the litmus 

paper turns blue indicating the alkaline nature of these reducing gases.  These gases are 

further identified by performing GC-MS analysis. GC-MS results of the gas sample taken 

during the heating of pure reline at 140 ℃ shows typical peaks for trimethylamine 

(m/z=59), [CH2=N=CH2]
+ (m/z=42)238, [(CH3)2N(CH2)]

+ 239 (m/z=58), traces of ammonia 

(m/z= 17), water vapour (m/z=18) , nitrogen (m/z = 28) and oxygen (m/z = 32) shown in 

Figure 24a. GC-MS results of the gas sample taken during the heating of reline/water 

mixtures at 140 ℃ shows typical peaks for ammonia (m/z=17), water vapour and 

NH4
+(m/z=18), N2 (m/z=28) and O2 (m/z =32) (Figure 24b). It is observed that both the 

pure reline and reline/water mixtures release ammonia due to the hydrolysis of urea in 

eq.17. In pure reline, the hygroscopic nature of pure reline (trace amounts of water are 

present) and the aqueous solution of HAuCl4 precursor (30 wt% of HAuCl4 prepared in 

dilute HCl) are the potential water sources for urea hydrolysis. 

𝑁𝐻2𝐶𝑂𝑁𝐻2 + 𝐻2𝑂 → 2𝑁𝐻3 + 𝐶𝑂2      (17) 
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Figure 24: GC- MS (Gas chromatography mass spectroscopy) chromatograms of gas products on 

heating a) pure reline at 140 ℃ and b) reline/water (1:10 molar ratio) at 140 ℃. No gold precursor is 

added in these. 

The mechanism for the release of trimethylamine from choline chloride is illustrated in 

Figure 25. When the choline chloride is decomposed240, an electron is provided to the 

choline cation by the chloride ion i.e. chlorine gas is formed upon the oxidation of chloride 

ion. The choline cation turns into an unstable radical due to the gain of an electron and 

further decomposes to produce trimethylamine and 2-hydroxyl ethyl radical species. Yue et 

al. presented this mechanism as they are able to detect chlorine gas upon the 

decomposition of choline chloride241. However, in our case, free chlorine gas is not 

detected by GC-MS analysis. The detection of free chlorine gas by GC-MS route is often 

not easy because its high reactivity to bind with other elements including internal parts of 

GC242. Electron spin resonance techniques can be used to detect unstable radicals in the 

system. 
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Figure 25: Possible decomposition mechanism of the choline chloride cation to release 

trimethylamine241.  

To gain additional insights on the reducing property of reline, 13C NMR (Figure 26i, ii) and 

DEPT-135 (Figure 27) of pure reline, gold precursor (HAuCl4) mixed with reline at room 

temperature and the supernatant remained after gold nanoparticle formation at 140 ℃ are 

carried out. It is also possible to use 1H NMR analysis in addition to 13C NMR as both 

these techniques provide information on functional groups. However data interpretation is 

more straightforward and easier in 13C NMR analysis (atleast in our case here where we are 

interested to identify only the carbon atoms in the reline moiety). These data provides 

information related to the structural rearrangement (if any) in reline during the synthesis of 

gold nanoparticles. The lack of any structural rearrangement in reline such as oxidation of 

alcohol to aldehyde group during the synthesis of gold nanoparticles is confirmed from the 

NMR studies. 13C NMR spectra of pure reline shows peaks corresponding to urea 162.21 

ppm and α-CH2 68.20 ppm; β-CH2 56.28 ppm, Me3 54.40 ppm in the choline chloride. 

These carbon atoms are denoted as 1, 2, 3, 4 corresponds to the carbon atoms present in 

urea, α-CH2, β-CH2 and Me3 in choline chloride respectively in Figure 26. An additional 

peak at 160 ppm (close to peak 1) is observed in (Figure 26i, a and b) which is attributed to 

the free uncoordinated urea243 present in reline. This additional peak decreases in intensity 

compared to peak 1 in (Figure 26i, b) and gradually disappears in (Figure 26i, c) as the 

gold precursor is added. This peak disappearance is due to the coordination of urea with 

gold as discussed in later section (Section 4.1.5).  

A minor downfield shift towards the left side is noted in the NMR peaks due to the acidic 

pH change upon the addition of the initial gold precursor HAuCl4. It is common for acidic 
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protons to exhibit downfield shifts in NMR as these lack the electron cloud that is required 

to shield them from the instrument’s magnetic field and hence these drift towards the 

downfield regime (in our case as HAuCl4 is acidic). 13C NMR spectra for urea interaction 

with the gold precursor (which is the zoomed version of the quartet peak around 162 ppm 

from Figure 26i) is shown in Figure 26ii. Prior to the addition of HAuCl4, a quartet is 

observed centred at 162.21 ppm and after adding HAuCl4 followed by heating, the quartet 

peak is disrupted and shifts downfield to yield a broadened peak at 162.4 ppm. In urea, 

coupling of carbon to one nitrogen delivers a 1:1:1 triplet, while the coupling to two 

nitrogen atoms should deliver a 1:2:3:2:1 quintet but due to the low coupling constant (13C-

14N) and poor resolution, a quartet is observed instead of quintet. The equilibrium reactions 

of urea's coordination to gold is faster than the relaxation time of the measured protons 

leading to line broadening in 13C NMR spectra as seen in in Figure 26ii. It is most likely 

that on adding HAuCl4 to reline, interaction of urea with HAuCl4 occurs and hence the 

quartet is disrupted. From the 13C NMR data in Figure 26i, it could be suggested that the 

peaks labelled as 4 may also correspond to trimethylamine and not the carbon atoms in 

choline moiety. According to literature, 13C NMR peaks for trimethylamine are usually 

centred at 47.5 ppm, but our peaks are at 78 ppm matches the reported values for carbon 

atoms in the choline chloride peak244. 
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Figure 26: i) 13C NMR spectra, ii) zoomed version of 13C NMR in (i) indicating urea decoupling. 

Reaction conditions: (a) pristine reline, (b) HAuCl4 (4.82mM)/reline mixture and (c) supernatant left 

after the precipitation of gold nanoparticles at 140 ℃ (within 2-3 h of HAuCl4 addition). 

Distortionless enhanced polarization transfer (DEPT-135) is an effective technique to 

know the number of protons that are attached to the carbon atoms. DEPT usually 

encompasses a polarization transfer from a proton to a carbon nuclei in order to increase its 
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signal strength of the carbon nuclei. The multiplicity i.e. the number of protons available 

for each carbon atom are determined in this case by using a 135 degree decoupler pulse. 

DEPT-135 spectra herein is phased to show the carbon atoms containing an odd number of 

protons (CH3 and CH signals) in the positive or in the upward direction and those 

containing an even number of protons (CH2) in the negative or in the downward direction 

(Figure 27). Since the carbon atom present in urea (denoted as 1) has no protons attached 

to it, hence no signal is observed. From the NMR and DEPT-135 data (Figure 27), it is 

clear that no additional peaks (for aldehyde or any other molecule) are observed from the 

parent peaks for reline. Only some shifts and disruption in the urea peak due to the change 

in pH and urea decoupling respectively are observed. Thus, the results from 13C NMR and 

DEPT-135 shows that structural rearrangement does not play any role towards the reducing 

nature of reline.  

 

Figure 27: DEPT-135 spectra. (a) pristine reline, (b) HAuCl4 (4.82mM)/reline mixture and (c) 

supernatant left after the precipitation of gold nanoparticles at 140 ℃ (within 2-3 h of HAuCl4 

addition). 
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4.1.3 Control experiments with individual components of reline 

A number of control experiments are carried out in order to understand the contribution of 

the individual components present in reline i.e. choline chloride and urea, along with the 

release of trimethylamine and ammonia from these two components during the reduction 

of gold precursor. 

When HAuCl4 (4.82 mM) is added to the aqueous solution of choline chloride (formed by 

mixing water and choline chloride in 2:1 molar ratio similar to the composition between 

choline chloride and urea in reline) but without any urea in this aqueous choline chloride 

solution, and the reaction is heated under continuous stirring at 140 ℃ for 3 h, it is 

observed that the solution colour does not change from the initial pale yellow colour which 

shows that no reduction of the gold precursor occurs in the absence of urea. This 

observation indicates that neither choline chloride nor its thermal decomposition product 

trimethylamine play any role as reducing agents in the nanoparticle synthesis. This is 

because trimethylamine is a weaker reducing agent as the methyl groups attract the lone 

pair of electrons towards them and hence electrons are no longer available for donation to 

carry out the reduction process. However, when HAuCl4 (4.82 mM) is added to the 

aqueous solution of urea (formed by mixing water and urea in 1:2 molar ratio similar to the 

composition between choline chloride and urea in reline) but without any choline chloride 

in the aqueous urea solution and the reaction is heated at 140 ℃, the solution colour 

changes from pale yellow to ruby red within 1.5 h and upon continuous stirring, 

precipitation of gold is observed. These observations indicate that gold nanoparticle 

formation is possible in the aqueous solution of urea pointing to the fact that urea and/or 

ammonia are responsible for the subsequent formation of nanoparticles by reducing the 

gold precursor.  

In order to find out exactly whether the reducing action is due to urea present in reline or 

ammonia released from urea upon heating, two additional synthesis of gold nanoparticles 

are carried out: one in aqueous urea solution and the second in pure reline at 30 ℃.   

As mentioned in the experimental section (Chapter 3), pure reline is always prepared by 

heating choline chloride and urea at 80 ℃ and cooled before using. The temperature of 30 
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℃ is chosen to test the synthesis of gold nanoparticles because hydrolysis of urea does not 

take place at 30 ℃ to release ammonia245. The pale yellow colour of the gold solution does 

not change in the aqueous urea solution but the solution turns colourless in pure reline at 

30 ℃ when the reaction is continuously stirred for three days. These results indicate that 

during the synthesis of pure reline at 80 ℃, degradation of urea takes place to produce 

ammonium ion/ammonia which remains in the solution. This ammonium ion/ammonia is 

responsible for the reducing action of reline and not urea. A summary of the control 

experimental conditions is shown in Table 6. 

Table 6: Summary of the control experiments carried out to identify the role of reline components to 

reduce gold precursor 

Solvent Experimental 

conditions 

Observation Reason 

Aqueous choline 

chloride solution 
(without urea) 

Addition of gold 

precursor (4.82 mM) 
followed by continued 

heating at 140 ℃ for 3 

h 

No reduction of 

gold precursor. 

The decomposition product of 

choline chloride 
(trimethylamine) does not 

contribute to the reduction. 

Aqueous urea 
solution (without 

choline chloride) 

Addition of gold 
precursor (4.82 mM) 

followed by continued 

heating at 140 ℃ for 
1.5 h 

Reduction of gold 
precursor is 

observed. 

The decomposition product of 
urea (ammonia) contributes to 

the reduction. 

Aqueous urea 

solution (without 

choline chloride) 

Addition of gold 

precursor (4.82 mM) 

followed by continued 
heating at 30 ℃ for 3 

days 

No reduction of 

gold precursor. 

Hydrolysis of urea does not 

occur at 30 ℃ to produce 

ammonia, hence no reduction.  

Pure reline Addition of gold 

precursor (4.82 mM) 
followed by continued 

heating at 30 ℃ for 3 

days 

Reduction of gold 

precursor is 
observed. 

Synthesis of reline initially at 80 

℃ already produces 
ammonia/ammonium ion which 

reduces the gold precursor. 

 

Colorimetric studies show the presence of ammonium ion in pure reline that explains the 

reduction of gold without heating reline during the synthesis of gold nanoparticles. The 

commercial colorimetry kit purchased from Merck uses the Berthelot’s reaction to detect 

ammonium ions in the solution as the reaction turns blue due to the formation of 

indophenol upon reaction with ammonium present in the liquid as seen in eq. 18. In the 

Berthelot’s reaction, chloramine is initially produced when the ammonium ion interacts 



84 

 

with hypochlorite and subsequently quinonechloramine is obtained upon the reaction of 

chloramine with phenol. Indophenol is produced when phenol reacts with 

quinonechloramine (eq. 18). The absorption spectrum of indophenol blue 650 nm (Figure 

28) matches with the literature246.  

During the preparation of pure reline at 80 ℃, urea decomposes to produce ammonium 

ions in the solution phase. Another experiment is carried out by adding liquid ammonia to 

the aqueous solution of urea at 30 ℃ in the presence of gold precursor and the solution 

colour changes from pale yellow to colourless within a minute indicating the reduction of 

Au3+ to Au+ indicating the reducing action of ammonia. 

 

 

 

 

 

 

 

(18) 
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Figure 28: Absorbance spectra of indophenol formed as a result of Berthelot’s reaction with 

ammonium ions in pure reline. Pure reline is prepared by combining choline chloride and urea in the 

molar ratio of 1:2 by heating at 80 ℃ for 2-3 h. 

Ammonia is a stronger reducing agent compared to trimethylamine because in ammonia, 

the lone pair of electrons are readily available on nitrogen for donation. Ammonia is 

employed as reducing agent previously in certain reactions such as the selective catalytic 

reduction processes to reduce NOx to N2 and H2O
247. Ammonia is also used as reducing 

agent to produce ZnO, CoFe2O4 and silver nanoparticles from their precursors248,249,250. 

These control experiments show that the reduction of gold nanoparticles in reline is due to 

the reducing property of ammonia which is formed by the decomposition of urea. 

4.1.4 Importance of hydrogen bonded framework in reline for 

nanoparticle synthesis 

Along with the control experiments, it is crucial to note that the formation of gold 

nanoparticles is considerably quicker in reline (few min versus 1.5 h) compared to the 

aqueous urea or the reline/water 1:10 molar ratio solutions. This observation shows the 

importance of the extensive hydrogen bonded network present in reline between the urea 

and choline chloride moieties which is reported to be vital for controlling the growth and 

formation of regular, well-defined structures at the nanoscale41. The deep eutectic solvents 
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and ionic liquids are able to stabilize the intermediate transition states and also reduce the 

overall reaction barrier energy on account of this hydrogen bonded framework251,252. It is 

previously demonstrated by our group that reline acts as a supramolecular catalyst in 

reducing the activation energy barrier because the solvent structure of reline plays the role 

of an organic structuring framework to bring the reactants closer155.  

Theoretically, the reduction of gold nanoparticles in reline/water solutions should be 

quicker in comparison to pure reline because in reline/water 1:10 molar ratio, a greater 

quantity of ammonia is produced as water is present ten times more in the reline solution 

(as seen from the relative intensities of ammonia from the GC-MS chromatogram in Figure 

24). However, reduction of gold nanoparticles takes hours in the presence of water in reline 

(Figure 22) instead of few minutes in pure reline system (Figure 18). The slower formation 

of gold nanoparticles in reline/water system in comparison to pure reline is observed 

because the structure of the reline is significantly altered when water is present as the 

intermolecular hydrogen bonded network is disrupted. Previous reports show that the 

parent components in reline are solubilized and the hydrogen bonds are hampered when 

water present in reline exceeds a certain concentration 25-41 wt%38. In our case, water 

present in reline/water 1:10 molar ratio is approx. 45 wt%. The eutectic nature of reline 

arises from the extensive hydrogen bond interactions present between the chloride anions 

in choline chloride with the hydrogen in urea and the hydroxyl groups in choline 

chloride253. As water is added, several bonds are disrupted such as the Ch+-Ch+ (choline-

choline), Ch+-Cl- (choline-chloride) and Cl--Cl- (chloride-chloride) interactions because the 

Cl- anions are preferentially hydrated by water in addition to the hydration of ammonium 

and hydroxyl ions of choline chloride254. Hence the molecular arrangement of reline 

drastically changes upon water addition and is best described as an aqueous solution of 

DES255,254.  

An additional experiment is carried out to shed light on the importance of hydrogen 

bonded matrix for the reduction of gold nanoparticles by using reline/water 1:2 molar ratio 

solution for the synthesis reaction at 140 ℃. It is observed that this system takes 7 min and 

30 min to reach the colourless Au+ and ruby red Au0 state respectively. These timescales 

are in between those of pure reline and reline/water 1:10 molar ratio indicating that as the 
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amount of water is increased in reline systems, the catalytic activity of these systems 

decreases. 

4.1.5 Stabilization of Au+ and Au0 in pure reline 

Reline and reline/water systems are overall weak reducing agents as reduction of gold 

nanoparticles takes minutes and hours respectively in these systems compared to other 

strong reducing agents like sodium borohydride, which are able to reduce gold in 

microseconds.  

Strong reducing agents like sodium borohydride are able to generate small nanoparticles of 

size 1-2 nm due to faster rates of nucleation because whenever strong reducing agents are 

employed in the solution, the nucleation step itself consumes the monomers available in 

the solution to produce a larger number of nuclei instead of growing the existing nuclei256. 

However in the case of reline or reline/water systems as the reducing agent, small 

nanoparticles of sizes 1.6-3 nm are produced with a weaker reducing agent like ammonia. 

This is observed because reline systems also provide partial stabilization to the small gold 

nanoparticles as is evident from SAXS measurement in Figure 21.  

The stability of Au+/Au0 centres in reline can be explained on the basis of the DLVO 

theory for stabilization of metal nanoparticles in DES or IL. The Au centres are stabilized 

by the formation of the counter-ion layers from choline chloride around the gold 

nanoparticles in reline (Figure 29). The first layer of electrostatic stabilization is provided 

by the chloride ions and further steric stabilization is offered by the choline cation moiety. 

Along with these ionic layers, ammonia and urea aid towards the partial stabilization of the 

gold nanoparticles. Ammonia usually forms complex species in the reaction that in turn 

controls nucleation and agglomeration processes during the nanoparticle growth257. For 

example, in the stabilization of silver nanoparticles, ammonia is crucial as it forms 

Ag[NH3]2
+ complexes that deplete the availability of ionic silver in the medium and hence 

results in quasi-monodisperse silver nanoparticles258,250.  

Gold nanowire networks are stabilized by urea molecules in reline due to the formation of 

an intermediate adduct with the formula [HO-CH2-CH2-N
+(CH3)3]AuCl4

-.2(NH2)2CO 

between choline chloride, urea and AuCl4
-86. Thus we propose a stabilization mechanism 
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where the gold centres are being stabilized by the counter-ions present in the DES, 

ammonia and urea in Figure 29. 

 

Figure 29: Stabilization of Au0 centres by chloride ions and choline cations (from choline chloride). 

Counter-cations are present to provide charge balance and complete the electronic multilayer. 

It has been reported previously that the smaller nanoparticles are usually protected by an IL 

layer which act as additives to prevent agglomeration by electrostatic or steric 

stabilization120. IL have emerged as a class of stabilizers to stabilize metal nanoparticles 

against agglomeration and because of this, they are popularly termed as ‘entropic drivers’ 

or the ‘IL effect’ due to the extensive hydrogen bonded network at the nanoscale of these 

IL that leads to spontaneous ordering of nanomaterials259. The IL prevents nanoparticle 

aggregation because they provide electrosteric (i.e. a combination of electrostatic and 

steric) stabilization to these nanoparticles260,261. The halide anion moiety of the IL usually 

provide the electrostatic stabilization and the tetra butyl ammonium cations offer steric 

stabilization to the nanoparticles as shown in Figure 30a. Stabilization in IL is achieved by 

the formation of an ion layer around the metal nanoparticles in these solvents120. The green 

coloured ions in Figure 30b represents the extensive hydrogen bonded network between 

the ions of the IL. 
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Figure 30: Stabilization of metal nanoparticles in ionic liquid by forming a) suggested primary anion 

layer around the metal nanoparticle (Adapted from Janiak120) and b) hydrogen bonded network 

present in IL (Directly reproduced from Ref. 262 with permission from the Royal Society of Chemistry). 

4.1.6 Addition of polyvinylpyrrolidone to prevent agglomeration 

Reline behaves as a weak stabilizer because agglomerates of sizes > 50 nm are observed in 

addition to the monodisperse gold nanoparticles both in the colourless and the ruby red 

solutions as seen in Figure 20c-d. 

In order to prevent agglomeration of gold nanoparticles, PVP is added from the beginning 

of the synthesis at 140 ℃ and samples are isolated at 4 min (for the colourless stage) and 

11 min (at the ruby red stage). Calculated particle size distributions of 3.0 ± 0.5 nm and 1.2 

± 0.4 nm are observed in the ruby red and colourless solution in pure reline respectively 

(Figure 31c,f). The particle size distribution of the gold nanoparticles with PVP matches 

the previous HR-TEM images for the gold nanoparticles without PVP (Figure 20). 

Aberration corrected scanning transmission electron microscopy (AC-STEM) (dark field 

and bright field) images show that there are no agglomerates after PVP addition both in 
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colourless and ruby red solution state (Figure 31b, e). PVP is a common stabilizer to 

prevent nanoparticle agglomeration due to its hydrophobic carbon chain that prevents the 

nanoparticles to come in contact with each other and hence avoids aggregation by steric 

hindrance61.  

 

Figure 31: AC-STEM micrographs of a) agglomeration of gold nanoparticles in colourless solution 

after 4 min (without PVP), b) No agglomeration of gold in colourless solution after 4 min (with PVP 

added), c) particle size distribution of gold nanoparticles in colourless solution after 4 min (with PVP 

added),   d) agglomeration of gold nanoparticles in ruby red solution after 11 min (without PVP),  e) 

No agglomeration of gold in ruby red solution after 11 min (with PVP added) and f) particle size 

distribution of gold nanoparticles in ruby red solution after 11 min. The samples are prepared at 140 

℃, HAuCl4=4.82 mM. 

Au nanoparticles in both the colourless and ruby red stage in pure reline shows decahedral 

and icosahedral face centred cubic (FCC) structures. In these images, the nanoparticles are 

oriented in the {110} zone axis (Figure 32 (a)), or aligned close to this orientation (Figure 
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32 (b), (c), Figure 33 (a), (b), (d)). Single atoms of Au are also observed in the images for 

both colourless and ruby red solutions. 

 

Figure 32: Simultaneously acquired high-resolution STEM ADF (a), (b), (c) and STEM BF (d), (e), (f) 

are representative of Au nanoparticles in colourless solution after 4 min. Scale bar is 2 nm. The 

samples are prepared at 140 ℃, HAuCl4=4.82 mM. Acknowledgement: Dr Emanuela Liberti. 

 

Figure 33: Simultaneously acquired high-resolution STEM ADF (a), (b), (c) and STEM BF (d), (e), (f) 

are representative of Au nanoparticles in ruby red solution after 11 min. Scale bar is 2 nm. The 

samples are prepared at 140 ℃, HAuCl4=4.82 mM. Acknowledgement: Dr Emanuela Liberti. 
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4.1.7 Effect of the reaction temperature on the synthesis of gold 

nanoparticles in pure reline 

A series of experiments to investigate the reduction of gold precursor (HAuCl4) in reline 

are carried out at different temperatures (30 ℃, 60 ℃, 100 ℃ and 140 ℃). As the 

temperature increases from 30 ℃ to 140 ℃, faster reduction of the gold precursor to 

synthesize gold nanoparticles is achieved as shown in Table 7. When the temperature is 30 

℃, it takes almost 3-4 days for the solution to reduce Au3+ to Au+ state (stage identification 

is possible due to change in colour from pale yellow to colourless) but at 140 ℃, it takes 4 

min to reduce the +3 to 0 state (Table 7).   

Table 7: Range of temperature conditions to synthesize gold nanoparticles in pure reline (4.82 mM 

HAuCl4). 

Temperature (C) Au
3+

 to Au
+
 
a
 time Au

+
 to Au

0 b
 time 

30 3-4  days Not observed within 5 days 

60 Within 2 days Not observed within 3 days 

100 Approx. 8-9 h 18 h 

140 4 min 11 min 

a Time taken to change from pale yellow to colourless state. 

b Time taken to turn from colourless state to ruby red. 

Electrochemical measurements are performed on pure reline system to gain a better 

understanding of the relationship between the reduction potentials and the reaction 

temperatures in these colloidal nanoparticle systems. Increasing the temperature shifts the 

reduction potentials to more anodic values (or positive values) for pure reline suggesting a 

favoured reduction process (Table 8). For example with an increase in temperature, the 

reduction potential shifts from -1.08 V at 30 ℃ to -0.71 V at 140 ℃ for pure reline.  
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Table 8: Reduction potential peaks at different temperatures for pure reline.  

Temperature (⁰C) Reduction potential peak (V vs Pt) Au
3+

→Au
0
 

30 -1.08 

100 -0.82 

140 -0.71 
 

Conditions: 10 mL of pure reline HAuCl4 (7.5mM), AuCl (8 mM) and 2 mL of as-prepared gold 

nanoparticles is added. All the three gold standards are added (Au0, Au+ and Au3+) to ensure that all species 

are present in reline for proper peak identification. These gold standards are added in excess to make sure that 

all the species are identified in the solution. 

The electrochemical reduction of HAuCl4 in pure reline (Figure 34) presents two reduction 

peaks corresponding to the reduction of Au3+ and Au+ respectively. It is important to note 

that the disproportionation of the gold precursor in pure water at 30 ℃ shows a single 

reduction peak (Figure 35) associated to the reduction of Au3+, due to the lack of stability 

of Au+ which rapidly disproportionates to Au3+ and Au0 as shown in (19)263. It is clear from 

the electrochemical data that reline provides a certain level of stabilization for Au+ species. 

The electrochemical measurements are carried out with the help of Dr Mauro Malizia, 

University of Cambridge. 

         𝐴𝑢+ ↔ 𝐴𝑢3
+
+ 𝐴𝑢0            (19) 

The peaks in the ascending sweep corresponds to the oxidation of Au0 and Au+ species to 

Au3+ state in pure reline (Figure 34). Increasing the temperature shifts the oxidation 

potentials to less anodic values (or positive values) for pure reline suggesting a favoured 

oxidation process. The oxidation peak for pure water (Figure 35) corresponds to the 

oxidation of Au0 to Au3+ because Au+ is not stabilized in the aqueous systems. 
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Figure 34: Cyclic voltammogram of HAuCl4 in pure reline at different temperatures. Conditions: 10 

mL of pure reline, HAuCl4 (7.5 mM), AuCl (8 mM) and 2 mL of as-prepared gold nanoparticles is 

added. All the three gold standards are added (Au0, Au+ and Au3+) to ensure that all species are present 

in reline for proper peak identification. These gold standards are added in excess to make sure that all 

the species are identified in the solution. 
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Figure 35: Cyclic voltammogram of Au+, Au0 and Au3+ species in water. Conditions: 10 mL of water, 

HAuCl4 (7.5 mM), AuCl (8 mM) and 2 mL of as-prepared gold nanoparticles was added at 30 ℃. All 

the three gold species are added (Au0, Au+ and Au3+) to ensure that all species are present in water for 

proper peak identification. These gold standards are added in excess to make sure that all the species 

are identified in the solution. 

4.1.8 Addition of ascorbic acid as an external additive in reline 

 From the above reported HR-TEM micrographs (Figure 20) it is observed that only 

spherical nanoparticles are produced whenever reline is used as the solvent platform. 

However for certain applications like plasmonics, morphology plays a crucial role due to 

the generation of ‘hot-spots’ for non-spherical nanoparticles or branched nanostructures 

where the electric field intensities are concentrated at the tips264. Hence, there is a growing 

interest to synthesize non-spherical morphologies that are beneficial for various plasmonic 

applications. The effect of increasing the concentration of HAuCl4 in reline is studied by 

adding the gold precursor (48.2 mM) instead of previously used 4.82 mM separately to 

vials containing pure reline and reline/water 1:10 molar solutions at 140 ℃ under 

continuous stirring. 

As can be seen from Figure 36, SEM images show highly polydisperse spherical gold 

nanoballs of sizes 100-250 nm in both reline/water solution and pure reline. These results 

show that even upon increasing the concentration of gold, there are no other morphologies 

observed except for the spheres. It is also observed that as the concentration of gold 
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precursor increases in reline, the reline is not able to offer stability to prevent the 

agglomeration of the particles. This experiment indicates only spherical morphologies are 

obtained in reline because neither choline chloride nor urea promotes anisotropic growth. 

 

Figure 36: SEM micrographs of gold nanoparticles upon increasing the concentration of HAuCl4 by 

ten times (48.2 mM) in a) pure reline and b) reline/water 1:10 molar ratio. Both the samples are 

prepared at 140 ℃. 

Different morphologies of gold nanostructures such as nanostars and snowflakes are 

synthesized in the past by adding ascorbic acid to reline41,85,87 as discussed in the literature 

review in Chapter 2. Ascorbic acid is mostly used as a shape directing template due to its 

preferential adsorption on particular crystalline facets directing the anisotropic crystal 

growth process84.  

In our case, in order to produce non-spherical morphologies in reline, ascorbic acid is 

hence added to pure reline along with the gold precursor (48.2 mM) at a reaction 

temperature of 100 ℃ for 1 h. Flower like polydisperse structures of gold nanomaterials of 

2 micron size are observed as shown by the SEM micrographs in Figure 37a under such 

reaction conditions because ascorbic acid promotes anisotropic growth84.  

Recently another newly reported DES composed of choline chloride and ascorbic acid 

combined in the molar ratio of 2:1 (known as asline)35 is reported in the literature. Asline is 

used to study the effect of DES on the morphologies of gold because asline serves dual 

roles both as a solvent platform to dissolve the precursors and the reducing agent (ascorbic 
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acid) to reduce AuCl4
- to Au0. To study the effect of mixture of asline and reline, 20 mL of 

pure reline/asline mixtures (10 mL each) are heated to 100 ℃ for 1 h with the gold 

precursor HAuCl4 (48.2 mM). The gold nanostructures are highly polydisperse and their 

sizes range from 500 nm-2 micron as shown in Figure 37b. This result shows that asline 

plays a role to introduce anisotropy in the morphologies. 

 

Figure 37: SEM micrographs of gold nanostructures synthesized in a) addition of external ascorbic 

acid in reline (100 ℃, 1 h) and b) in reline/asline mixtures (50% each by volume), 100 ℃, HAuCl4 (48.2 

mM) 1 h. 

From here onwards, the synthesis of gold nanostructures in asline systems (without any 

reline) has been reported to study the effect of only asline in the formation of gold 

nanomaterials. 

4.2 Use of asline to synthesize gold nanomaterials 

Reduction of the gold precursor HAuCl4 (48.2 mM) is carried out in batch in pure asline at 

100 ℃ for 1 h in an oil bath under constant magnetic stirring. As the reaction continues, 

the initial pale yellow colour of the precursor (Au3+) turns to dark red colour (Au0) within 1 

h indicating the reduction of Au3+ to Au0. No colourless stage is observed in this reaction. 
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Figure 38 shows the corresponding SEM micrographs where the products are three 

dimensional nanoball structures of size 485 ± 45 nm. These structures appear as corrugated 

spheres or ‘nanowalnut’.  

 

Figure 38: SEM micrographs of the gold nanowalnuts in pure asline, 48.2 mM HAuCl4, 100 ℃ for 1 h. 

In order to understand the formation mechanism of these gold nanowalnuts, the reaction is 

followed at different time intervals of 5 min, 15 min and 30 min (Figure 39a-e). The 

solution colour changes from pale yellow to dark red upon the addition of HAuCl4 within 5 

min indicating the formation of gold nanoparticles. As the reaction time increases from 5 

min to 1 day, the solid product yield at the bottom of the vial decreases from 100% to 18% 

(Table 9). Nanostructures with pointed arm like morphology with a non-uniform size 

distribution of 300-600 nm are synthesized with arm lengths of 100-300 nm within 5 min 

of the reaction (Figure 39a). Within 5 min, anisotropic growth of Au takes place with 

100% conversion of Au into solid product. As time increases, the morphology evolves into 

increasingly spherical structures leading to monodisperse balls of sizes 405 nm. Based on 

the above formation mechanism of the gold nanowalnuts in pure asline, the following 

mechanistic pathway is suggested in Figure 40. 

 A decrease in yield from 100% at 5 min to 40% at 1 h suggests that the morphology 

evolution takes place through digestive Ostwald ripening (Figure 39d). Much longer 

synthesis times of 1 day leads to random irregular structures (Figure 39e). 



99 

 

 

Figure 39: Formation mechanism of gold nanowalnuts in pure asline, 48.2 mM HAuCl4, 100 ℃ at 

different time intervals; a) 5 min; b) 15 min; c) 30 min; d) 1 h and e) 1 day. 

Digestive Ostwald ripening and Ostwald ripening are two opposing phenomenon. Ostwald 

ripening is the phenomenon of the growth of large particles at the expense of the smaller 

particles when the small particles dissolve in the solution and their molecules are diffused 

in the bulk and these become deposited on the larger particles265.  Unlike Ostwald ripening, 

in the case of digestive ripening, the large particles are re-dissolved to produce smaller 

particles which is observed in the supernatant in this case. 

Table 9: Product yield % for the solid product deposited at the bottom of the reaction vial as a 

function of time. 

Reaction time % yield of the solid product Particle size 

5 min 100 300-600 nm 

15 min 100 270-580 nm 

30 min 89 245-520 nm 

1 h 40 485 ± 45 nm 

1 day 18 2-4 µm 
Reaction conditions: pure asline, 100 ℃, 48.2 mM HAuCl4 as a function of time. 

a) 5 minutes b) 15 minutes

c) 30 minutes d) 1 hour e) 1 day
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Figure 40: Mechanistic pathway of the production of gold nanowalnuts under pure asline conditions. 

The presence of the gold nanoparticles in the supernatant (that is collected after 1 h of 

synthesis in pure asline/Au reaction at 100 ℃) is verified by TEM (Figure 41) that shows a 

polydisperse distribution of gold nanoparticles of sizes 5-20 nm.  

 

Figure 41: TEM micrograph of the gold nanoparticles remaining in the supernatant in 1 h of the 

synthesis of the gold nanomaterial synthesis in pure asline (48.2 mM HAuCl4, 100 ℃). 

The monodisperse gold nanowalnuts gradually turn into polydisperse random gold 

nanostructures after one day when left at 100 ℃ as seen from Figure 39e. In order to 

understand the formation of these irregular structures, some additional syntheses are 
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carried out by initially synthesizing two separate batches of gold nanowalnuts in pure 

asline at 100 ℃ for 1 h (as shown in Figure 39d) followed by quenching this reaction in 

ice-cold water. After the reaction is quenched, one batch is left under continuous stirring at 

30 ℃ for one day and the other batch is left at 60 ℃ stirring for one day. As can be seen 

from Figure 42a, the gold nanowalnuts are still observed even when the reaction is 

continued at 30 ℃ for one day. In Figure 42b, at 60 ℃, larger random aggregates are 

observed along with few nanowalnuts scattered on the bigger particles. These experiments 

indicate that as the temperature is increased, the nanowalnuts are depleted and large 

irregular structures are produced.  

 

Figure 42: SEM micrographs of the solid product (at the bottom of the reaction vessel) after the 

reaction is quenched on completion of the reaction at 100 ℃ in pure asline (48.2 mM);  the reaction is 

left under continuous stirring for 1 day at a) 30 ℃ and b) 60 ℃. 

4.2.1 Effect of water and reaction temperature 

Upon increasing the water ratio in pure asline, an evolution towards the production of 

random nanostructures from the well-defined gold nanowalnuts is observed (Figure 43). As 

the asline/water ratio becomes 1:5 and 1:10 respectively, the gold nanowalnuts are not 

formed and irregular shaped nanostructures of sizes more than 1 micron are obtained at all 

the temperatures (30 ℃, 60 ℃ and 100 ℃) as seen in  Figure 43d-i. An exception to this 

observation is found only in the asline/water (1:5 by molar ratio) at 60 ℃ for one h, where 

a mixture of several plate-like and other geometrical shapes are observed like triangle, 

polyhedral and faceted-rod like structures of micrometer sizes (Figure 43e). 

a) b)
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Figure 43: Effect of asline:water molar ratio and temperature in morphologies of gold nanomaterials; 

pure asline a) 30 ℃, b) 60 ℃, c) 100 ℃; asline/water (1:5 molar ratio) d) 30 ℃, e) 60 ℃, f) 100 ℃; 

asline/water (1:10) g) 30 ℃, h) 60 ℃, i) 100 ℃. All samples are synthesised for 1 h with a HAuCl4 

concentration of 48.2 mM. 

In order to understand the formation of random gold morphologies in the presence of water 

in the asline system, another additional synthesis is performed in the asline/water mixtures 

1:5 molar ratio at 100 ℃ to study the products obtained by quenching the reaction in ice-

cold water when the solution turns red within 2-3 s just upon the addition of gold 

precursor. Corrugated nanoball like morphologies are observed in this reaction Figure 44 

(which otherwise gives random structures after 1 h as shown in Figure 43f). It shows that 

initially in asline/water mixtures, flower like morphologies are formed but with time, these 

anisotropic flower like shapes evolve into random morphologies. 
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Figure 44: SEM micrograph of gold nanostructure synthesized in  asline/water (1:5 by molar ratio) at 

100 ℃ within 2-3 s when the solution turns red after the addition of gold precursor; HAuCl4: 48.2 mM. 

The gold nanowalnuts evolves rapidly into random morphologies in asline/water mixtures 

in 1 h in comparison to pure asline due to the following reasons: a) pure asline behaves as a 

weaker reducing agent than asline/water mixtures (which is also evident from the fact that 

asline/water solutions turn red within 2-3 s at all temperatures upon the addition of the gold 

precursor indicating faster reduction of AuCl4
- ions to Au0 whereas pure asline turns red 

after 5 min even when the reaction temperature is 100 ℃). Presence of water in ascorbic 

acid is very important for the reducing action of ascorbic acid because the hydrated product 

of ascorbic acid (dehydroascorbic acid) is crucial in the reduction mechanism as discussed 

in Section 4.8.3 on the role of ascorbic acid and choline chloride and; b) The diffusivity of 

reactant ions in pure asline is lower than asline/water mixtures which in turn slows the 

reaction266. This is due to the high viscosity of pure asline (22.3968 Pa.s at 30 ℃) as seen 

from the viscosity values at different temperatures of 30 ℃, 60 ℃  and 80 ℃ for pure 

asline, asline/water (1:5) and asline/water (1:10) in Figure 45. The rheology experiments to 

determine the viscosities of asline and asline/water mixtures were performed by Dr Simon 

Butler, University of Cambridge. 
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Figure 45: Viscosity-temperature measurements for a) pure asline, b) asline water (1:5 by molar ratio) 

and c) asline/water (1:10 by molar ratio) at 30 ℃, 60 ℃ and 80 ℃. 

It is observed that appropriate reaction temperature is essential to tune the morphology of 

gold nanomaterials because it greatly affects the reduction kinetics267. For example, the 

growth of gold nanowalnuts occurs in pure asline at 60 ℃ and 100 ℃ but not at 30 ℃ 

indicating that the reaction temperature increases the reduction rate268.  

4.2.2 Role of ascorbic acid and choline chloride in asline to 

synthesize gold nanostructures 

In order to understand the roles of ascorbic acid and choline chloride in asline in the 

synthesis of gold nanowalnuts, control experiments with HAuCl4 are carried out. Gold 

precursor (48.2 mM) is added to the aqueous solution of choline chloride (formed by 

mixing water and choline chloride in 1:2 molar ratio similar to the composition between 

choline chloride and ascorbic acid in asline but without any ascorbic acid in this aqueous 

choline chloride solution) and the aqueous choline chloride solution is heated for 3 h under 

continuous stirring at 100 ℃. The solution colour remains unchanged from pale yellow 

indicating that no reduction of the gold precursor occurs in the absence of ascorbic acid. 

However, when the gold precursor (48.2 mM) is added to the aqueous solution of ascorbic 

acid (11 M) (formed by mixing water and ascorbic acid in 2:1 molar ratio similar to the 

composition between choline chloride and ascorbic acid in asline but without any choline 

chloride in this aqueous ascorbic acid solution), the colour of the aqueous ascorbic acid 

solution changes from pale yellow to red within 2-3 s upon adding the gold precursor 
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indicating the reduction of AuCl4
- ions to Au atoms. These studies show that ascorbic acid 

is the reducing agent in asline for the reduction of Au3+ to Au0.  

Non-uniform flower-shaped gold structures are observed when the reaction is stopped by 

quenching the reaction mixture in ice-water as soon as the solution turns red (Figure 46a). 

However within 1 h, these are randomly aggregated to form irregular random gold 

nanostructures as shown in Figure 46b.  

 

Figure 46: SEM micrographs for gold nanostructures at 100 ℃, 48.2 mM HAuCl4: a) Non-uniform 

irregular flower like shapes synthesized in aqueous solution of ascorbic acid (instantaneously), b) 

random nano gold structures observed in 1 h in aqueous ascorbic acid solution. 

The reduction of gold by ascorbic acid is usually a two-step reduction process269 as shown 

in eq. 20, 21 and 22 where ascorbic acid (C8H8O6) is oxidized to dehydroascorbic acid 

(DHA) while AuCl4
- ions are reduced to AuCl2

- and then to Au atoms. DHA is extremely 

unstable being spontaneously converted to 2,3-diketogulonic acid (DGA)270 as seen in eq. 

22 on account of the hydrolysis of the lactone ring of DHA. Release of DGA is not 

possible in the absence of water and hence pure asline is a weak reducing agent than 

asline/water solutions. Ab-initio calculations show that the presence of sharp pointed 

features of the gold nanoflowers in the initial stages of product formation is due to the 

anchoring action of the –COOH groups from DGA molecules and it is shown to direct the 

growth of branched structures271. However it is important to note that although DGA is 

capable to produce branched structures, it is unable to prevent agglomeration or provide 

stability to these dendritic structures and thus capping ligands would be required to prevent 

a) b)
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unwanted aggregation272. The generation of dislocations and kinks on the gold 

nanostructures due to the action of DGA produced as a by-product from the oxidation of 

ascorbic acid provide active sites for the adhesion of the DES asline to control the shape of 

these gold nanowalnuts13.  

[𝐴𝑢𝐶𝑙4]
− + 𝐶8𝐻8𝑂6 → [𝐴𝑢𝐶𝑙2]

− +𝐷𝐻𝐴 + 2𝐶𝑙− + 2𝐻+           (20) 

           [𝐴𝑢𝐶𝑙2]
− + 𝐶8𝐻8𝑂6 → 𝐴𝑢 + 𝐷𝐻𝐴 + 2𝐶𝑙

− + 2𝐻+                   (21) 

             

4.2.3 Effects of halide ions in choline chloride 

Studying the influence of halide ions on the growth and morphology of nanomaterials is 

crucial for wet chemical synthesis as it is well documented that halide ions have strong 

affinities to the metal surfaces which in turn dictates the growth of nanostructures273.  

In order to study the effect of halide anions in the choline moiety present in asline, 

systematic studies are carried out by synthesizing gold nanostructures in another DES 

comprised of choline bromide instead of choline chloride in pure asline (choline 

bromide/ascorbic acid in the molar ratio of 2:1) at 100 ℃ for 1 h.  As shown in Figure 47b, 

polydisperse gold nanoballs of sizes ranging from 500 nm to 1 µm are produced when 

choline bromide is used. These gold nanoballs are bigger in size than those synthesized 

with choline chloride which are of sizes 485 ± 45 nm. This indicates that upon changing 

the halide anion, there is little change in the overall morphology and it is still 

predominantly spherical in appearance but the size distribution is changed.  

ascorbic acid

2,3-diketo gulonic acid

dehydroascorbic acid

H2O

-2e-

(22) 
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Figure 47: SEM micrographs to compare the effect of halide anion. All reactions are carried out at 100 

℃, 1 h, HAuCl4 (48.2 mM) a) ChCl:ascorbic acid (2:1); b) ChBr:ascorbic acid (2:1). 

Halides are able to control the reaction kinetics and thus affect nucleation and growth 

factors in solution by complexing first with the gold ions as [AuX2]
- complexes, hence 

affecting the reduction potentials and solubility of gold ions in [AuX2]
- complexes and thus 

changing the reduction rates274. The addition of larger halide ions like Br- to a solution 

containing the precursor HAuCl4 (as in this case) leads to a slower growth of AuNP as the 

reduction kinetics of [AuCl2]
- > [AuBr2]

- (1.154 V > 0.960 V) which means that Br- would 

decrease the ability of Au+ to be reduced by ascorbic acid275,274.  The binding strengths of 

the halide ions are also different on Au surfaces for e.g. Br- chemisorbs more strongly on 

the surface on Au than Cl-276. This strong affinity of Br- in comparison to Cl- with Au can 

be explained by Pearson’s theory of hard soft acid base (HSAB) according to which both 

Au and Br- are soft acid and base respectively so their affinity for each other is stronger 

than Cl-277. This explains the larger size of these gold nanowalnuts in the presence of 

choline bromide because lower reduction rates means weaker reducing agent and hence 

slower nucleation rates that lead to larger size particles278.  

Another experiment is carried out to study the synthesis of gold nanomaterials by 

combining choline iodide and ascorbic acid in the molar ratio of 2:1. However unlike 

choline chloride and choline bromide, choline iodide does not form any eutectic liquid with 

ascorbic acid. 

ChCl: AA (2:1 by molar ratio) ChBr: AA (2:1 by molar ratio)a) b)
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4.2.4 Plasmonic applications of gold nanowalnuts 

Plasmonic activities of the corrugated nanoballs or ‘nanowalnuts’ are tested for surface 

enhanced Raman spectroscopy (SERS) of the Rhodamine (R6G) dye by our collaborators 

at the Department of Material Science and Metallurgy, University of Cambridge (Ms 

Christina Boukouvala and Dr Emilie Ringe). R6G, a dye molecule commonly used to 

demonstrate SERS enhancement, is carried out to investigate the potential of the gold 

nanowalnuts as Raman signal enhancement factors. Figure 48 show the results of SERS 

detection. The characteristic Raman peaks for R6G are hard to distinguish in pure R6G but 

are considerably enhanced after the addition of the gold nanoballs, despite their large 

diameter which is bigger than what is commonly considered as optimum for SERS (40-50 

nm)279. This enhancement is attributed to the corrugations/roughness on the surface of the 

gold nanowalnuts that act as hotspots and amplifies the local electromagnetic field. Note 

that the peak at 1000 cm-1 is present in both signals, due to second order Raman scattering 

from the silicon substrate280 . 

 

Figure 48: The Raman signal for R6G with and without the enhancement of gold spiky nanoballs. 

Acknowledgement: Ms Christina Boukouvala, University of Cambridge. 

The plasmonic properties of the synthesised gold nanoballs seem promising for SERS 

enhancement applications and will attract a lot of attention being label-free and sensitive, 
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and potentially for other spectroscopy techniques such as plasmon enhanced 

fluorescence281. 

4.3 Conclusions  

This chapter presents the synthesis and mechanistic understanding of a one-pot green 

solvent route method for the synthesis of gold nanoparticles using the deep eutectic 

solvents reline and asline which have the same quaternary ammonium salt choline chloride 

but different hydrogen bond donors (urea in reline and ascorbic acid in asline). There are 

no addition of any external additives in these methods. 

In the case of pure reline and reline/water systems, release of ammonia due to the in-situ 

decomposition of reline and reline/water systems at high temperatures act as the reducing 

agent to produce small gold nanoparticles of size 1.6-3 nm. Neither choline chloride nor its 

decomposition product trimethylamine plays any role as a reducing agent. It is observed 

that the reduction of gold in pure reline is much quicker than aqueous solutions of reline or 

aqueous urea. This is attributed to the extensive hydrogen bonded framework available in 

pure reline which acts as catalysts to bring the reactants closer. However in the presence of 

water, the intermolecular hydrogen bonds are disrupted and the structure of reline is greatly 

altered. Reline systems also act as partial stabilizers due to the stabilization provided on 

account of the counter-ion layers (similar to the ionic liquids) and also urea/ammonia 

provide stabilities to the gold centres (Au0 and Au+). It is important to note that reline also 

provide stability to Au+ centres which are usually unstable in water and rapidly 

disproportionates to Au3+ and Au0. 

The reline systems however produces only spherical gold nanoparticles because of the 

absence of any anisotropic agent in reline (neither choline chloride nor urea are anisotropic 

agents). In order to develop non-spherical morphologies such as branched or corrugated 

surfaces, asline which is another DES made of choline chloride and ascorbic acid 

combined in the molar ratio of 1:2 is employed. 

It is observed that corrugated nanoballs or ‘nanowalnuts’ are synthesized in pure asline 

conditions within 1 h. The formation mechanism of these nanowalnuts are further 
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investigated by following the reaction at different time intervals of 5 min, 15 min and 30 

min. It is observed that anisotropic growth of Au takes place within 5 min of starting the 

reaction. As time increases, these anisotropic morphologies evolve into increasingly 

spherical structures leading to monodisperse corrugated balls of sizes 405 nm (or 

nanowalnuts) within 1 h. A decrease in the yield of the solid product deposited at the 

bottom of the reaction vessel as the time increases, shows that morphology evolution takes 

place through digestive Ostwald ripening where the larger particles are re-dissolved to 

produce smaller particles that remain in supernatant. 

Upon addition of water in asline, nanowalnuts are obtained within 2-3 s of the gold 

precursor addition but these nanowalnuts turn to random and irregular gold nanostructures 

within one h. This rapid change of nanowalnuts to irregular structures in asline/water 

systems is observed because of the high reducing nature of asline/water mixtures in 

comparison to pure asline and high viscosity of pure asline which slowers the ion 

diffusivity in the reaction. 

Control experiments show that ascorbic acid moiety present in asline is responsible for the 

reducing the gold precursor because no reduction of the gold precursor is observed in the 

aqueous choline chloride solution. Diketogulonic acid (DGA) which is produced as a by-

product of ascorbic acid hydrolysis is responsible for the growth of the 

branched/corrugated and pointed structures. However as DGA is unable to prevent 

agglomeration and hence asline act as capping ligand by binding to the kinks and corners 

of these corrugated structures to avoid aggregation.  

The halide ion controls the reduction kinetics in the synthesis of gold nanomaterials 

because the size of the gold nanowalnuts changes upon varying the halide ion. Larger 

corrugated gold nanowalnuts are obtained when the quaternary ammonium salt is choline 

bromide due to the slower reduction rates meaning weaker reducing ability hence slower 

nucleation in solutions containing choline bromide in comparison to choline chloride in 

asline. 

These gold nanowalnuts are further tested for SERS activities for R6G dyes by our 

collaborators, Ms Christina Boukouvala and Dr Emilie Ringe at the Department of 

Material Science and Metallurgy, University of Cambridge, UK. They show that there is an 
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enhancement of the Raman peaks of R6G dye on addition of the gold nanowalnuts which is 

otherwise difficult to observe in pure R6G dye due to the roughness and corrugated surface 

of the gold nanowalnuts.  
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Chapter 5: Elucidating the role of 

reline towards the synthesis of 

vanadium pentoxide  

The objectives of Chapter 4 were to elucidate the role of DES towards the synthesis of gold 

nanomaterials and to underpin the mechanism for the reducing action of DES. In order to 

further develop our understanding on other multiple roles played by DES to control 

morphologies and size at the nanoscale, the synthesis of nanostructured metal oxide V2O5 

(belonging to the transition metal oxide family) is carried out in reline assisted 

solvothermal synthesis. The interest to develop vanadium pentoxide nanomaterials is due 

to its applications in a wide range of areas like (photo)catalysis, electrochemical 

capacitors199, sensors200, Li-ion batteries198, etc282. The ability to synthesize tuneable and 

controllable nanostructured vanadium oxide has attracted the attention of the scientific 

community due to the strong morphology-activity relationships as mentioned previously in 

the literature review (Chapter 2)7,8,6,283. A rich class of nanoscale morphologies are 

developed for the above mentioned applications as nanofibers, nanotubes, nanosheets and 

hollow spheres284.  

This chapter is focused on understanding the mechanism and developing the solvothermal 

synthesis route for nanostructured V2O5 of different morphologies in reline by only varying 

the amount of water in the reaction medium, without the addition of auxiliary reagents. 

Several characterization techniques like XRD (X-ray diffraction), TEM (transmission 

electron microscopy), SEM (scanning electron microscopy) and ESI-MS (electrospray 

ionization-mass spectroscopy) are used in this chapter. The motivation to produce different 

nanostructures in reline upon changing the water ratio during the solvothermal synthesis 

for V2O5 stems from a previous publication reported by our group where different 

morphologies of nanostructured ceria such as nanorods and nanoparticles are synthesized 

in reline upon altering the water ratio155. 
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These as-synthesized V2O5 nanostructured materials are tested as electrode materials for 

Li-ion batteries by our collaborators at the Institute for Manufacturing, University of 

Cambridge (Dr Changshin Jo and Dr Michael De Volder). 

5.1 Screening of different precursors  

Choice of precursor plays a vital role in determining the morphology of the nanomaterial 

as the nature of chelating ligand (or anion) influences the overall chemistry of the 

reaction285. Some of the most common vanadium precursors along with their reaction 

conditions to produce a range of different morphologies like 0D, 1D, 2D and 3D V2O5 

nanostructures are shown in Table 10. For a particular precursor, e.g. V2O5 as the starting 

material, depending on the nature of the additional reagents such as Brij 30 or PEG, 

different morphologies such as nanowires and particles are synthesized286,287 as these 

surfactants are excellent crystal growth modifiers to tune the formation of superstructures 

in solutions by their preferential adsorption to certain crystalline facets. 

Table 10: Summary of the common vanadium precursors and their experimental conditions to 

produce different morphologies of nanostructured V2O5. 

Precursor Morphology Solvent Additional reagents Conditions 

V2O5 Particle287 
Nanowire286 

Nanowire288 

Nanowire289 
Nanosheet290 

Sphere291 

H2O, H2O2  
H2O 

H2O2, H2O 

H2O 
H2O2, H2O 

H2O2, H2O 

PEG 
Brij 30 

- 

C2H2O4 
IPA 

C2H2O4 

200 ℃, 30 min 

170 ℃, 2 h 

205 ℃, 96 h 

Not given 

180 ℃, 6 h 

170 ℃, 24 h 

VO(OiPr3) Particle 292 

Sphere293 
Fibre294 

H2O 

H2O 
IPA 

pyridine, acetone 

CH3COOH 
Carbon fibre 

RT, - 

200 ℃, 1.5h 

200 ℃, 10h 

NH4VO3 Nanowire295 
Nanobelt296 

Nanosheet297 

Octahedron298 

Sphere299 

H2O 
Ethylene glycol 

H2O 

H2O 

H2O 

Pluronic 123, HCl, HNO3 
- 

C2H2O4 

IPA 

HCl, poly(styrenesulfonate) 

120 ℃, 24 h 

190 ℃, 2 h 

180 ℃, 24 h 

180 ℃, 6 h 

180 ℃, 24 h 

VCl3 Nanobelt300 H2O pyridine 160 ℃, 12 h 

VO(acac)2 Sphere301 

Spheres198 
Nanorods198 

Ethylene glycol 

Ethylene glycol 
Ethylene glycol 

- 

PVP 
- 

220 ℃, 17 h 

140 ℃, 12 h 

140 ℃, 12 h 

VOSO4 Nanowires302 H2O KMnO4 160 ℃, 12 h 
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In order to decide the best starting material from Table 10, the solvothermal syntheses of 

four common vanadium precursors (V2O5, VO(acac)2, VOSO4 and NH4VO3) are carried 

out in reline water (1:2 and 1:10 molar ratio mixtures) and pure water. V2O5 as the starting 

precursor show the best results out of all the above precursors since diverse well-defined 

morphologies as 3D nanoballs, 2D nanosheets and nanounits arranged as nanofleece are 

obtained on changing the water ratio in the reaction mixture (Figure 49). For the other 

precursors, random morphologies are obtained in the presence of reline (Figure 50 and 

Figure 51). 

 

Figure 49: SEM micrographs of different morphologies of V2O5 under solvothermal synthesis 

conditions using V2O5 as the starting precursor (Temperature= 180 ℃, time= 10 h); a) reline/water 

(1:2), b) reline/water (1:10) and c) pure water. Calcination conditions: Temperature= 500 ℃, time=4 h, 

sweep rate= 10 ℃/min. 

Only when the reaction solvent is pure water, well-defined morphologies like micron sized 

sticks (about 2 µm) and nano-urchins of size approx. 1 µm are obtained with the starting 

precursors VOSO4 and VO(acac)2 as shown in Figure 50c and Figure 51c respectively.  

calcination 500°C, 4h

a) reline/water (1:2) b) reline/water (1:10) c) pure water
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Figure 50: SEM micrographs of different morphologies of V2O5 under solvothermal synthesis 

conditions using VOSO4 as the starting precursor (Temperature= 180 ℃, time= 10 h); a) reline/water 

(1:2), b) reline/water (1:10) and c) pure water. Calcination conditions: Temperature= 500 ℃, time=4 h, 

sweep rate= 10 ℃/min. 

 

 

Figure 51: SEM micrographs of different morphologies of V2O5 under solvothermal synthesis 

conditions using VO(acac)2 as the starting precursor (Temperature= 180 ℃, time= 10 h); a) 

reline/water (1:2), b) reline/water (1:10) and c) pure water. Calcination conditions: Temperature= 500 

℃, time=4 h, sweep rate= 10 ℃/min. 

a) reline/water (1:2) b) reline/water (1:10) c) pure water

calcination 500°C, 4h

a) reline/water (1:2) b) reline/water (1:10) c) pure water

500°C, 4hcalcination
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As well-defined structures are obtained by using VOSO4 and VO(acac)2 in pure water for 

10 h at 180 ℃, the formation mechanism of these structures are investigated further by 

carrying out additional hydrothermal synthesis for shorter timescales of 2.5 and 5 h at 180 

℃ to study the morphology of the products formed as discussed in the Appendix section 

(A2). 

No solid product is obtained when NH4VO3 is used as the starting precursor in water as the 

reaction solvent in hydrothermal synthesis (Figure 52). 

 

Figure 52: SEM micrographs of different morphologies of V2O5 under solvothermal synthesis 

conditions using NH4VO3 as the starting precursor (Temperature= 180 ℃, time= 10 h); a) reline/water 

(1:2), b) reline/water (1:10) and c) pure water. Calcination conditions: Temperature= 500 ℃, time=4 h, 

sweep rate= 10 ℃/min. 

The rest of this chapter is focussed on the mechanistic understanding of reline and 

reline/water mixtures using V2O5 as the precursor to synthesize nanostructured V2O5. 

 

a) reline/water (1:2) b) reline/water (1:10) c) pure water

No solid product in pure 
water

calcination 500°C, 4h
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5.2 Synthesis of V2O5 nanostructures in reline  

The deep eutectic solvent reline which is formed by combining choline chloride and urea 

in the molar ratio of 1:2 is used for the solvothermal synthesis of nanostructured V2O5 

(using bulk V2O5 as the initial precursor) with its morphology being manipulated by simply 

increasing the molar ratio of water as shown by the SEM images in Figure 49. When pure 

water or pure reline are used as solvent, similar random morphologies are obtained after 

solvothermal synthesis which are converted into 1D nano-units randomly arranged crystals 

(nanofleece) after calcination. A 1:2 reline/water molar ratio mixture leads to the formation 

of well-defined and uniform V2O5 hemihydrate (V2O5.xH2O) nanoballs which recrystallize 

during calcination but roughly retain a similar spherical shape. Due to the hygroscopic 

nature of pure reline254, few 3D nanoballs are observed in pure reline because of the 

presence of trace amounts of water (Figure 53). When increasing the water content in 

reline (reline/water, 1:10 by molar ratio), nanosheets are synthesized. A further increase of 

the water content (e.g. reline/water, 1:20) leads to similar layered morphologies (Figure 

53). Increasing the amount of water does not only vary the resulting morphology but also 

the V2O5 yield from < 0.5% in pure reline to 2.6%, 6.1% and 19.6% when the reline/water 

ratio is increased from 1:2, 1:10 and 1:20 respectively. A yield of 33.3% is obtained with 

pure water as solvent. These results suggest that the increase of yield can be associated to 

the decrease of viscosity as the water content increases303 although water is also proposed 

to play an active role in the re-crystallisation process304. 
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Figure 53: SEM micrographs of different morphologies of V2O5 under solvothermal synthesis 

conditions using V2O5 as the starting precursor (Temperature= 180 ℃, time= 10 h); a) pure reline and 

b) reline/water 1:20. 

Figure 54 shows a schematic representation of the different steps taking place during the 

solvothermal synthesis. A dark orange colour solution is obtained upon the dissolution of 

bulk V2O5 in pure reline, reline/water and pure water solutions characteristic of V(V). 

Upon heating the reactants at 80 ℃ for 2-3 h (prior solvothermal synthesis for the 

dissolution of the precursor), the colour of the solution turns green in the presence of 

reline, indicating its reduction to V(III). However, in the case of using pure water as 

solvent, no change in colour is observed, suggesting that reline, or one of its components, 

is responsible for the reduction of the vanadium precursor at relatively low temperature (80 

℃) which is also shown in Chapter 4 on the reducing property of reline and reline/water 

solutions. 
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Figure 54: Schematic representation of the solvothermal synthesis of nanostructured V2O5 in reline 

and reline/water mixtures. 

Independently of the initial solvent, solvothermal synthesis at 180 ℃ for 10 h leads to the 

formation of poorly crystalline vanadium oxide hemihydrate precipitates (black) as shown 

by the XRD patterns for reline/water (1:2), reline/water (1:10) and pure water uncalcined 

samples in Figure 55. The poor crystallinity of the vanadium oxide hemihydrate species is 

indicated by the broad peaks for the uncalcined samples for reline/water (1:2) and pure 

water samples. However the sample prepared in reline/water (1:10) is crystalline as shown 

by the sharp peaks in the XRD pattern (Figure 55). Different morphologies of vanadium 

oxide hemihydrate are produced depending on the chemical environment.  
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Figure 55: XRD pattern of uncalcined V2O5.xH2O: nanoballs synthesized in reline/water molar ratio 

1:2, nanosheets synthesized in reline/water molar ratio 1:10 and nanofleece in pure water. All the 

samples are prepared for 10 h at 180 ℃ under solvothermal conditions. 

In the presence of oxygen rich atmosphere during calcination, V2O5.xH2O is converted to 

V2O5 after losing molecular water as shown below and in eq. 23. 

𝑉2𝑂5. 𝑥𝐻2𝑂 → 𝑉2𝑂5 + 𝑥𝐻2𝑂                 (23) 

Upon calcination at 500 ℃, the materials are then transformed into crystalized V2O5 

phases. While the general morphology is still retained after calcination (Figure 49 and 

Figure 56), the smooth surface of the un-calcined samples are transformed into well-

defined unit crystals of more than 100 nm sizes due to the release of coordinated water 

from the V2O5 hemihydrate materials305. Figure 56 shows the effect of calcination on the 

samples that are synthesized at 2.5 h and 5 h in reline/water (1:2 and 1:10 by molar ratio) 

and water solvent conditions to gain more mechanistic insights. It can be seen from Figure 

56b, when the reaction is carried out at 2.5 h (in reline/water 1:10 molar ratio), smooth 
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blocks are produced pre-calcination but upon heat-treatment, cracks start appearing on the 

blocks. 

 

Figure 56: SEM micrographs of uncalcined and calcined V2O5 samples synthesised at 2.5 h and 5 h in 

a) pure water b) reline/water molar ratio 1:10 and c) reline/water molar ratio 1:2. All the samples are 

synthesised at 180 ℃ and calcined at 500 ℃ for 4 h at a rate of 10 ℃/min. 

 The loss of smooth structures upon calcination of V2O5.xH2O nanomaterials and 

appearance of cracks is studied in greater detail by Liu et al. using thermogravimetric 

analysis306. The loss of adsorbed and weakly bound water occurs at 160 ℃, followed by 

the release of more strongly bound water at 260 ℃ and finally chemically bond water is 

removed at 450 ℃. Jiqi et al. also reports that calcination temperatures of more than 300 

℃ are required to remove coordinated water and amine species from the hydrated V2O5 to 

convert into V2O5
305.  

51V NMR studies are conducted after the addition of V2O5 precursor to the different 

solvents (pure reline, reline/water 1:2, reline/water 1:10 and pure water) prior to 

solvothermal synthesis to find out the different species present in the solution. These 

studies show the formation of decavanadate [H3V10O28
3-] species in the presence of water 

5h2.5h2.5h

2.5h 2.5h 5h

Calcination 500°C, 4h

c) Reline/water (1:2)b) Reline/water (1:10)a) Pure water
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(pure water and reline/water mixtures) in Figure 57. However when pure reline is used as a 

solvent, only [V4O12
4-] and [V5O15

5-] species are observed307. This is in agreement with the 

decrease of the pH of the reline/water and water solutions due to the release of protons H+ 

associated to the formation of [H3V10O28
3-] ions as shown in eq.24308. In pure reline (in the 

absence of water), decavanadate species are not formed and thus, no variation of pH is 

noticed (Table 11). The importance of the acidic environment has been discussed later in 

the text to explain the formation of nanosheets.  

5𝑉2𝑂5 + 3𝐻2𝑂 ↔ [𝐻3𝑉10𝑂28
3−]  + 3𝐻+                               (24) 

Table 11: pH values of reline/water and pure water solutions before and after adding V2O5 initial 

precursor. 

Solution pH value 
a
 pH value 

b
 

Pure reline 10.5 10.6 

Reline/water (1:2) 9.1 6.1 

Reline/water (1:10) 8.8 4.4 

Pure water 8.4 4.0 

pH values measured with ± 0.2 accuracy. 

a pH value before the addition of V2O5 precursor. 

b pH value after the addition of V2O5 precursor. 
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Figure 57: 51V NMR of V2O5 precursor dissolved in a) pure reline, b) reline/water molar ratio 1:2, c) 

reline/water molar ratio 1:10 and d) pure water. All the samples are diluted in D2O prior to the 51V 

NMR studies. 

Figure 58 shows the powder X-ray diffraction (pXRD) patterns of the three calcined 

nanostructured samples and bulk V2O5 (for reference). The diffraction peaks at 15.36°, 

20.28°, 21.73°, 26.15°, 31.03°, 32.39°, 34.31° and 41.37° 2Θ angles are well indexed to the 

orthorhombic crystalline phase of V2O5 (space group: Pmmn 59) with lattice constant 

values of a= 11.516 Å, b= 3.5656 Å and c= 4.372 Å (JCPDS card number 41-1426) 

corresponding respectively to the {020}, {001}, {011}, {110}, {040}, {101}, {130} and 

{002} lattice planes309. In the case of V2O5 nanosheets, the diffraction peaks at 20.28° and 

41.37° are considerably more intense indicating the dominant {001} and {002} planes310 

and the other peaks are relatively too small. It is previously reported that for V2O5 ultra-

thin nanosheets, the {001} orientation phase is highly preferred and another minor 

diffraction peak could be indexed to {002}310. In the case of V2O5 nanoballs, intense 

diffraction peaks are observed at 15.36°, 20.28°, 26.15° and 31.03° which correspond to 

the crystal planes of {020}, {001}, {110} and {040} respectively. For V2O5 nanofleece, an 

intense diffraction peak is observed at 20.28° and a minor peak at 15.36° indicating the 
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dominant planes as {001} and {020} respectively. No other impurity peaks are observed in 

the samples.  

 

Figure 58: pXRD pattern of orthorhombic calcined V2O5 for nanosheets synthesized in reline/water 

molar ratio 1:10, nanofleece in pure water, nanoballs synthesized in reline/water molar ratio 1:2 and  

commercial V2O5. All the samples have been prepared for 10 h at 180 ℃ under solvothermal 

conditions. After preparation, the samples have been calcined in air at 500 ℃ for 4 h at a sweep rate of 

10 ℃/min. 

HR-TEM micrographs of the different V2O5 materials (nanoballs, nanosheet and 

nanofleece) are shown in Figure 59a-c. All the samples exhibit good crystallinity and clear 

lattice fringes.  
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Figure 59: HRTEM micrographs of V2O5 calcined samples of a) nanoballs (reline/water 1:2), b) 

nanosheet (reline/water 1:10) and c) nanofleece (pure water). All the samples are prepared under 

solvothermal conditions for 10 h at 180 ℃ followed by calcination at 500 ℃ for 4 h. 

5.3 Understanding the mechanism behind the 

synthesis of different morphologies of V2O5  

The formation of the different V2O5 morphologies suggests a templating effect dependent 

on the reline/water content. Additional mechanistic insights are obtained by carrying out 

syntheses at shorter durations of 2.5 and 5 h. Figure 60 shows the morphology evolution as 

a function of solvothermal synthesis time. 

Similar V2O5 nanocrystals of a few hundreds of nm in size are obtained in pure water and 

in the reline/water mixture with a 1:2 molar ratio at 2.5 and 5 h. Interestingly, nanoballs 

with 1.5-2 μm diameters are only formed in the 1:2 reline/water mixture after 10 h, 

suggesting that templating agents are formed during the solvothermal treatment of the 

reline components which interact with the V2O5 nuclei. On the other hand, well-defined 

V2O5 blocks with sizes ranging between 20-50 μm are formed in the 1:10 reline/water 

mixture after only 2.5 h of solvothermal treatment. These blocks swell and exfoliates into 

nanosheets as the solvothermal treatment time increases. 
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Figure 60: Morphology evolution of nanostructured V2O5 as a function of solvothermal time. 

Electrospray ionization-mass spectroscopy (ESI-MS) is used to identify the formation of alkyl based 

amine ionic species during the synthesis. a) In pure water, no formation of alkyl amine ionic species; b) 

In reline/water (1:10), formula of the alkyl amine ionic based species in ESI positive (A+) and negative 

mode (B-); c) In reline/water (1:2), formula of the alkyl amine ionic based species in ESI positive ion 

(C+) and negative mode (D-). SEM micrographs of calcined V2O5 samples synthesised in a) pure water, 

b) reline/water 1:10 molar ratio and c) reline/water 1:2 molar ratio as a function of time (2.5, 5 and 10 

h). Samples synthesised under solvothermal conditions at 180 ℃ for 10 h and calcined at 500 ℃ for 4 

h. 

The occurrence of different morphologies of V2O5 upon changing the water ratio in reline 

indicates the potential formation of templating species due to the decomposition of the 

reline/water solutions at solvothermal conditions.  

The thermal decomposition of DES (formed from 1,3 dimethyl urea as the hydrogen bond 

moiety) at higher temperatures to produce templating agents has been studied previously to 

synthesize zeolite based materials like aluminium phosphate311 and open framework 

materials based on germanium phosphate family312. The decomposition of the hydrogen 

bond donor species like 1, 3 dimethyl urea, 2-imidazoline and tetrahydro-2-pyrimidione are 

responsible for the template activity of the DES311. The importance of water addition to the 
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DES is shown to accelerate the decomposition of organic templates which reduces the 

formation time of iron phosphate framework based compounds313. However detailed 

identification of the templating species by decomposing DES or the effect of increasing the 

water content has not been carried out before.    

In order to understand the nature of the compounds formed in the different reline/water 

mixtures during their thermal treatment, electrospray ionization mass spectroscopy (ESI-

MS) analyses are carried out on the reline/water mixtures as shown schematically in Figure 

60. For this, reline/water mixtures (both 1:2 and 1:10 molar ratios) are treated at 180 ℃ for 

10 h (without addition of V2O5 precursor) in an autoclave and then the solutions are 

analysed by ESI-MS. In both cases, a number of alkyl based amine ionic species (with the 

general formula of [CxHyNzOjCli]
±) are formed. Full identification of the formed species is 

shown in Table 12. The length of the hydrocarbon chain of these species varies with the 

reline/water molar ratio. With a reline/water molar ratio of 1:2, C4-15 alkyl amines are 

formed while additional C16-20 amines are also present when the reline/water molar ratio 

increases to 1:10. The alkyl chain length of the species plays a major role in deciding the 

morphology of the nanomaterials314.  

Alkyl amine based species are used as templating agents for gold nanomaterials where the 

length of the alkyl amine is shown to play a crucial role in deciding the final 

morphologies315. Shorter chain length fragments (C8-C10) give rise to 3D ball like 

aggregates whereas longer chains gives rise to more polyhedral shapes. In the case of 

vanadium oxide, nanotubes with tunable walls and cores are synthesized by varying the 

size of the alkyl amine chain because the chain length controls the inter-layer distance of 

1.7-3.8 nm which is similar to the chain lengths of alkyl amines316. Nanotubes with thicker 

walls and smaller inner cores are synthesized with diamine templates in comparison to 

monoamine moieties. Theoretical calculations have previously suggested that the 

templating role of organic amines are due to their penetration inside the channel space or 

interlayers which helps them in playing important roles such as charge balancing and space 

filling317,318. 
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Table 12: List of species from ESI-MS from the hydrothermal decomposition of reline/water solutions 

(1:2 and 1:10 by molar ratio). 

Reline/water (1:2) 

 

Reline/water (1:10) 

[C4H12NO]+ 
[C4H12NCl2]

- 

[C5H14NO] + 

[C5H11N4Cl3]
 - 

[C5H14NOCl2]
 - 

[C6H16O2N3]
 + 

[C7H18O2N3]
 + 

[C8H24O2N2Cl] + 
[C10H28O2N2Cl] + 

[C10H28O2N2Cl3]
 -  [C10H32ON3Cl4]

 - 

[C11H34O2N3Cl4]
 - [C14H40O2N3Cl4]

 - 
[C15H42O3N3Cl4]

 - 

[C4H12ON] + 

[C4H17NCl2]
 - 

[C4H17N2O5Cl] – 

[C5H13NOCl] - 
[C5H14NO] + 

[C5H14NOCl2]
 - 

[C6H16NO2]
 + 

[C6H13NO3Cl] - 
[C6H16NO4Cl2]

 - 

[C6H20N2OCl3]
 - 

[C7H26N3OCl4]
 - 

[C8H24N2O2Cl] + 

[C10H27N2O2Cl2] 

[C10H27N3O2Cl2]
 + 

[C10H28N2O2Cl3]
 - 

[C10H28N2O2Cl] + 

[C10H32N3OCl4]
 - 

[C11H34N3O2Cl] - 
[C12H29O3Cl2]

 - 

[C14H40O2N3Cl4]
 - [C15H41N3O3Cl3]

 - 

[C15H37N3O3Cl4]
 - [C15H42N3O3Cl4]

 - 
[C18H43N3O3Cl4]

 - [C19H45N3O4Cl4]
 - 

[C20H55N4O4Cl4]
 - [C20H51N4O4Cl5]

 - 

Thermal treatment of the 1:2 reline/water molar ratio mixture leads to the formation of 

short chain alkyl based amine species originating from the choline chloride component of 

reline (C4H12NO+/ C5H14NO+). The formation of these species after 10 h of solvothermal 

treatment leads to the morphology evolution of V2O5 into nanoballs. It is reported that 

more longer chain lengths prefer less curved surfaces in comparison to shorter chain 

lengths314. This might be the reason that in our case, shorter alkyl chain lengths (less than 

C16) favour the formation of spherical morphologies whereas the longer chain lengths 

favour the synthesis of nanosheets.  

Interestingly, when the 1:2 reline/water mixture is thermally treated at 180 ℃ for 10 h prior 

the addition of the vanadium precursor, no nanoballs formation are observed after 2.5 h of 

solvothermal treatment (Figure 61a) indicating that along with the alkyl amine species 

detected by the ESI-MS analysis, the presence of the V2O5 precursor is required for the 
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effective templating effect. This observation shed light on the importance of the interaction 

of the templating agents with the vanadium nuclei to give the desirable morphologies. 

Similar structures have been previously reported in the presence of poly(vinylpyrrolidone) 

(PVP)198 with a similar chemical structure (C6H9NO)n which is well known to form 

micelle-type structures with a number of transition metallic precursor319,320,321. A polyol 

mediated process has been adopted to synthesize V2O5 hollow microspheres by using 

ethylene glycol in the presence of PVP198. The introduction of PVP in the synthesis is 

crucial because PVP (possessing hydrophobic vinyl group and hydrophilic carbonyl group) 

forms spherical micelles in ethylene glycol with the carbonyl groups on the outside.  

Indeed, it is further demonstrated that in the presence of PVP, spherical aggregates of V2O5 

are obtained in reline/water 1:2 mixtures after 2.5 h as seen in Figure 61b (one should note 

that V2O5 microballs are not formed after 2.5 h in fresh 1:2 reline/water mixtures 

otherwise). Whereas in the presence of PVP (polyvinyl pyrrolidone), non-uniform 

nanoballs are observed.  

 

Figure 61: Representative SEM micrographs of calcined V2O5 samples to study the interaction of V2O5 

nuclei with the solvent to control morphologies:  a) reline/water (1:2 by molar ratio pre thermally 

treated for 10 h) followed by 2.5 h synthesis after adding V2O5; b) reline/water (1:2 by molar ratio) for 

2.5 h with added PVP. All the samples are prepared at 180 ℃ for 10 h under solvothermal conditions. 

After preparation, the samples are calcined in air at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

Similar alkyl amine based species are also formed in the reline/water mixture (1:10) as can 

be seen from Table 12. A range of short and long chain alkyl amine species are produced 

a) Pre-thermally treated solvent b) Use of PVP
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as a result of decomposition of reline/water 1:10 molar ratio solution. The higher water 

ratio promotes the hydrolysis of urea (component of the DES reline), leading to the 

formation of V2O5 blocks. The subsequent formation of the V2O5 nanosheets as the 

solvothermal time increases, proceeds likely through the osmotic swelling of the V2O5 

blocks followed by exfoliation. The acidic environment created in the presence of water, as 

shown above in the 51V NMR in Figure 57, is critical for the protonation of the thermally 

formed alkyl based amine species which has a high affinity for the vanadium species due to 

their Brønsted acid nature (NH+….O=V). Such acid-base reactions322 enable the initial 

intercalation of short amine ionic species leading to the osmotic swelling of the vanadium 

blocks observed after 2.5 and 5 h of synthesis (Figure 60). Similar swelling effects are 

reported for other layered compounds like titanate and clay when a large volume of water 

(in presence of certain electrolytes) is introduced into the interlayer spacing323. 

Osmotic hydration or osmotic swelling is referred to the behaviour when a large volume of 

water (in presence of electrolytes) enters the crystal structure gallery resulting in an 

interlayer spacing of at least 2 nm and exceeding even 20 nm in certain cases324. The 

ultimate stage of this osmotic swelling process is followed by delamination of thin sheets.  

These thin nanosheets are observed to arrange themselves in a pile like manner because 

upon the removal of water from the colloidal solution, the most stable configuration for the 

anisotropic shapes of nanosheets is parallel piling323. Swelling of the V2O5 blocks causes 

their elastic deformation, creating inter-layer gaps where longer amines (e.g. C16-20) 

penetrates leading to its exfoliation into nanosheets322-325 such as those shown in Figure 62.  

Similar morphologies are reported by hydrothermal synthesis of ammonium metavanadate 

(NH4VO3) in oxalic acid326. Thin nanosheets of V2O5 are produced from bulk VO2 in a 

two-step process by liquid exfoliation method: a) intercalation of water molecules into the 

VO2 crystals; b) cleavage of the covalent bonds holding the VO2 layers together. Figure 62 

shows the schematic representation of the exfoliation of VO2 crystals to produce V2O5 

nanosheets by intercalation of water molecules followed by the cleavage of the covalent 

bonds. 
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Figure 62: Schematic representation of the exfoliation of V2O5 nanosheets from VO2 crystals (Directly 

reproduced with permission from reference 326 from the Royal Society of Chemistry). The alkylamine 

species are represented by the red dots. 

Another similar concept known as ‘tandem molecular intercalation (TMI)’ is proposed to 

explain the formation of single layers of transition metal chalcogenides (TMCs) in solution 

phase325. According to the TMI concept, the alkyl amine species with shorter chain lengths 

(also called ‘initiator’ molecules) opens up the interlayer gap of the TMCs by an 

intercalation monolayer arrangement. With an increase in time, the long chain alkyl amines 

(known as ‘primary’ molecules), adopts a bilayer arrangement to overcome the interlayer 

forces and hence producing nanosheets as shown in. The entry of the primary molecules 

increases the interlayer gaping. 

A previously reported study investigated the role of sugar-based DES comprising of 

glucose, fructose and sucrose as exfoliating solvents to produce MoS2 nanosheets327. It was 

found that the DES containing sucrose are the exfoliating solvents due to the larger 

molecular size in comparison to fructose and glucose and hence these bigger clusters are 
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able to prevent any van der Waals interactions taking place between the nanosheets on 

account of steric hindrance327.   

5.4 Effect of V2O5 morphologies on Li-ion battery 

applications 

The effect of the different V2O5 nanostructured morphologies as cathode materials on Li-

ion battery performance is tested by cyclic voltammetry, rate performance analysis and 

cycling stability at the Institute for manufacturing, University of Cambridge by Dr 

Changshin Jo and Dr Michael De Volder. All nanostructured V2O5 shows faster charge-

discharge response than their bulk counterpart.  The 2D V2O5 nanosheet electrodes exhibits 

the best cycling and rate performance according to the galvanostatic charge-discharge tests, 

likely this is due to its higher electrode density and its improved diffusion kinetic promoted 

by the {001} facet predominant in the 2D morphology.  

The V2O5 nanosheet electrode shows the most stable cycle performance, with 170 mA h g-1 

(73.8% retention) after 95 cycles at 250 mA h g-1. The other two V2O5 nanomaterials 

(nanoballs: 141 mA h g-1, 63.6% and nanofleeces: 139 mA h g-1, 66.4%) also deliver better 

cycle performance compared with that of bulk V2O5 electrode (114 mA h g-1, 61.4%). It is 

reported that fast ion insertion/extraction processes, resulting in fast charge-discharge 

performance are shown by the {001} phase dominant V2O5 nanosheets328. The rate 

performance and charge-discharge profiles of V2O5 materials are shown in the Appendix 

section (A3). 

5.5 Conclusions 

This chapter presents the development and understanding of a novel facile and surfactant-

free green solvent platform for the solvothermal synthesis of nanostructured V2O5 using 

the deep eutectic solvent reline formed by combining choline chloride and urea in the 

molar ratio of 1:2 respectively.  
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Upon changing the amount of water in reline, different morphologies of V2O5 are obtained 

such as 3D nanoballs, 2D nanosheet and 1D randomly arranged nanofleece without the 

addition of any auxiliary reagents. Through advanced electrospray ionization mass 

spectroscopy, the mechanism of the formation of the different morphologies of V2O5 is 

elucidated. At low reline/water molar ratios (1:2), the in-situ formation of short-chain 

alkylamine species interacts with the vanadium precursor leading to the formation of 3D 

nanoballs through a templating effect similar to the one created by capping ligands such as 

polyvinylpyrrolidone (PVP). Increasing the reline water molar ratio (1:10) forms longer 

chain alkylamine species under solvothermal conditions and consequently, the formation of 

high quality thin 2D nanosheets by ionic intercalation, osmotic swelling and delamination 

into thin sheets. This work provides fundamental understanding of the role of DES reline 

as an exfoliating agent through the formation of alkylamine species rather than the 

previously hypothesised route of the decomposition of urea to produce ammonium ions, 

explaining the previously observed role of DES as exfoliating agents for the formation of 

thin graphene sheets and MoS2.  

Heat treatment at 500 ℃ also plays a role in the final morphology as the materials are then 

transformed into crystalized V2O5 phase. While the general morphology is still retained 

after calcination, the smooth surface of the un-calcined samples are transformed into well-

defined unit crystals of more than 100 nm sizes due to the release of coordinated water 

from the V2O5 hemihydrate materials.  

These nanostructured V2O5 materials are tested for Li-ion battery applications as cathode 

materials in collaboration with Dr Changshin Jo and Dr Michael De Volder at the Institute 

for Manufacturing, University of Cambridge and these show a faster charge-discharge 

response than the counterpart bulk-V2O5 electrode with V2O5 2D nanosheet presenting the 

highest improvement of the rate performance in galvanostatic charge-discharge tests with 

170 mA h g-1 after 95 cycles at 250 mA h g-1. 
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Chapter 6: Synthesis of ceria-

zirconia nanomaterials in DES 

reline  

The objective of the previous Chapter 5 was to elucidate the role of reline as a template 

agent in the synthesis of the transition metal oxide (V2O5) by solvothermal synthesis route. 

Similarly to the results from Chapter 5 for V2O5, the group has previously reported the role 

of reline on the synthesis of nanostructured ceria which provides us with the preliminary 

understanding on the DES assisted solvothermal synthesis of ceria155.  

In spite of the several advantages offered by nanoceria in areas like catalysis151, 

ceramics329 and photodynamic therapy in cancer treatment2, ceria exhibits limited usage at 

higher temperatures such as 700 ℃330 due to sintering that lead to loss of oxygen storage 

capacity (OSC) and decrease in oxygen ion conductivity331. A number of approaches are 

presented during the last decades to alter the thermal stabilities of ceria, mainly doping it 

with yttrium and zirconium to enhance the OSC332. Indeed it is found that adding dopants 

into the ceria crystal structure increases the oxygen vacancies, oxygen mobilities and ionic 

conductivities333. Neutron diffraction studies have shown that the oxygen defects are 

largely responsible for the high OSC in pure ceria which deteriorates largely at higher 

temperatures. When zirconia is introduced as a dopant, these defects are preserved even at 

high temperatures of 700 ℃334.  

This chapter is focussed on developing a green, eco-friendly solvothermal synthesis 

method of ceria-zirconia nanorods by using reline-water mixtures as the solvent. Detailed 

characterization techniques are discussed herein to study the structural properties of the 

ceria-zirconia samples. CO oxidation is employed as a model reaction to test the catalytic 

activities of the ceria-zirconia supports and also Au/ceria-zirconia materials. 
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6.1 Synthesis of nanostructured ceria in DES reline 

It has been previously shown by the group that reline plays the role of a supramolecular 

catalyst in the autoclave based solvothermal synthesis to bring the reactants together by 

solvent driven pre-organization which facilitates the formation of nanostructured ceria 

under milder synthesis conditions in comparison to the conventional hydrothermal 

synthesis routes. Liquid phase neutron diffraction studies show the ready integration of 

cerium nitrate into the DES matrix to form chelated precursor complexes which offer 

alternative synthesis routes to produce nanostructured ceria that results in de-intensifying 

the overall synthesis process155. The template delivery roles of the DES to produce 1D 

structures is attributed to the breakdown of the components of the DES that delivers 

organic templates to tune the morphologies of the reaction as reported in the literature335 

and also shown in the previous chapters in this thesis. 

Further investigations are carried out to understand the effect of DES decomposition to 

generate template directing species by conducting two synthesis reactions of ceria, one in a 

closed autoclave based solvothermal synthesis and the other one in an open atmosphere 

system with the help of a condenser under similar synthesis conditions of reline/water 1:10 

molar ratio at 140 ℃ for 10 h. As can be seen from the TEM micrographs in Figure 63a, 

ceria nanorods grow as a result of oriented attachment from the ceria nanoparticles that 

align themselves in a rod like fashion in the solvothermal synthesis route whereas only 

ceria nanoparticles are obtained in the open atmosphere reactor (Figure 63b). The open 

atmosphere reactor is chosen to allow the decomposed products to escape. This result 

indicates the crucial role of the structure directing action of the decomposed products of 

reline that remains in the solution during the solvothermal method to produce ceria 

nanorods. In reline, neutron diffraction studies have shown that both the urea and the 

choline components are involved in hydrogen bonding with the nitrate anions of the cerium 

nitrate precursor155. The formation of the Ce-O bonds from the urea, choline molecules and 

the cerium nitrate precursor integrates the resulting complex ion product into the hydrogen 

bonded matrix. This integrated solvent structure is crucial to facilitate the hydrolysis of 

urea to produce products like CO3
- and NH4

+ which are crucial to direct 1D growth.  
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The use of another DES (known as ethaline formed between ethylene glycol and choline 

chloride) as the reaction medium have shown no formation of ceria nanorods because of 

the non-hydrolysability nature of ethylene glycol explaining the lack of decomposition 

products acting as template agents in the reaction medium. It has been previously proposed 

by Bakiz et al. that the hydrolysable products of urea CO2 and NH3 act as surfactants in the 

synthesis of 1D nanostructured ceria336. Hence in our open-atmosphere system, it is 

possible that CO2 and NH3 have escaped and hence there are no structure directing agents. 

 

Figure 63: TEM micrographs of nanoceria in reline water 1:10 by molar ratio at 140 ℃ for 10 h in a) 

autoclave based solvothermal synthesis reaction and b) open atmosphere system setup. All the samples 

are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

6.2 Synthesis of nanostructured ceria-zirconia 

materials in reline/water 1:10 systems 

A range of ceria-zirconia (CZ) syntheses are carried out by the solvothermal synthesis 

approach in reline/water 1:10 by molar ratio using Ce(NO3)2.6H2O and ZrO(NO3)2.6H2O 

as the initial precursors at 140 ℃ in 10 h. Depending on the ratio of the precursors, these 

samples are referenced as pure ceria, CZ 80/20 (80% CeO2 and 20% ZrO2), CZ 60/40 

(60% CeO2 and 40% ZrO2), CZ 50/50 (50% CeO2 and 50% ZrO2), CZ 20/80 (20% CeO2 

and 80% ZrO2) and pure ZrO2.  
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As can be seen from the TEM micrographs in Figure 64a-e, rod shaped nanomaterials are 

observed for reline/water 1:10 by molar ratio solvothermal synthesis for pure ceria and CZ 

samples and nanoparticles for pure ZrO2. These rod shaped nanomaterials are believed to 

have grown by the mechanism of oriented attachment of nanoparticles arranged in a rod 

like order. Some theories are put forward to explain the anisotropic growth of nanorods as 

a result of oriented attachment of nanoparticles as discussed previously in literature review 

(Chapter 2): a) aligned nanoparticles collide in the solution; b) these collisions results in 

the growth of nanorods by restricting the growth in other crystallographic directions337,338. 

In the case of reline, metal oxycarbonates are produced as intermediate species due to the 

release of CO3
- and NH4

+ from the urea hydrolysis during the solvothermal reaction. Upon 

calcinating the metal oxycarbonates, the corresponding oxides are produced.  

1D nano-morphologies of ceria-zirconia structures such as nanorods and nanotubes have 

been reported previously by other alkaline routes as well339–342. Ceria-zirconia 

nanorods/nanotubes are produced when a higher concentration of NaOH (6-15 M) is used 

as the solvent during the hydrothermal synthesis as the dissolution-recrystallization 

kinetics are favourable to drive the Ce(OH)3 and Zr(OH)4 nuclei to grow anisotropically 

into nanorods343,342,340,339. Unlike reline route, precipitation of metal ions as hydroxide 

species occur under solvothermal conditions when NaOH is employed344. Due to the 

similar values of solubility products for Ce(OH)4 (pKsp= 47.7)345 and Zr(OH)4 

(pKsp=48.2)346, polynuclear species of ZrO2+ and Ce4+ ions are precipitated as hydroxides 

of formulas [Ce(OH)m(H2O)n]
4-m and [Zr(OH)p(H2O)q]

4-p. During the process of 

solvothermal synthesis, these hydroxide species are further co-mingled to produce hydrated 

(Ce, Zr)-hydroxides ([(Ce1-xZrx)(OH)y(H2O)z]
4-y) which undergo dissolution-crystallization 

reactions to form  ceria-zirconia complexes347.  
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Figure 64: TEM micrographs of a) pure ceria, b) CZ 80/20, c) CZ 60/40, d) CZ 50/50, e) CZ 20/80 and 

f) pure zirconia. All the samples are prepared in reline/water 1:10 by molar ratio in solvothermal 

synthesis at 140 ℃ for10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

Previous reports show the growth of 1D nanorods of semiconductors348, Co-Pt349 and 

chalcogenide350 based materials in imidazolium based IL and DES reline. The authors 

suggest the templating role of amines in the IL and DES to play an important role towards 

morphology control. 

Qualitative elemental mapping using energy dispersive spectroscopy (EDS) technique is 

used to identify the distribution of ceria, zirconia and oxygen in one of the CZ sample (CZ 

60/40) as shown in Figure 65. Detailed composition of the CZ samples are investigated by 

XPS studies (discussed in Section 6.2.1). 
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Figure 65: a) HAADF micrographs of CZ 60/40, b) elemental mapping using EDS for cerium and 

zirconium in CZ 60/40 and c) elemental mapping using EDS for oxygen in CZ 60/40. The sample is 

prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 h. The sample is 

calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

6.2.1 Characterization of ceria-zirconia compounds 

Several characterization techniques are employed to carry out detailed structural 

characterization of the as-synthesized ceria-zirconia samples. 

XRD patterns of pure ceria, ceria-zirconia (CZ) and pure zirconia are shown in Figure 66a. 

The diffraction 2Θ peaks for pure ceria and all the CZ samples at 28.5°, 33.0°, 47.5°, 

26.15° and 56.50° are well indexed to the lattice planes corresponding respectively to 

{111}, {200}, {220} and {311} of pure ceria with space group Fm3m (JCPDS database 

(75-0162)). The X-ray diffraction peaks for pure ZrO2 in Figure 66a at 24.20°, 28.20°, 

31.50°, 34.50°, 49.50° and 50.20° are well indexed to the monoclinic crystalline phase of 

ZrO2 (JCPDS card number 37-1484) corresponding respectively to {110}, {111} and 

{002} lattice planes of monoclinic ZrO2 respectively161. 

All the CZ samples exhibit XRD patterns corresponding to the cubic fluorite structure of 

pure ceria. None of the distinct XRD signature peaks for free ZrO2 are observed in these 

CZ samples which are in accordance to the literature reports pertaining to the formation of 

well-defined homogeneous Zr-doped ceria structures351,352. It is believed that due to an 

intimate interaction between the Ce-oxide and Zr-oxide, free peaks of ZrO2 are not 

observed in the CZ oxides353. Slight shifts in the peak positions towards higher 2Θ values 



140 

 

are observed in the XRD spectra upon Zr incorporation (zoomed spectra of the XRD peak 

for pure ceria and CZ samples positioned around 28° in Figure 66b). The diffraction lines 

for CZ-20/80 are slightly asymmetric at 28° (as the peak is slightly shifted towards lower 

theta values rather than higher values). This asymmetry has been attributed to the mixture 

of phases or phase segregation in CZ-20/80 previously354. 

Upon incorporation of zirconia in the ceria lattice, a decrease in the coherent diffraction 

domain size is observed as calculated from the Scherrer formula for the peak centred 

around 28.5°- Pure ceria (9.9 nm)> CZ 80/20 (7.3 nm)> CZ 60/40 (7.2 nm)> CZ 50/50 (6.8 

nm) > CZ 20/80 (6.1 nm). This decrease in the coherent diffraction domain size is 

attributed due to the lattice shrinkage on account of the incorporation of the smaller Zr4+ 

cation (0.084 nm) in the ceria lattice compared to Ce4+ (0.097 nm)355. With an increase in 

the zirconia content, a decrease in the domain size is observed due to the greater number of 

smaller Zr4+ cations in the ceria lattice. By using the Scherrer equation, we obtain 

information about the coherent diffraction domain size, which is defined as the domain 

perpendicular to the diffraction peak being analysed instead of measuring the crystallite 

size (i.e. a combination of multiple domains)232. 
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Figure 66: a) zoomed peak of XRD pattern of pure ceria and CZ samples centred at 28.5°; b) XRD 

patterns of pure ceria, CZ and pure zirconia samples. All the samples are prepared in reline/water 

1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 h. The samples are calcined at 500 ℃ for 

4 h at a sweep rate of 10 ℃/min. 

Raman spectroscopy is a complementary tool in addition to XRD to study the crystal 

structures. Raman provides greater details regarding oxygen vacancies, lattice vibrations 

and anion positions by probing the vibrational bonds of the crystalline material which is 

otherwise not possible by XRD356. 
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Figure 67: Raman spectra of pure ceria, CZ samples and pure zirconia samples. All the samples are 

prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 h. The samples 

are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

In pure ceria, the sharp peak at 465 cm-1 corresponds to the F2g Raman mode of the fluorite 

structures attributed to the O-Ce-O stretching (Figure 67)357,358. The other CZ samples also 

exhibits a sharp peak at 465 cm-1 denoted for symmetric breathing mode of the oxygen 

atoms around cerium ions359,360. A small shoulder peak at 600 cm-1 is reported to be an 

indication of oxygen vacancies in the ceria lattice361. The slight peak at around 250 cm-1 

for the CZ samples is due to the displacement of oxygen due to doping with zirconia in the 

ceria lattice357.  For pure ZrO2, the Raman band positions at 349, 383, 479, 507, 536, 569, 

622 and 647 cm-1 corresponds to the monoclinic phase of ZrO2
362. 

The absence of free ZrO2 peaks in Raman pattern for the CZ samples are in accordance to 

the previous literature findings that indicates homogeneous distribution of ceria and 
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zirconia in the CZ samples363,364. The Raman spectra also matches the XRD spectra (Figure 

66a) which shows the lack of any ZrO2 signature peaks in the CZ samples.  

Information on surface area and porosity values for powder samples are usually obtained 

by carrying out nitrogen adsorption-desorption studies at liquid nitrogen temperatures (77 

K). The surface areas calculated from the N2 adsorption-desorption isotherms for pure 

ceria, CZ samples and pure zirconia are shown in Table 13. 

Table 13: Nitrogen adsorption-desorption isotherms of pure ceria, CZ and pure zirconia samples. All 

the samples are prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 

h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

Sample Surface area (m
2
/g) 

Pure ceria 60 

CZ- 80/20 51 

CZ-60/40 57 

CZ-50/50 68 

CZ-20/80 45 

Pure zirconia 51 

 

All the samples are mesoporous in nature in accordance to the IUPAC type IV isotherms. 

Samples with pore sizes between 2-50 nm are commonly known as mesoporous. In these 

samples, the samples are thought to have inter-particle porosity. As the HR-TEM 

micrographs did not show any traces of pores, hence it is likely that intra-particle porosity 

is absent. A hysteresis is usually observed in the isotherms due to the dissimilarity in the 

nitrogen adsorption and desorption processes. Nitrogen adsorption occurs by the formation 

of a monolayer, then multilayer followed by capillary condensation of nitrogen in the 

pores. During desorption, some of the nitrogen may get trapped in the pores and hence the 

number of nitrogen molecules adsorbed is not similar to those desorbed. The highest 

surface area of 68 m2/g is observed for CZ 50/50. No significant difference in surface area 

is observed as the Ce/Zr ratio varies.  

The ceria-zirconia samples are characterized by temperature programmed reduction (TPR) 

technique from ambient temperature conditions till 1000 ℃ under hydrogen flow.  
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The TPR in Figure 68 shows two broad peaks centred around 500 ℃ and 750 ℃ for the 

ceria-zirconia solid samples corresponding to the reduction of surface oxygen and lattice 

oxygen respectively151. The mechanism of the ceria reduction occurs in two steps365,151. In 

the first step, surface oxygen is reduced by hydrogen to produce water. In the second step 

at higher temperature, sufficient energy is available for the lattice oxygen to migrate to the 

surface and get reduced by hydrogen to form water. These peaks comprise of several 

overlapping peaks (Gaussian is the line shape function) which are deconvoluted using 

Origin plotting software. The presence of non-uniform peaks within the surface oxygen 

reduction peak are due to the different crystal phases of ceria gradually reducing at 

different temperatures366. These peaks are further integrated to calculate the peak area to 

determine lattice and surface oxygen concentrations. 

As the zirconia content increases in ceria, the peak associated to the reduction of lattice 

oxygen shifts to lower temperatures for example in pure ceria, the peak for reduction of 

lattice oxygen is observed at 760 ℃ and as the amount of zirconia increases in the CZ 

samples, the reduction temperature gradually shifts to lower values of 744 ℃ (CZ-80/20), 

742 ℃ (CZ- 60/40), 732 ℃ (CZ- 50/50)  and finally 736 ℃ (CZ- 20/80) (Table 14). Such 

findings on the shifting of the reduction peak for lattice oxygen in ceria-zirconia samples 

agree with previous observations367. The lowering in temperature of the lattice oxygen 

peak is due to the higher mobility and bulk diffusion of oxygen to the surface on account of 

the defects introduced in the ceria lattice by zirconia incorporation368. An increase in the 

oxygen mobilities is observed on increasing the zirconia content due to the smaller size of 

Zr4+ in comparison to Ce4+ leading to lattice shrinkage. 

In order to quantify the hydrogen consumption for the samples, the area under the 

reduction peaks for surface and lattice oxygen are calculated by integration using the 

Origin software. Upon increasing the amount of zirconia in the ceria-zirconia samples, an 

increment in the ratio of surface oxygen to lattice oxygen is observed from 0.48 in pure 

ceria to 1.41 in CZ 20/80 (Table 14 and Figure 68). Incorporation of the Zr ions introduces 

more defects in the cubic fluorite structure of ceria that promotes the migration of lattice 

oxygen to the surface and hence the surface oxygen to the lattice oxygen ratio increases369. 

The TPR profile of CZ-20/80 sample (Figure 68e) is slightly different from the other CZ 
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samples and pure ceria as the relative intensity for hydrogen consumption of the second 

reduction peak (due to reduction of lattice oxygen) is lower than the first peak for surface 

oxygen reduction. This decrease in the intensity of the hydrogen consumption for the 

lattice oxygen is due to lower amounts of bulk ceria available compared to bulk zirconia in 

CZ- 20/80 sample370.  

 

Table 14: Reduction temperatures for surface oxygen and lattice oxygen for pure ceria and CZ 

samples obtained from temperature programmed reduction (TPR) technique.  

 

Sample 

Reduction 

temperature for 

surface oxygen (℃)
a
 

Reduction 

temperature for 

lattice oxygen(℃)
a
 

Ratio of surface 

oxygen to lattice 

oxygen
b
 

Pure ceria 411, 485 760 0.48 

CZ 80/20 432, 497 744 0.62 

CZ 60/40 405, 486 742 0.64 

CZ 50/50 407, 495 732 1.05 

CZ 20/80 503, 542 736 1.41 

a Reduction temperature calculated from temperature programmed reduction. 

b Ratio calculated by integrating the area under the peaks for surface oxygen to lattice oxygen. 

All the samples are prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 h. 

The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 
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Figure 68: Temperature programmed reduction (TPR) profile of a) pure ceria, b) CZ 80/20, c) CZ 

60/40, d) CZ 50/50, e) CZ 20/80 and f) pure zirconia. All the samples have been prepared in reline 

water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ for 10 h. The samples are calcined at 500 

℃ for 4 h at a sweep rate of 10 ℃/min. 
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X-ray photoelectron spectroscopy (XPS) studies are carried out to determine the oxidation 

state of cerium, phase homogeneities and the atomic ratios of Ce/Ce+Zr in the CZ samples. 

The XPS spectra is shown in Figure 69.  

The XPS peaks of the CZ samples corresponds to the peaks of core level Ce3d, Zr3d and 

O1s as reported elsewhere371. As shown in Figure 69a-b, the complex XPS spectrum of 

Ce3d comprises of Ce3d5/2 and Ce3d3/2 peaks which are denoted by u and v respectively. 

The peaks labelled as u, u’, u’’ and u’’’ at 900.6 eV, 903.1 eV, 909.8 eV and 914.5 eV 

corresponds to the main peaks of Ce3d3/2. Further the peaks labelled as v, v’, v’’ and v’’’ at 

880.6 eV, 884.9 eV, 891.0 eV and 898.6 eV matches the main peaks of Ce3d5/2. The 

3d104f0 electronic state of Ce4+ is represented by the peaks of u’’’ and v’’’ whereas the 

3d104f1 electronic state of Ce3+ is been shown by the u’ and v’ peaks. These spectra results 

show that both the +3 and +4 oxidation state of cerium is present. The peaks at 182.6 and 

184.9 eV belongs to the Zr3d5/2 and Zr3d3/2 respectively of Zr4+ in Figure 69c. The peak at 

529 eV corresponds to O1s of the pure ceria, CZ and pure zirconia samples (Figure 69d). 

The relative surface content of Ce3+ to the total Ce content is calculated from the integrated 

peak areas of the Gaussian fitted peaks from the XPS data of Ce3d. The percentage of Ce3+ 

is highest for CZ 80/20 and CZ 60/40 (36.8% and 33.7% respectively) as shown in Table 

15. In order to get an idea of the dispersion of Ce and Zr in the CZ samples, Ce/Ce+Zr 

ratios are calculated. The higher values of Ce/Ce+Zr samples is because the surface of 

CeO2-ZrO2 is CeO2 enriched, which are also in accordance with the reports published 

elsewhere355. The surface enrichment of ceria maybe attributed due to the vaporization of 

ZrCl4. Similar observations of ceria enrichment for CZ samples were reported by Masui et 

al. where the authors prepared CZ samples using ammonium chloride as the reducing 

agent372. ZrCl4 has an extremely high vapour pressure at 327 ℃ and hence could be 

removed easily (as in our case the calcination temperature is 500 ℃). Whereas CeCl3 has a 

low vapour pressure and oxidizes to form CeO2 at the same temperature. In our case, as 

reline contains chlorine (from choline chloride) and ammonia is release due to the 

decomposition of urea, we believe that a similar mechanism of Zr volatilization occurs that 

leads to ceria enrichment of the CZ samples.  The atomic% of Zr and Ce are shown in 

Table 15. 
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Figure 69: XPS spectra of a) full spectra of pure ceria, CZ and pure zirconia samples, b) Ce3d, c) Zr3d 

and d) O1s. All the samples are prepared in reline/water 1:10 by molar ratio in solvothermal synthesis 

at 140 ℃ for 10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 
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Table 15: Summary of results from XPS data for pure ceria, CZ and pure zirconia samples.  

Sample name Zr 3d5/2 (at%) Ce 3d5/2 (at%) Ce/Ce+Zr
a
 (Ce

3+
/Ce

3+
+Ce

4+
)

b  

Pure ceria - 12.54 1 14 

CZ 80/20 0.67 12.58 0.97 37 

CZ 60/40 0.51 12.21 0.97 34 

CZ 50/50 1.54 12.29 0.92 29 

CZ 20/80 8.56 8.75 0.61 11 

Pure zirconia 27.24 - 0 - 

a Calculated by multiplying the atomic ratios of Ce and Zr with their respective molecular weight. 
b Calculated from the area under the curves.  

All the samples have been prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 140 ℃ 

for 10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

 

6.3 Ceria-zirconia as catalysts for CO oxidation 

CO oxidation is used as a model reaction to test the catalytic activities of the ceria- zirconia 

samples that are prepared by the reline/water 1:10 by molar ratio assisted solvothermal 

synthesis route. All the samples are pre-reduced in-situ in the CO rig at 200 ℃ under 

hydrogen flow. The rate of CO conversion is calculated by monitoring the CO 

concentration at the outlet of the reactor. The experimental set-up, analysis conditions and 

data calculations are explained in detail in Chapter 3 (materials and methods).  

6.3.1 Activities of the ceria-zirconia catalysts for CO oxidation 

As can be seen in Figure 70a, the initial catalytic activity for all the samples except pure 

zirconia are observed to begin at 300 ℃. CZ-80/20 and CZ-60/40 exhibits the best catalytic 

activities as they show the highest rate in Table 16. Pure zirconia shows the poorest CO 

conversion rates of just 3% during the whole range of temperature tested till 625 ℃. Pure 

ceria, CZ-50/50 and CZ-20/80 supports exhibits 93%, 90% and 64% CO conversion 

respectively within the maximum temperature tested range of 625 ℃. The activation 

energies and temperature for 50% CO conversion achieved by the samples are shown in 

Table 16b. 

The rates molCO2gcat
-1s-1 for pure ceria and CZ catalysts at 400 ℃ are calculated as follows: 

pure ceria (0.10×10-3), CZ 80/20 (0.29×10-3), CZ 60/40 (0.28×10-3), CZ 50/50 (0.11×10-3) 
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and CZ 20/80 (0.03×10-3) as shown in Table 16. It can be seen that CZ-80/20 and CZ-

60/40 exhibits the highest rates.  

Table 16: Summary of the temperatures for 50% CO conversion, activation energies and rate for the 

samples. All the samples are prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 

140 ℃ for 10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min. 

Sample type T50 (℃)
a
 Activation energy (kJ/mol)

b
 molCO2gcat

-1
s

-1
 at 400 ℃ 

Pure ceria 508 185 0.10×10-3 

CZ- 80/20 445 88 0.29×10-3 

CZ-60/40 451 94 0.28×10-3 

CZ-50/50 512 121 0.11×10-3 

CZ-20/80 589 151 0.03×10-3 

Pure zirconia - - - 

a Temperature at which 50% CO conversion is achieved,  
b Activation energies as calculated from the Arrhenius plot. 
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Figure 70: a) CO conversion (mol)% as a function of temperature for ceria-zirconia supports: pure 

ceria, CZ 80/20, CZ 60/40, CZ 50/50, CZ 20/80 and pure zirconia, b) Arrhenius plots to calculate the 

activation energies for different samples: pure ceria, CZ 80/20, CZ 60/40, CZ 50/50 and CZ 20/80 and 

c) rate vs temperature plot. All the samples are prepared in reline/water 1:10 by molar ratio in 

solvothermal synthesis at 140 ℃ for 10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 

10 ℃/min. 

The activation energies are calculated for the different samples with the help of the 

Arrhenius equation in Figure 70b. CZ 80/20 and CZ 60/40 exhibits the lowest activation 

energies of 88 KJ/mol and 94 KJ/mol respectively of all the materials. The high rates and 

lower activation energies of CZ 80/20 and CZ 60/40 can be explained on the basis of 

results from XPS and Raman studies. Oxygen vacancies are considered to be crucial for 

CO oxidation as these act as active sites for oxygen (diamagnetic) activation by the 
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formation of superoxide (O-
2 is paramagnetic) and peroxide (O2-

2 are diamagnetic) species 

as detected by the electron paramagnetic resonance (EPR) studies373,374. The adsorption of 

O2 on ceria surface leads to the formation of superoxide species375. Superoxide species 

have been shown to be quite reactive for CO oxidation as CO could be directly oxidized to 

CO2 by superoxide without an activation barrier. Superoxides usually transform to 

peroxides and the peroxide species initiates the formation of carbonates when CO reacts 

with peroxides. The role of oxygen vacancies in the CO oxidation mechanism has been 

discussed previously in the literature review (Section 2.7). As mentioned previously from 

the XPS data in Section 6.2.1 that the highest fraction of Ce3+ cations is available for CZ 

80/20 and CZ 60/40 of 37% and 34% respectively (Table 17). This implies that CZ 80/20 

and CZ 60/40 has the highest oxygen vacancies on their surface as it is shown in the 

literature that the presence of Ce3+ is associated to the oxygen vacancies formation376,377. 

According to energetic calculations, formation of an oxygen vacancy in pure ceria requires 

4.55 eV in comparison to just 0.26 eV next to a pair of Ce3+ atoms378. The concentration of 

the oxygen species in the CZ samples is also calculated from the two peaks as seen in the 

O1s XPS spectra. The high binding energy peak centred around 531-532 eV (Oβ) 

corresponds to oxygen vacancies and the low binding energy peak at 529.0-530.5 eV (Oα) 

is ascribed to lattice oxygen7. It is possible to assess the amount of oxygen vacancies by 

calculating Oβ/Oα. The samples which exhibit the highest Oβ/Oα are CZ 80/20 (57%) and 

CZ 60/40 (39%) as seen in Table 17.  

Information on the concentration of oxygen vacancies is also obtained from the full width 

half maximum (FWHM) of the main Raman band379 centred at 426 cm-1. An increase in 

the value of FWHM is an indication of the higher oxygen vacancies available. CZ 80/20 

and CZ 60/40 exhibits the highest value of FWHM of 46 and 31 cm-1 respectively (Table 

17). Additionally, the intensity ratios of the peak at 600 cm-1 and 460 cm-1 (I600/I460) from 

the Raman spectra also provides the concentration of oxygen vacancies in the samples379. 

This is because the shoulder at 600 cm-1 is an indication of the oxygen vacancies available 

in the crystal lattice361. The highest values of I600/I460 is observed for CZ 80/20 and CZ 

60/40 (Table 17). These results from XPS and Raman show that the highest concentration 

of oxygen vacancies is available in CZ 80/20 and CZ 60/40. 
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Table 17: Summary of the characterization results from XPS and Raman spectra. 

Sample 

name 

Ce
3+

 

(at%)
a
 

Oα 

(at%)
a
 

Oβ 

(at%)
a
 

Oβ/Oα 

(at%)
a
 

FWHM(cm
-1

)
b
 I600/I460 

(at%)
b
 

Pure ceria 14% 77 22 28 29 0.029 

CZ 80/20 37% 63 36 57 46 1.73 

CZ 60/40 34% 67 26 39 31 1.16 

CZ 50/50 29% 86 14 16 30 0.822 

CZ 20/80 11% 75 24 32 18 0.018 

a Determined from XPS spectra. 
b Calculated from Raman spectra. 

 Linsebigler et al. explained that during CO oxidation reactions over metal oxide supports, 

the O moiety of CO interacts with the anion vacancy site whereas binding of C from CO on 

the metal oxide lattice sites facilitates primary adsorbate binding380. Ab-initio calculations 

point that the availability of extra electron density in an oxygen vacancy site (due to the 

removal of oxygen) increases the back-donation to the empty ᴨ* orbitals of CO adsorbed at 

these sites381. The creation of the structural defects are enhanced upon the incorporation of 

Zr4+ in the ceria lattice which increases the mobilities of oxygen sites382. 

For the same amount of catalyst, the CO conversion might have intuitively being expected 

to increase with the surface area because this is a surface reaction. However catalytic 

activities does not only depend on surface areas but on several other factors like 

stoichiometry and oxygen vacancies379. 

The rate molCO2gcat
-1s-1 for our catalysts are also compared with the other ceria-zirconia 

catalysts in the literature in Table 18. 

Table 18: Comparison of the catalytic activities for CO oxidation of the different ceria-zirconia 

catalysts reported in the literature with respect to our sample. 

Ref Sample Conversion% molCO2gcat
-1

s
-1

 Temperature (℃)
a
 

Our 
work 

Pure ceria 
CZ 80/20 

CZ 60/40 

CZ 50/50 
CZ 20/80 

8 
20 

22 

9 
2 

0.10×10-3 
0.29×10-3 

0.28×10-3 

0.11×10-3 
0.03×10-3 

400 
400 

400 

400 
400 

383 Pure ceria 

CZ 80/20 

CZ 50/50 
CZ 15/85 

70 

38 

28 
18 

0.22×10-5 

0.55×10-5 

0.42×10-5 
0.27×10-5 

400 

400 

400 
400 
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363 

 

CZ 75/25 
CZ 50/50 

CZ 25/75 

80 
70 

18 

0.27×10-5 
0.24×10-5 

0.06×10-5 

400 
400 

400 
384 Pure ceria 

CZ 10/90 
CZ 25/75 

CZ 50/50 

18 

22 
25 

21 

0.22×10-5 

0.27×10-5 
0.30×10-5 

0.26×10-5 

300 

300 
300 

300 
385 CZ 75/25 20 0.81×10-7 351 

a Reaction temperature. 

Table 18 presents a summary of the catalytic activities of ceria-zirconia nanostructured 

materials reported in the literature for CO oxidation reaction. Despite of the different 

reaction conditions or synthesis procedures in the preparation of these CZ samples, yet 

there seems to be a general consensus on the reactivity trends of the samples i.e. the 

highest activities are shown when the ceria ratios in the CZ samples are between 50-80% 

(samples labelled in Table 18 as CZ50/50 to CZ 80/20). It is clear from the rates that 

incorporation of zirconia up to a certain extent (about 20-50%) is hence beneficial to 

increase the CO oxidation activities of the CZ sample in comparison to pure ceria. Boaro et 

al. proposed that a higher concentration of oxygen vacancies in the CZ material is 

beneficial for CO oxidation due to the increase in the diffusion of oxygen in ceria383. 

Although there is a lack of general agreement in the literature about the right content of 

zirconia in ceria in order to achieve the highest rates for CO oxidation activities386, still 

Trovarelli et al.387 established CZ 80/20 as the most stable composition for CO oxidation 

which also matches with our findings. Masahiro explained the influence of cation 

coordination of cerium ions via oxygen ions in CZ materials on the oxygen storage 

capacities388. For pure ceria, under reductive environment, even if Ce4+ changes to Ce3+ but 

due to the bigger size of Ce3+, any further valence change is limited. Whereas if the cerium 

ions are surrounded by the Zr4+ ions via oxygen ions, expansion of the crystal lattice 

resulting in a higher oxygen storage capacity is possible due to the smaller ionic radii of 

Zr4+(0.084 nm) in comparison to Ce3+(0.114 nm). In this work, the TPR results discussed 

in the previous Section 6.2.1 also show that the ratio of surface oxygen to lattice oxygen 

increases as the concentration of Zr increases in the CZ samples which supports 

Masahiro’s argument.  The activity rates of the CZ catalysts prepared in this work by the 

reline assisted solvothermal synthesis routes shows higher rates than other reported in the 
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literature till date. Although the activity rates are higher for our samples than the other 

catalysts, yet the conversion is lower. The lower conversion rates are due to different flow 

rates of CO and hence different concentrations of CO for our reaction when compared with 

others. Usually 1D morphologies of CZ samples have been shown to be catalytically active 

due to the preferential exposure of surface active planes ({110} and {100}) than other 

morphologies which may contribute to the high activities of our CZ samples6. However 

due to the different morphologies of CZ samples prepared in the literature and different 

reaction conditions, it is difficult to compare the activities of the as-prepared samples with 

other materials.  

6.3.2 Thermal stability of the ceria-zirconia catalysts 

Catalyst poisoning due to the formation of carbonates upon the interaction of CO with the 

materials is one of the prime reasons for the deactivation of the catalysts373. In this regard, 

it is important to carry out stability studies to assess the quality of the catalysts at higher 

temperatures and over consecutive cycles. 

The stability studies for pure ceria, CZ 80/20, CZ 60/40, CZ 50/50 and CZ 20/80 and pure 

zirconia in CO oxidation reactions is carried out by performing three consecutive runs by 

increasing the temperature from 300 ℃ till 625 ℃ and then returning back to 300 ℃. As 

can be seen from Figure 71, all the catalysts are stable and do not degrade over the 

consecutive cycle runs including pure ceria. To the best of our knowledge, stability studies 

for CZ samples over few weeks or months have not been reported so far. The only claim 

reported so far for the stability of ceria nanoparticles is for six months by Cerion 

nanomaterial company. 
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Figure 71: CO conversion (mol)% plots as a function of temperature for different supports to assess 

thermal stabilities: a) pure ceria, b) CZ 80/20, c) CZ 60/40, d) CZ 50/50, e) CZ 20/80 and f) pure 

zirconia. All the samples are prepared in reline/water 1:10 by molar ratio in solvothermal synthesis at 

140 ℃ for 10 h. The samples are calcined at 500 ℃ for 4 h at a sweep rate of 10 ℃/min.  

 



157 

 

6.3.3 Au/CeO2-ZrO2 catalysts for CO oxidation 

Chapter 4 shows the synthesis of small Au nanoparticles of size 1.6-3 nm in the reline 

system without the addition of any external additives. However formation of agglomerates 

is also observed due to the weak stabilization of reline. In this section, the use of as-

synthesized ceria-zirconia nanomaterial to stabilize the gold nanoparticles is shown and 

hence the catalytic activities of the Au/CZ materials are tested. In order to prepare Au/CZ 

catalysts, commercial ceria is used as a test material instead of ceria-zirconia to optimize 

the protocol of the catalyst preparation. For the catalyst synthesis, the gold precursor 

HAuCl4 is added in pure reline containing the commercial ceria powder and the reaction is 

continuously stirred under batch conditions for 3 h at 80 ℃. After this, these solutions are 

washed alternately with ethanol and water to remove any traces of reline. The products are 

then dried under vacuum. In this syntheses, two kinds of theoretical Au loadings are used 

5.8 wt% (Figure 72 a-e) and 2.8 wt% (Figure 72 g-k) on commercial ceria supports. 

The AC-STEM in Figure 72 show no agglomerations of gold with both the gold loadings 

on commercial ceria support. The particle size increases as the gold loading increases 

because for 2.8 wt%, the gold particles seem to be very small (1.0 ± 0.4 nm) in Figure 72l, 

rather clusters than nanoparticles. In the case of 5.6 wt% Au loading, the particle size 

distribution is 1.9 ± 0.4 nm (Figure 72f). 

Atomic resolution of single gold atoms can be seen as well in the AC-STEM micrographs. 

These micrographs show that gold nanoparticles are stabilized in reline in the presence of a 

suitable support like ceria in this case.  
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Figure 72: AC-STEM images of Au/CeO2; a-e) 5.6 wt% theoretical gold loading on CeO2; f) particle 

size distribution of 5.6 wt% theoretical gold loading on CeO2;  g- k) 2.8 wt% theoretical gold loading 

on commercial CeO2; l) particle size distribution of 2.8 wt% theoretical gold loading on CeO2. The 

supports in this case is commercial ceria. The catalyst is prepared by the addition of gold precursor to 

the support in pure reline and heating at 80 ℃ for 3 h. Acknowledgement: Dr Emanuela Liberti. 
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Based on the pre-screening results of the catalytic activities of the ceria-zirconia supports 

discussed in the previous section, CZ 80/20 and CZ 60/40 are chosen as the choice of 

supports to synthesize Au/ceria-zirconia catalysts as these two supports show the highest 

rate in comparison to the other CZ materials. Au/CZ catalysts with two different theoretical 

gold loadings of 2.8 wt% and 5.6 wt% are prepared as catalysts for the CO-oxidation 

activities. Inductively coupled plasma (ICP) technique is used to determine the actual gold 

loading on the supports. ICP results show that the actual gold loading on the supports are 

lower than the theoretical loading indicating that the gold is lost during the washing step of 

the catalysts (except for 5.6% Au loading on CZ 60/40 support) or may not have been 

attached to the support in the first place. The summary of the properties of the gold/ceria 

zirconia catalysts are shown in Table 19. All the Au/CZ samples looks pale yellow after 

the addition of gold and no change in colour of the sample is observed before and after 

gold addition. 

Table 19: Summary of the properties of the Au/ceria-zirconia catalysts prepared in reline for CO 

oxidation reactions. 

Catalyst Theoretical 

loading (wt%) 

Actual loading 

(wt%)
a
 

Reduction 

temperature (℃)
b
 

Particle size
c
 

Au-CZ 80/20 2.8 1.1 148 9.88 nm 

Au-CZ 80/20 5.6 4.0 163 7.46 nm 

Au-CZ 60/40 2.8 1.5 139 1.26 nm 

Au-CZ 60/40 5.6 5.6 141 - 

a Actual loading as determined by ICP. 

b Reduction temperature as calculated from TPR. 

c Particle size as determined from CO chemisorption studies at -80 ℃ after in-situ pre-reduction at 200°C. 

The HAADF-STEM micrographs of 4.0 wt% Au-CZ 80/20, is shown in Figure 73. There 

is a discrepancy in the size distribution results of gold nanoparticles between CO 

chemisorption data and TEM as from the HAADF micrographs, it is clear that the gold 

nanoparticles are not larger than 2 nm in size. The size distribution of gold nanoparticles 

from CO chemisorption carried out under cryogenic conditions is estimated to have errors 

because CO chemisorption provides the average size distribution whereas TEM is a 

localized technique 234. The other sources of error in particle size distribution by CO 

chemisorption technique is discussed in Chapter 3 (Section 3.10.12). 
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Figure 73: HAADF-STEM micrograph of 4.0 wt% Au- CZ 80/20 a) dark field and b) HAADF-STEM 

image-bright field. The catalyst is prepared by the addition gold precursor to the support in pure 

reline and heating at 80 ℃ for 3 h.  

The temperature programmed reduction (TPR) profiles of all the Au/CZ catalysts shows a 

reduction peak below 200 ℃ (which are absent in the CZ supports) and additional broad 

peaks at temperatures above 600 ℃ related to the supports (lattice oxygen reduction of the 

ceria-zirconia supports) in Figure 74. The low temperature peak (LTP) for Au/CZ samples 

below 200 ℃ is attributed to the surface oxygen reduction of ceria at lower temperatures as 

Au enhances the reducibility of the supports389. Some reports have also proposed that the 

LTP appears due to the reduction of oxygen species on the fine gold nanoparticles390 or 

reduction of any remaining cationic gold in the samples389. The lattice oxygen reduction 

peaks above 600 ℃ are also present in the TPR spectra for the CZ samples (without any 

gold) as seen in Figure 68. TPR studies are essential to determine the reduction 

temperature of the Au/CZ catalysts prior to CO oxidation in order to obtain the metal 

nanoparticle free of any oxide layer. The interface between gold and the support is 

considered to be the most active site for CO oxidation reaction (though some reports also 

mention that Au+ is the active centre)391. In-situ techniques reveal that the contribution of 

metallic gold in clusters or particles (sizes less than 5 nm) are much more active towards 

CO oxidation than single Au atoms on reducible supports such as CeO2
392.  
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Figure 74: TPR profiles of Au/CZ samples representing the reduction peaks for Au0 and lattice oxygen 

reduction of the parent supports. The actual loadings detected by ICP studies is reported here. The 

catalyst is prepared by the addition of the gold precursor to the support in pure reline and heating at 

80 ℃ for 3 h.  

6.3.4 CO oxidation catalytic activities of the Au/ceria-zirconia 

catalyst 

In order to determine the catalytic activities of the Au/CZ catalysts, the first cycle for each 

CO conversion (mol)% of the Au/CZ catalyst are plotted as a function of temperature in 

Figure 75a. The initial catalytic activity for all the samples begins at around 45 ℃. All the 

catalysts reach 100% CO conversion within 220 ℃. Out of all the four samples, 1.1 wt% 

Au-CZ 80/20 and 1.5 wt% Au-CZ 60/40 shows the best catalytic activity with the highest 
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rates of reaction as 4.4×10-3 and 3.6×10-3 respectively at 75 ℃ (Figure 75c). The activation 

energies for the Au/CZ samples are calculated by the Arrhenius equation in Figure 76b. 

The temperature for 50% CO oxidation activities, rates of reaction and the activation 

energies exhibited by Au/CZ samples are shown in Table 20. The catalytic activities of the 

Au supported samples are much better than the bare supports as seen in Figure 75a. 

Table 20: Activation energies calculated from Arrhenius plots and temperatures for 50% CO 

conversion of the Au-CZ catalysts. 

Catalyst  T50  (℃) 
a
 Activation energy 

kJ/mol 
b
 

Rate molCO2.molAu
-1

.s
-1 

@ 75 ℃ 

1.1 wt% Au-CZ 80/20 110 48 4.4×10-3 

4.0 wt% Au-CZ 80/20 92 52 2.2×10-3 

1.5 wt%  Au-CZ 60/40 103 50 3.6×10-3 

5.6 wt% Au-CZ 60/40 97 48 1.3×10-3 

a Temperature at which 50% CO conversion is achieved. 

b Activation energies as calculated from the Arrhenius plot. 
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Figure 75: a) CO conversion mol% plots as a function of temperature for the first cycle of Au/CZ 

catalysts and the bare supports (CZ-80/20 and CZ-60/40), b) Arrhenius plots for the calculation of 

activation energies for the Au/CZ samples: 1.1% Au/CZ 80/20, 4% Au/CZ, 1.5% Au/CZ 60/40 and 

5.6% Au/CZ 60/40 and c) rates of reaction for the Au/CZ samples. All the catalysts are pre-reduced in-

situ under hydrogen at 200 ℃ before the CO oxidation reaction. The catalyst is prepared by the 

addition of gold precursor to the support in pure reline and heating at 80 ℃ for 3 h. 

A significant improvement in the activation energies are observed upon Au addition for 

e.g. the activation energy of bare CZ 80/20 support is 88 KJ/mol (Figure 71) but upon gold 

addition the activation energy decreases to 48 KJ/mol. The use of reducible supports like 

ceria are attractive to support metal nanoparticles because these provide reactive oxygen to 

the gold nanoparticles, enhances metal dispersion and prevents sintering upon heating to a 

large extent due to its structure stability393. The presence of zirconium ions in ceria, 

stabilizes the oxygen defects in the ceria lattice and density functional theory (DFT) 
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calculations show that these defects surrounding the metal nanoparticles play an important 

role in the reaction mechanism394. In our case, the addition of zirconia in materials CZ 

80/20 and CZ 60/40 is able to show a better activity due to enhanced oxygen vacancies as 

evident from the Raman and XPS studies.  

There is a vast literature available on the role of gold to improve CO oxidation of supports 

and some of the main proposals include presence of active sites at the gold/support 

boundary, quantum effects due to small gold clusters, surface steps and strain defects391. 

Laguna et al. have reported improved CO oxidation activities for Au/CZ complexes in 

comparison to Au/pure ceria due to the interaction between Au and the increased surface 

oxygen vacancies due to incorporation of zirconia395. Enhancement of CO oxidation 

catalytic activities with an increase in surface oxygen vacancies for gold supported systems 

has also been attributed due to the high electron density of vacancy-Au bonding as 

vacancies are usually electron-rich sites396. DFT calculations previously showed that a 

single oxygen vacancy has the capability to bind to 3 Au atoms and the Au-vacancy cluster 

is found to be stable at room temperatures397. A high concentration of Ce3+ in the materials 

is usually considered to be beneficial for CO oxidation on Au supported catalysts because 

time-resolved resonant X-ray emission spectroscopy studies showed that Ce3+ act as active 

centres to supply electrons for the activation of oxygen398. The XPS data for the CZ 

materials indicate that the % of Ce3+ is highest for CZ 80/20 and CZ 60/40 (Table 17). As 

seen from the HAADF-STEM micrographs of the gold nanoparticles on the surface of 

commercial ceria and CZ 80/20, the sizes are less than 2 nm (Figure 72 and Figure 73). 

The size of the gold nanoparticle is crucial in the CO oxidation reaction as Lopez et al. 

have calculated that the adsorption energies for CO and O considerably decreases by 1 eV 

while coordinating with a small sized gold nanoparticle than a larger one. Size plays an 

enormous effect in the CO oxidation as the authors also show that CO oxidation is 2 orders 

more in magnitude for 2-4 nm size gold nanoparticles than 20-30 nm because of the 

availability of low coordinated atoms on the steps and corners of small nanoparticles83.  

A summary of the catalytic rates (molCO2molAu
-1s-1) of the CO oxidation of gold supported 

ceria-zirconia catalysts is presented in Table 21. Despite of the different reaction routes to 

prepare Au/CZ catalysts, there is a general consensus that a synergistic role plays when 
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gold supported catalysts are employed for CO oxidation rather than mere supports. Upon 

doping the ceria lattice with cations like Zr4+, the doping ions distort the crystal lattice and 

these distortions in turn provides anchoring sites for gold nanoparticles resulting in better 

dispersions and smaller sizes of gold nanoparticles389. Increase in the concentration of 

oxygen vacancies upon introducing zirconia in the ceria crystal structure also exhibits a 

beneficial role on the Au-CZ catalyst as discussed above towards the CO oxidation399. 

Although a direct comparison is not possible between the rates of reaction for our catalysts 

and those reported in the literature due to differences in gold loading amount and post-

treatment of the catalysis, yet the catalyst produced by Dobrosz et al. exhibits the highest 

activities400. The authors attribute the higher activities of their catalyst to the preparation 

procedure of the Au/CZ materials synthesized by direct anionic exchange method (anions 

of the gold precursor exchanged with the hydroxyl groups of the support). Our catalysts 

display intermediate rates when compared with other Au/CZ catalysts (Table 21). 

Table 21: Comparison of the catalytic activities for CO oxidation of the different Au/ceria-zirconia 

catalysts reported in the literature with respect to our sample. 

Ref Sample Au (wt%) Conversion % MolCO2molAu
-1

s
-1

 Temperature (℃) 

Our 

work 

Au-CZ 80/20 

Au-CZ 80/20 

Au-CZ 60/40 

Au- CZ60/40 

1.1 

4.0 

1.5 

5.6 

15 

27 

21 

33 

4.4×10-3 

2.2×10-3 

3.6×10-3 

1.3×10-3 

75 

75 

75 

75 
400 Au-CZ 75 

Au-CZ 50 

Au-CZ 25 

1.68 

1.74 

1.71 

90 

30 

30 

0.133 

0.127 

0.130 

75 

75 

75 
401 Au-CZ 80 2 50 5.89×10-2 75 
402 Au-CZ 62 2.6 90 0.19×10-6 75 
399 Au-CZ 62 0.94 50 0.7×10-5 56 
386 Au-CZ 90 1 65 2.5×10-3 75 

6.3.5 Thermal stability studies of Au/ceria-zirconia catalysts 

Deactivation of the catalysts during subsequent CO oxidation catalytic cycles is a common 

phenomenon due to the sintering of the active metal nanoparticles at high temperatures403. 

Thus stability studies for CO oxidation activities over consecutive cycle runs gives an 

indication of the stabilities of the catalyst.  
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The stability studies of all the Au/CZ catalysts are carried out under CO oxidation 

reactions by performing three consecutive runs by increasing the temperature from 40  ℃ 

till 220 ℃ and then returning back to 40 ℃. As can be seen from Figure 76, the catalysts 

are quite stable and do not degrade over the consecutive cycle runs indicating a strong Au-

support interactions. 

 

Figure 76: CO conversion mol% plots as a function of temperature for Au/CZ catalysts: a) 1.1 wt% 

Au/CZ 80/20, b) 4 wt% Au/CZ 80/20, c) 1.5 wt% Au/CZ 60/40 and d) 5.6 wt% Au/CZ 60/40. All the 

catalysts are pre-reduced in-situ under hydrogen at 200 ℃ before the CO oxidation reaction. The 

catalyst is prepared by the addition of gold precursor to the support in pure reline and heating at 80 ℃ 

for 3 h. 
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6.4 Conclusions  

This chapter presents the synthesis of a novel facile and surfactant-free green solvent 

platform for the solvothermal synthesis of ceria-zirconia nanorods using the deep eutectic 

solvent reline without the addition of any external additives in the reaction medium. In the 

past, few groups report the synthesis of 1D structures of ceria-zirconia nanorods/nanotubes 

by using corrosive bases like NaOH or by employing surfactants like CTAB. Herein it is 

shown that the reline/water solution itself is able to produce 1D nanorod structures of 

ceria-zirconia by the mechanism of oriented attachment of nanoparticles promoted by the 

presence of water in reline.  

Advanced characterization techniques like X-ray diffraction, Raman spectroscopy and X-

ray photoelectron spectroscopy techniques are carried out to investigate the structural 

properties of the ceria-zirconia samples. The incorporation of the smaller ion of Zr4+ in the 

cubic fluorite lattice of ceria is demonstrated by the peak shift in XRD as lattice shrinkage 

is observed upon calculation of the crystallite size. Absence of free ZrO2 peaks in Raman 

also indicates homogeneity in the ceria-zirconia samples. 

The concentration of the oxygen vacancies in the ceria-zirconia samples are calculated 

from the XPS and Raman measurements. In Raman, an increase in the FWHM band is 

primarily observed due to higher concentration of oxygen vacancies. In XPS, from the O1s 

peak of oxygen, the ratio of oxygen vacancies to lattice oxygen (Oβ/Oα) and the % of Ce3+ 

is an indication of the presence of oxygen vacancies. Both the XPS and Raman data 

indicates a higher percentage of oxygen vacancies in CZ 80/20 and CZ 60/40 samples. 

Temperature programmed reduction data show that reduction of ceria and ceria-zirconia 

samples exhibits two reduction peaks at around 500 ℃ and 800 ℃ to reduce surface 

oxygen and lattice oxygen respectively. Upon increasing the content of zirconia in the 

ceria-zirconia samples, the reduction peak for lattice oxygen shifts to lower temperatures as 

mobility of oxygen species increases due to the decrease in the crystallite size upon 

zirconia incorporation on account of lattice shrinkage due to the smaller size of the Zr4+ 

(0.084 nm) in comparison to Ce4+ (0.097 nm).  
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CO oxidation catalytic activity is used as a model reaction to elucidate the structure-

property relationship of the CZ supports. It is observed that CZ 80/20 and CZ 60/40 

exhibits the best CO oxidation activity due to the highest percentage of surface oxygen 

vacancies as indicated by the Raman and XPS data. Oxygen vacancies are crucial for CO 

oxidation as these vacancy sites are believed to responsible for oxygen activation through 

the formation of superoxide and peroxide species as intermediate complexes. Oxygen 

vacancy sites also enhances the mobility of oxygen in the ceria crystal lattice. 

As seen in Chapter 4, small sized gold nanoparticles of sizes 1.6-3nm are produced in 

reline but the nanoparticles agglomerate due to the weak stabilization provided by reline. 

Ceria-zirconia supports are added in pure reline to provide stability to the gold 

nanoparticles and prevent them for agglomeration. AC-STEM studies show that gold 

nanoparticles of sizes 2 nm are deposited on the supports and no agglomerations are 

observed. These results indicate that the ceria zirconia supports are able to stabilize the 

gold nanoparticles in reline in addition to the TPR results which also indicate adsorption of 

Au. These as-synthesized Au/CZ catalysts are tested for CO oxidation activities. There is 

an improvement in the catalytic activities such as lower activation energies in the presence 

of gold and enhancement in the reducibility of the supports due to the appearance of low 

temperature peak in the TPR profiles for Au based catalysts. 1.1 wt% Au/CZ 80/20 

exhibits the highest rate and is the best catalyst within this study. Although it is difficult to 

directly compare the activities of the Au/CZ catalysts due to different gold loadings 

however it is plausible that as the support CZ 80/20 shows the highest percentage of 

oxygen vacancies, hence the Au/CZ 80/20 behaves as a better catalyst because CO 

oxidation reaction is closely related to the active sites present between the metal/support 

interface and oxygen vacancies. Overall, both the support and the Au/ CZ catalysts exhibits 

good thermal stabilities as no significant degradation in the catalytic behaviour is observed 

upon subsequent cycle runs. The as-synthesized CZ supports synthesized here exhibits the 

highest rates amongst other CZ materials reported so far and the Au/CZ shows comparable 

reaction rates.  

Potential future work may involve investigating the use of zirconia to improve thermal 

stabilities of CZ samples by modifying the sintering behaviour. The samples maybe 
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calcined at higher temperatures and could be possibly tested for thermal stabilities to 

identify the temperatures up to which CZ samples are stabilized compared to pure ceria.  
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Chapter 7: Synthesis of nano-

structured ZrO2 in deep eutectic 

solvent reline 

The objectives of the previous chapters 4, 5 and 6 were to elucidate the roles played by the 

deep eutectic solvents towards the synthesis of nanomaterials from different families like 

Au, V2O5, CeO2 and CeO2-ZrO2. It is found that DES fulfils multiple roles in these 

syntheses such as reducing and capping agent for Au, template delivery roles for vanadium 

oxide and ceria-zirconia and exfoliating agents for vanadium oxide nanosheets. However, 

there are no reports in the literature yet to study the effect of DES on the crystal phases of 

nanomaterials. As discussed previously in Chapter 2 (literature review), proper control 

over different crystal phases of ZrO2 is important as it is shown that different 

crystallographic phases exhibit different catalytic activities due to variations in the 

cation/anion pairs and Brønsted acid/base sites on their surface183. In this chapter, zirconia 

is chosen as the material to study the effect of DES on crystal phase because ZrO2 is used 

extensively in a wide range of applications such as nanoceramics, (photo)catalysis, 

reinforced ceramic composites, biomaterial for dental implants and coatings for ceramic 

fibres159,404. This wide range of applications has been related to its intrinsic properties such 

as high melting point, resistance to acids and alkali, hardness and shock wear to name a 

few405. Other factors like low thermal conductivity and high thermal coefficient expansion 

has made ZrO2 a suitable candidate to be used for thermal coatings406. It is also known that 

ZrO2 exists in three crystallographic phases: monoclinic, tetragonal and cubic phase. In the 

absence of any stabilizers, the monoclinic phase is stable under room temperature 

conditions unlike the tetragonal and cubic phases which are unstable under room 

temperature180. In the literature review, solvent conditions are shown to influence the 

crystal phase due to variations in the recrystallization/dissolution kinetics. 
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The purpose of this chapter is to investigate the role of DES reline on the crystal phase of 

ZrO2. In order to understand the influence of solvent environment on crystal phase, another 

synthesis is carried out by NaOH route. Au/ZrO2 catalysts are prepared to study the effect 

of the crystal phase on the CO oxidation.  

7.1 Comparison between solvothermal and 

hydrothermal route in the synthesis of 

nanostructured ZrO2  

A comparison between the hydrothermal and solvothermal route to synthesize 

nanostructured ZrO2 is carried out. For this purpose, the DES reline is used as the solvent 

for the solvothermal synthesis and the hydrothermal synthesis is carried out in aqueous 

NaOH (15 M) as a solvent (using ZrO(NO3)2.6H2O as the initial precursor). 

Figure 77 shows a schematic representation of the different steps taking place during the 

solvothermal syntheses. A milky white colour solution is initially obtained upon the 

dissolution of ZrO(NO3)2.6H2O in reline/water (1:10 by molar ratio) and aqueous NaOH 

(15 M). After solvothermal treatment at 140 ℃ for 10 h, a white product is obtained at the 

end of syntheses in both cases. When NaOH is used as the solvent, pure cubic phase of 

nanostructured ZrO2 is obtained (Figure 77). However when reline/water (1:10 by molar 

ratio) is used as the solvent, pure monoclinic phase of ZrO2 is produced at the end of the 

synthesis (Figure 77). 
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Figure 77: Schematic representation of the solvothermal and hydrothermal synthesis of 

nanostructured ZrO2 in reline/water 1:10 molar ratio solution and aqueous NaOH respectively. 

The X-ray diffraction pattern of the nanostructured ZrO2 synthesized in aqueous NaOH (15 

M) at 140 ℃ for 10 h is shown in Figure 78a. The peaks at 30.20°, 35.00°, 50.40°, 60.00° 

and 62.70° are well indexed to the lattice planes of cubic phase of ZrO2 {101}, {110}, 

{200}, {211} and {202} respectively407 (JCPDS card number 27-0997). The coherent 

diffraction domain size as calculated from the Scherrer equation is 4.1 nm.  

The X-ray diffraction peaks of the nanostructured ZrO2 synthesized in reline/water (1:10 

by molar ratio) at 140 °C for 10 h is shown in Figure 78b. The peaks at 24.20°, 28.20°, 

31.50°, 34.50°, 49.50°, and 50.20° are well indexed to the monoclinic crystalline phase of 

ZrO2 (JCPDS card number 37-1484) corresponding respectively to {110}, {111} and 

{002} lattice planes161. The coherent diffraction domain size as calculated from the 

Scherrer equation is 6.3 nm. 

Figure 79 presents the HR-TEM micrographs of the nanostructured ZrO2 synthesized by 

reline/water 1:10 molar ratio and aqueous NaOH (15 M) in 10 h. All the samples exhibit 

good crystallinity and clear lattice fringes. Particle size distribution for the ZrO2 

nanoparticles is not possible from HR-TEM due to very small particle size. 
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Figure 78: XRD patterns of nano ZrO2 synthesized in a) aqueous NaOH (15 M) and b) reline/water 

1:10 by molar ratio. Both the samples are prepared under hydrothermal and solvothermal conditions 

respectively at 140 ℃ for 10 h. 
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Figure 79: HR-TEM images of ZrO2 nanoparticles synthesized under solvothermal and hydrothermal 

conditions respectively at 140 ℃ for 10 h in a) reline/water 1:10, b) aqueous NaOH (15 M).  

 

From the XRD pattern of both ZrO2 samples, it is clear that the thermodynamically 

unstable cubic phase is stabilized by aqueous NaOH solution but not in reline/water 

mixture in the solvothermal synthesis. Earlier studies report similar findings on the 

stabilization of the cubic phase of ZrO2 by the Na+ ions present in NaOH408,409.  Kinetic 

studies on the crystallization process of ZrO2 under hydrothermal condition in pure water 

at 250 ℃, 70 MPa shows that clusters comprises of mainly nuclei of cubic ZrO2 in the 

hydroxo complexes which are present during the initial stages of primary crystallization 

phase410.  

The smaller crystallite size of cubic ZrO2 (4.1 nm) in comparison to monoclinic ZrO2 (6.3 

nm) are in agreement with the reports of Matsuoke et al. that as the monoclinic phase 

grows from the cubic phase instead of the initial true solution, hence the size of the 

zirconia nanoparticles in the monoclinic phase is greater than the cubic phase 411. 

Electron probe micro-analysis studies have shown that the stabilization of the cubic phase 

is provided by the incorporation of the alkali cations due to the heterovalent substitution of 

some Zr4+ ions by Na+ ions (Zr4+
1-xMex

n+ O2-(2-n/2)x) in the hydroxo complex formed during 

the hydrothermal synthesis due to similarities in the ionic radii i.e. 84 pm and 102 pm for 

Zr4+ and Na+ respectively410,411. The role of NaOH to stabilize the cubic phase was made 

clear by Benedetti et al. by replacing NaOH with NH4OH and obtaining a mixture of 



175 

 

monoclinic and tetragonal phase instead of any cubic phase. This is due to the larger ionic 

radii of NH4+ ion (148 pm) that makes the incorporation of NH4+ in the hydroxo complexes 

difficult408. 

The absence of the monoclinic phase in NaOH (15 M) is attributed due to the similarities 

between the cubic phase and the polymeric hydroxo complexes present during the early 

stages of the synthesis412. 

Cubic ZrO2 synthesized in aqueous NaOH exhibits a higher surface area of 270 m2/g in 

comparison to the monoclinic ZrO2 synthesized by reline/water 1:10 molar ratio route 

which gives a surface area of 163 m2/g as calculated from the nitrogen adsorption-

desorption isotherms in Figure 80. A ‘kink’ type feature is observed in the desorption arm 

of the hysteresis loop in the cubic zirconia sample. This kink feature is due to occurrence 

of cavitation rather than capillary desorption413. Usually samples with a network of ‘ink-

bottle’ pores exhibit cavitation where the wide cavities are filled with condensate at 

relative high vapour pressure. But pore emptying is difficult during desorption due to the 

curved necks of the pores that creates difficulty for evaporation. The pore sizes are usually 

smaller for these ‘ink-bottle’ shaped pores and the standard BJH (Barrett, Joyner, and 

Halenda) method for pore size distribution may lead to errors. These nitrogen adsorption-

desorption isotherms for both the nanostructured ZrO2 samples corresponds to IUPAC 

Type IV shape, characteristic of mesoporous materials.  
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Figure 80: BET surface areas of the ZrO2 samples calculated by the nitrogen adsorption-desorption 

isotherms: a) monoclinic ZrO2, b) cubic ZrO2. Both the samples are prepared under solvothermal 

conditions at 140 ℃ for 10 h. Monoclinic ZrO2 is prepared in reline/water 1:10 by molar ratio and 

cubic ZrO2 in aqueous NaOH (15 M) as the solvent. 

 The optical spectra to calculate the band gap as determined by the solid UV-vis absorption 

spectroscopy as shown in Figure 81 for monoclinic and cubic zirconia are relatively similar 

to each other in agreement to previous report414. Band gap is defined as the energy gap or 

the energy difference between the valence band and the conduction band where no other 

electronic states exist and provides important information on the electronic properties of 

nanomaterials415. In addition to electronic properties, it is also possible to obtain 

information on the structural defects and oxygen vacancies present in the material416. The 

transition from valence band to conduction band for both the samples occurs at ~220 nm 

and another absorption band is observed at 280-320 nm due to the defects present in 

ZrO2
417. ZrO2 is a well-known direct band gap material with two band-band transitions as 

also indicated by our results418. The higher absorbance of the band centred around 300 nm 

for cubic zirconia than the monoclinic counterpart is due to increased transitions on 

account of a higher concentration of oxygen vacancies and defects which is also observed 

earlier for the cubic phase418. The band gap of the monoclinic ZrO2 and cubic ZrO2 are 

5.08 eV and 5.16 eV as seen in Figure 81. Band-gap calculations for the monoclinic and 

cubic ZrO2 are carried out by the Tauc plot between hv and (αhv)2 as seen in the inset in 

Figure 81, where hν is the photon energy and α is the absorption coefficient. Direct band 
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gap transition is taken into account for the Tauc plot calculation. Similar band gap values 

in the range of 3.1-5.1 eV for nanostructured ZrO2 are reported in the literature416.  

 

Figure 81: Solid UV-vis absorbance spectrum of monoclinic ZrO2 (black) and cubic ZrO2 (red colour). 

The inset represented the Tauc plot to calculate the energy band gap of monoclinic ZrO2 and cubic 

ZrO2. Both the samples are prepared under solvothermal conditions at 140 ℃ for 10 h. Monoclinic 

ZrO2 is prepared in reline/water 1:10 by molar ratio and cubic ZrO2 in aqueous NaOH (15M) as the 

solvent. 

In addition to XRD analysis, Raman spectroscopy is carried out due to the sensitivity of the 

Raman technique to distinguish the ZrO2 polymorphs. Figure 82 presents the Raman 

spectra of monoclinic and cubic ZrO2. Raman pattern for monoclinic ZrO2 displays peaks 

at 326, 387, 479, 553, 613, 757 and 880 cm-1 that are in agreement with the spectral values 

reported in literature416. The peak at 326 cm-1 is shown to have no dependence on the 

oxygen atoms and is designated for Zr-Zr vibrations419. The other peaks correspond to Zr-

O and O-O vibrational modes. The Raman pattern for cubic ZrO2 is characterized by broad 
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peaks at 396 and 560 cm-1 along with peaks at 765, 880 and 927cm-1 in accordance with 

reports published elsewhere420. It is clear from the Raman spectra of cubic zirconia that 

there are no traces of tetragonal zirconia due to the absence of sharp peaks at 292 and 636 

cm-1 characteristic of tetragonal phase. The broad and asymmetric peak in cubic ZrO2 

centred at 560 cm-1 is attributed due to the oxygen vacancies that leads to lattice 

distortions421.  

 

Figure 82: Raman pattern of monoclinic ZrO2 and cubic ZrO2. Monoclinic ZrO2 is prepared in 

reline/water 1:10 by molar ratio and cubic ZrO2 in aqueous NaOH (15M) as the solvent at 140 ℃ for 

10 h. 

The presence of oxygen vacancies in cubic ZrO2 is hence clear from the solid UV-vis 

absorption spectroscopy and Raman studies. It is possible to acquire some idea on oxygen 

vacancies from solid UV-vis absorption spectroscopy as these vacancies alter the crystal 

structure and change the electronic properties which in affects the absorbance. 
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7.2 Effect of changing the water ratio in reline in 

the synthesis of nanostructured ZrO2  

In order to understand the effect of water present in reline on the synthesis of 

nanostructured ZrO2, additional syntheses are carried out in pure reline, reline/water 1:2 by 

molar ratio, reline/water 1:10 by molar ratio and pure water. As can be seen from the XRD 

pattern of nanostructured ZrO2 in Figure 83, monoclinic phase of ZrO2 is obtained 

whenever pure reline, reline/water mixtures and pure water is used as the solvent. Due to 

the absence of any alkali cations in reline solutions or pure water, stabilization of any other 

phase except monoclinic is not possible as it is the most thermodynamically stable 

phase422. Effective substitution in the hydroxo complexes of zirconium by the ammonium 

cations present in the quaternary ammonium salt in reline to stabilize cubic phase is also 

not possible due to the large ionic radii of NH4
+ (148 pm) in comparison to Zr4+ (84 pm) as 

discussed in Section 7.1. 

When pure reline is used as the solvent, tiny crystallites of size 1.3 nm are obtained as 

calculated from the Scherrer formula (Figure 83a). As the amount of water increases in 

reline, the crystallite size grows from 4.3 nm in reline/water 1:2 molar ratio to 6.3 nm in 

reline/water 1:10 by molar ratio. The product yield also increases with an increase in the 

amount of water in reline such as 41% (pure reline) < 58% (reline/water 1:2 by molar ratio) 

< 72% (reline/water 1:10 by molar ratio). These results indicate that the increase of the 

product yield can be associated to the decrease of viscosity as the water content 

increases303 although water is also proposed to play an active role in the re-crystallisation 

process due to which the size of the nanoparticulate changes304. These results are in 

accordance with previous reports where water has been shown to influence the energetics 

of a reaction during early stages of cluster growth in the formation of nanoparticles which 

in turn affects the various growth pathways in the solution423. Molecular dynamic 

simulation studies showed that strong water interaction is present with the nanoparticle 

surface that affects the size of the nanoparticle and overall structural stabilization 

energies424.  
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When pure water is used as the solvent, nano ZrO2 of size 4.3 nm is produced and the 

product yield is 21% which is lower than those obtained with reline solutions (Figure 83c). 

The higher yield% in reline solutions in comparison to pure water shows that reline 

exhibits catalytic behaviour to increase the product yield155. 

 

Figure 83: XRD pattern of nano ZrO2 in a) pure water, b) reline/ water 1:10 by molar ratio c) reline/ 

water 1:2 by molar ratio and d) pure reline. All the samples are synthesized under solvothermal 

conditions at 180 ℃ for 10 h.  
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7.3 Effect of temperature in reline on the synthesis 

of nanostructured ZrO2  

Temperature plays a crucial role towards the synthesis of nanomaterials as it affects the 

formation, growth and size of the nanoparticles425. A series of syntheses to study the effect 

of temperature on nanostructured ZrO2 is carried out at 70 ℃, 100 ℃, 120 ℃, 140 ℃ and 

180 ℃ with reline/water 1:10 molar ratio solution. The XRD patterns shown in Figure 84 

corresponds to monoclinic phase of ZrO2. An increment in the crystallite size of 

nanostructured ZrO2 is observed upon increasing the temperature from 70 ℃ to 180 ℃. 

Coherent diffraction domain of size 1.9 nm are obtained at 70 ℃ which increases to 2 nm 

(100 ℃), 4.5 nm (120 ℃), 5.1 nm (140 ℃) and 5.6 nm (180 ℃) as calculated from the 

Scherrer equation.  
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Figure 84: XRD pattern of nano ZrO2 synthesized in reline/water 1:10 by molar ratio at a) 180 ℃, b) 

140 ℃, c) 120 ℃, d) 100 ℃ and e) 70 ℃. All the samples have been prepared by solvothermal synthesis 

for 10 h.  

The growth of the nanoparticles on increasing the reaction temperature is explained on the 

basis of an increase in the rates of aggregation which is enhanced as the temperature 

increases due to decrease in the viscosity of the solvent426. 

A summary of the observed crystal phase and corresponding experimental conditions is 

shown in Table 22. 
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Table 22: Different synthesis conditions used to synthesize nano ZrO2. 

Solvent Phase
a
 Synthesis temperatures

b
 

Pure reline -  180 ℃ 

Reline/water (1:2) m 180 ℃ 

 
Reline/water (1:10) 

m 
m 

m 

m 
m 

180 ℃ 
140 ℃ 

120  ℃ 

100 ℃ 
70 ℃ 

Pure water m 

m 

180 ℃ 

140 ℃ 

NaOH (15M) c 
c 

180 ℃ 
140 ℃ 

a Phase identification by XRD, b Synthesis conditions for a time duration of 10 h. 

m monoclinic, c cubic. 

7.4 Effect of NaOH concentration on the 

hydrothermal synthesis of nanostructured 

ZrO2  

Different concentrations of aqueous NaOH (1 M, 5 M and 15 M) are used to study the 

effect of base concentration on the synthesis of nanosized zirconia at 140 ℃.  It is observed 

that pure cubic ZrO2 is obtained in all the cases as shown by the XRD patterns in Figure 

85a-c.  These results indicate that NaOH stabilizes the cubic phase of ZrO2 for the above 

mentioned concentrations. 

In addition to the cubic phase, minor peaks of monoclinic zirconia crystal phase are seen 

around 28°, 40° and 55° in 1M aqueous NaOH (Figure 85c). NaOH (<1 M) is known to 

provide a mixture of cubic and monoclinic phase because of the lower concentration of 

NaOH that is unable to stabilize the cubic phase completely due to lesser number of Na+ 

ions411. A decrease in the coherent diffraction domain size of ZrO2 is observed upon 

increasing the concentration of aqueous NaOH from 1 M to 15 M as calculated from the 

Scherrer equation from the XRD pattern in Figure 85. The crystallite size decreases from 

5.3 nm in 1 M aqueous NaOH to 4.3 nm (5 M) and 3.8 nm (15 M). The highest crystallite 

size is obtained for 1 M aqueous NaOH solution due to the presence of crystallites in 
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monoclinic phase in addition to the cubic phase as discussed in Section 7.1411. There is a 

decrease in the product yield from 85% in 1 M aqueous NaOH solution to 77% in 5 M and 

15 M NaOH. The solvothermal synthesis of M(NO3)x precursor (as in our case 

ZrO(NO3)2.6H2O) to form MO2 proceeds through the formation of a hydroxide species 

M(OH)x as explained previously in Section 2.3.2 in the literature review. It is a possibility 

that a mixture of Zr(OH)4 and ZrO2 is produced in the 1 M NaOH route as the solid 

product due to incomplete oxidation of Zr(OH)4 to ZrO2. If some amounts of Zr(OH)4 is 

present in the product during the synthesis in 1 M NaOH, the product yield will increase 

due to the higher molecular weight of Zr(OH)4 (159 g/mol) when compared to ZrO2 (123 

g/mol). Whereas in 5 M and 15 M, only ZrO2 is produced. Kanade et al. have suggested 

the possibility of the formation of Zr-OH complexes during the hydrothermal synthesis of 

ZrO2 in aqueous NaOH. Literature findings show that it is difficult to ascribe XRD pattern 

for Zr(OH)4 due to it amorphous nature427,428.  
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Figure 85: XRD patterns of nano ZrO2 synthesized in different concentrations of NaOH solutions: a) 

15 M, b) 5 M and c) 1 M. All the samples are prepared under hydrothermal conditions at 140 ℃ for 10 

h.  

The effect of temperature on the aqueous NaOH assisted solvothermal synthesis is studied 

by carrying out reactions at 140 ℃ and 180 ℃ for 10 h in aqueous NaOH (15 M). As seen 

from the XRD pattern in Figure 86, cubic phase of ZrO2 is obtained under both 

temperature conditions. Larger coherent diffraction domain size of 7 nm is obtained at a 

higher temperature of 180 ℃ and ZrO2 particle of size 3.8 nm is obtained under reaction 

conditions of 140 ℃. Similar observation of increase in particle size upon increasing the 

reaction temperature is also observed in reline/water synthesis (Section 7.3) and can be 

explained on the basis of increase in aggregation upon temperature increase. 
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Figure 86: XRD patterns of nano ZrO2 synthesized in different temperature conditions of NaOH 

solutions: a) 180 ℃ and b) 140 ℃. All the samples are prepared under hydrothermal conditions for 10 

h. 

7.5 ZrO2 as a catalytic support for CO oxidation 

In the CO oxidation of gold supported catalyst, the interface between the gold nanoparticle 

and the metal oxide support plays a crucial role429. The increased catalytic activities at the 

interface is due to occurrence of CO oxidation at the metal/support border with a small 

energy barrier and adsorption of oxygen at the interface sites430. The interface activity 

between the metal nanoparticle and metal oxide greatly depends on the nature of the metal 

oxide support (such as reducible or non-reducible supports) and the crystal phase of the 

supports. For example in the case of Au/Al2O3 catalyst, the γ crystal phase of Al2O3 

exhibits higher CO oxidation catalytic activity than the α phase due to better reducibility 

and redox properties431. The effect of zirconia crystal phase on the applications is already 
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discussed in the literature review (Chapter 2). In this section, CO oxidation of gold 

supported on monoclinic (prepared in reline/water 1:10 molar ratio at 140 ℃ for 10 h) and 

cubic ZrO2 (aqueous NaOH 15 M at 140 ℃ for 10 h) is carried out to understand the effect 

of crystal phase of ZrO2 on CO oxidation catalytic activities. The zirconia polymorphs 

have different surface environments due to difference in acidity-basicity sites and 

coordination numbers187 hence it is crucial to investigate the influence of the crystal phase 

towards CO oxidation. Unlike ceria and ceria based materials which are used as active 

supports for CO oxidation in Chapter 6, zirconia is considered as a non-reducible support 

but zirconia becomes much more reducible at the nanoscale432 in accordance to previous 

experimental studies433. Density functional theory calculations (DFT) have shown that at 

the nanoscale, zirconia turns from a non-reducible oxide to a reducible oxide due to the 

lower coordination number of Zr and O on the zirconia surface that introduces defective 

gaps and thus the reduction of Zr4+ species is easier due to these low-lying acceptor 

states432. For example, due to the higher coordination number of Zr and O ions in bulk 

zirconia, a higher energy value of +5.74 eV is required for hydrogen incorporation to 

reduce Zr4+  in comparison to +1.12 eV for nanostructured zirconia432.  

Puigdollers et al. have shown that in Au/ZrO2 catalysts, Au is the active site for CO 

oxidation because Au further enhances the reducibility of the nano ZrO2 and promotes the 

formation of surface oxygen vacancies224. The cost to remove oxygen from the zirconia 

surface is much lower in the presence of gold (+2.43 eV) in comparison to without gold 

(+5.79 eV) because of two key reasons: a) the stabilization of oxygen vacancies upon 

introducing Au in ZrO2 is primarily due to the rearrangements in the local atomic 

environment on account of lattice strain mismatch between Au and ZrO2; and b) ease in 

transfer of extra electrons to Au due to the creation of the oxygen vacancies224. Previous  

reports indicated the promising role of comparable small sized Au and ZrO2 nanoparticles 

(both the metal and support in the size range of 2-5 nm) are advantageous towards catalytic 

activity in comparison to the bigger ZrO2 nanoparticles (50 nm)434,435. This is due to the 

results from the electron paramagnetic resonance studies that shows the presence of crystal 

defects on  the zirconia surface where the electrons are trapped in the oxygen vacancies 

and are readily available to supply electrons to the gold centres in Au/ZrO2 samples when 

the ZrO2 supports are smaller than 50 nm433,436.  
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It is clear from the literature findings that the preparation method to synthesize Au/ZrO2 

catalysts is extremely crucial to ensure a monodisperse size distribution of small Au 

nanoparticles in the range of 2-4 nm. Based on our results on the synthesis of gold 

nanoparticles of size 1.6-3 nm in reline (Chapter 4) and using the preparation methodology 

of Au/ ceria-zirconia catalyst in chapter 6, Au supported on monoclinic ZrO2 and cubic 

ZrO2 are synthesized. 

7.5.1 Characterization of Au/ZrO2 catalysts 

Catalysts with a theoretical gold loading of 5.6 wt% are prepared for both these supports 

and the preparation of the Au/ZrO2 catalysts is carried out in pure reline as the solvent as 

described in the experimental section in Chapter 3. Inductively coupled plasma (ICP) 

technique is used to determine the actual gold loading on the supports by acid digestion of 

the catalysts itself. ICP results show that the actual gold loading on the supports are lower 

than the theoretical loading indicating that the gold is lost during the washing step of the 

catalysts or it is even possible that Au was not attached to the ZrO2 surface in the first 

place (Table 23). The Au/m-ZrO2 appears very pale pink in colour in comparison to the 

Au/c-ZrO2 which is white. Pale-pink colour has been observed for Au supported catalysts 

due to the overlap of the 5d orbital of Au with the cationic orbitals of the support437. The 

properties of the gold support catalysts such as the colour, size and reduction temperatures 

are summarized in Table 23. 

Table 23: Properties of the Au/ZrO2 catalysts for different loadings of gold. 

 

Catalyst 

 

Colour  

Theoretical 

loading 

% wt 

Actual 

loading 

% wt
a
 

Reduction 

temperature (℃)
b
  

Au
0
 size

c
 

Au-m ZrO2 pale pink 5.6% 0.73% 196 0.79 nm 

Au-c ZrO2 white 5.6% 0.27% Centred around 200 0.052 nm 

a Determined from ICP of the acid digested solid. 

b Calculated from the TPR profiles. 

c Calculated by pulse CO chemisorption at -80 ℃ after in-situ reduction at 200 ℃. 

The HR-TEM and HAADF-STEM micrographs of 0.73 wt% Au/m-ZrO2 and 0.27 wt% 

Au/c-ZrO2 are shown in Figure 87. Particle size distribution calculation of the Au 
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nanoparticles on the ZrO2 supports is not possible due to the difficulty to observe the 

distinct gold nanoparticles. CO pulse chemisorption technique is used as a complementary 

tool in addition to electron microscopy to obtain more information on the size distribution 

for the samples. CO chemisorption usually provides the average size distribution of all the 

particles unlike electron microscopy measurements which provide only localized images. 

Details of particle size calculation by CO chemisorption technique and the possible sources 

of errors have been provided in Chapter 3 (Section 3.10.12). Very small gold nanoparticles 

of sizes less than 1 nm in the Au/ZrO2 catalysts are recorded by CO pulse chemisorption 

after the catalysts are reduced in-situ at 200 ℃ as seen in Table 23. For particle diameters 

< 1.6 nm, the CO chemisorption technique approaches a limiting value438. 

 

Figure 87: Electron microscopy micrographs of Au/ZrO2 catalysts; 0.73 wt% Au/m-ZrO2, a) HR-

TEM, b) HAADF-STEM; 0.27 wt% Au/c-ZrO2, c) HR-TEM and d) HAADF-STEM. Monoclinic ZrO2 

is prepared in reline/water 1:10 by molar ratio and cubic ZrO2 in aqueous NaOH (15 M) as the solvent 

at 140 ℃ for 10 h. The Au supported catalysts are prepared by combining the gold precursor and the 

supports in pure reline and stirring at 80 ℃ for 3 h. 
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The temperature programmed reduction (TPR) profiles of all the Au/ZrO2 catalysts shows 

a reduction peak below 200 ℃ upon gold addition and additional broad peaks at 

temperatures beyond 200 ℃ are related to the reduction of Zr4+ to Zr3+ of the supports 

(Table 23 and Figure 88) in accordance to previous reports published elsewhere187. The 

low temperature peak observed below 200 ℃ upon gold addition is attributed to the 

reduction of oxygen species on the gold nanoparticles along with the shift in the surface 

reduction peaks of the supports towards lower temperature due to enhancement of the 

removal of surface oxygen by gold addition439.  TPR studies are essential to determine the 

reduction temperature of the Au/ZrO2 catalysts. In 0.27 wt% Au/cubic ZrO2, the gold 

reduction peak is not clearly visible due to the low loading amounts on the support. 

 

Figure 88: Temperature programmed reduction (TPR) profiles of Au/ZrO2 catalysts; a) monoclinic 

ZrO2 and Au/m-ZrO2, b) cubic ZrO2 and Au/c-ZrO2. Monoclinic ZrO2 is prepared in reline/water 1:10 

by molar ratio and cubic ZrO2 in aqueous NaOH (15 M) as the solvent at 140 ℃ for 10 h. The Au 

supported catalysts are prepared by combining the gold precursor and the supports in pure reline and 

stirring at 80 ℃ for 3 h. 
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7.5.2 Catalytic testing of Au/ZrO2 catalysts 

In order to assess the catalytic activities of the Au/ZrO2 catalysts, the first catalytic cycle 

for CO oxidation and activation energy plots (from Arrhenius equation) is shown in Figure 

89a comparing the two Au supported catalysts on monoclinic and cubic zirconia. 0.27 wt% 

Au/c-ZrO2 exhibits a higher rate (molCO2.molAu
-1.s-1) than 0.73 wt% Au/m-ZrO2 (Table 24 

and Figure 89c). In order to compare the reaction rates of the two catalysts, a set 

temperature of 280 ℃ is chosen to determine the values. The catalysts are pre-reduced in-

situ in hydrogen at 200 ℃ prior to the CO oxidation reactions. 0.27 wt% Au/c-ZrO2 shows 

the highest reaction rate with the lowest activation energy of 56 KJ/mol (Table 24).  

 

Figure 89: CO conversion mol% plots as a function of temperature for Au/ZrO2 catalysts: a) 0.73% 

Au/m- ZrO2 and 0.27% Au/c-ZrO2, b) Arrhenius plots for 0.73% Au/m- ZrO2 and 0.27% Au/c-ZrO2 

and c) rate of reaction for 0.73% Au/m- ZrO2 and 0.27% Au/c-ZrO2. All the catalysts are pre-reduced 

in-situ at 200 ℃ before the CO oxidation reaction. The Au supported catalysts are prepared by 

combining the gold precursor and the supports in pure reline and stirring at 80 ℃ for 3 h. 
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Table 24: Activation energies and temperatures for 50% CO conversion of the Au-ZrO2 catalysts. 

Catalyst
a
 T50 (℃)

b
 Activation energy

c
 KJ/mol molCO2.molAu

-1
.s

-1
 @ 280 ℃ 

 

0.73% Au/m-ZrO2  409 72 1.1×10-2 d 

0.27%Au/c- ZrO2  288 56 5.3×10-2 e 

a Catalyst description with actual gold loading as determined from ICP studies. 

b Temperature at which 50% CO conversion is observed. 

c Activation energy as calculated from Arrhenius equation. 

d 25% CO conversion achieved at 280 ℃. 

d 44% CO conversion achieved at 280 ℃. 

It is well known that CO oxidation for a gold supported metal oxide catalyst occurs at the 

Au particle-ZrO2 boundary440. A scheme is proposed by Konova et al. to explain the CO 

oxidation occurring at the interface between Au and ZrO2 border as explained in Figure 

90441.  The first step includes the 1) adsorption of CO on the gold nanoparticle to form an 

intermediate species that is comprised of CO adsorbed as a surface carbonyl on gold 

nanoparticle surface and lattice oxygen at the gold-ZrO2 boundary; 2) If this intermediate 

complex decomposes, CO oxidation occurs readily by releasing CO2; 3) However 

formation of carbonate (Zr(CO3)2) also occurs that depletes the availability of lattice 

oxygen at the border of gold-zirconia support; 4) The oxygen present in the gas phase 

adsorbs on the surface oxygen vacancy sites and undergoes a series of oxidation forms: 

O2(g)-O2-(ads)-2O-
(ads)-2O2-

(ads) that helps in replenishing oxygen into the active sites that can 

participate again in the CO oxidation reaction. The mechanism of CO oxidation on 

Au/ZrO2 proposed by Konova et al. is also supported by the DFT calculations carried out 

by Puigdollers et al. where the key message is the increase in oxygen vacancies at the 

Au/ZrO2 interface on account of Au incorporation in zirconia. 
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Figure 90: Reaction mechanism to explain CO oxidation on Au/ZrO2 catalyst system (Directly 

reproduced from Ref 441 with permission from Elsevier). 

In our case, Au supported on cubic ZrO2 exhibits better catalytic activities which match the 

DFT predictions of Wang et al. on better CO oxidation activities at the Au/c-ZrO2 surface. 

The presence of a higher concentration of oxygen vacancies in cubic ZrO2 as shown from 

UV-vis absorption spectroscopy (Figure 81) and raman measurements (Figure 82) also 

supports the better reaction rates of gold supported on cubic zirconia catalyst due to the 

beneficial role of oxygen vacancies in the CO oxidation reactions in the catalyst as 

discussed in Chapter 6. Extensive DFT calculations are carried out by Wang et al. for CO 

oxidation on Au supported on monoclinic and tetragonal/cubic supports to show that 

crystal phase and structural defects greatly affect the reaction kinetics442. DFT results 

showed that the activation energies required for CO oxidation is lower on tetragonal/cubic 

phase (0.23 eV) in comparison to the monoclinic phase (0.39 eV). The interaction of the 

zirconia d states in tetragonal/cubic phase with oxygen is stronger (5.88 eV) than the 
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monoclinic phase (1.80 eV) and higher energy value of d states indicates higher activity of 

Zr cation sites.  

However due to the different gold loadings on the monoclinic and cubic ZrO2 support, it is 

difficult to conclude on the structure-functionality role for CO oxidation. 

The reaction rates of our as-synthesized Au/ZrO2 catalysts are compared with the literature 

reports on CO oxidation for Au-ZrO2 catalysts (Table 25). A direct comparison of the 

crystal phase-activity relationship is not possible because all the ZrO2 supports reported so 

far for CO oxidation reaction in Au/ZrO2 samples is a mixture of monoclinic and 

tetragonal phase. The highest reaction rates are shown by the Au-ZrO2 catalysts prepared 

by Zhang et al. where the authors demonstrated that a proper tuning of the Au3+/Au0 ratio 

is crucial to increase the catalytic performance443. In another work of Zhang et al., the 

importance of small particle size of ZrO2 (4-5 nm) in Au/ZrO2 catalyst due to increase in 

the number of oxygen vacancies with small size was considered crucial for high rates of 

CO oxidation. Karwacki et al. have reported the role played by the surface hydroxyl 

groups on ZrO2 surface for CO oxidation and showed there is an increase in the charge 

transfer at the nanoparticle-zirconia interface due to the formation of surface terminal and 

bridged hydroxyl species444. The reaction rates of our catalysts are comparable to the rates 

reported to the other catalysts in the literature. 

Table 25: Summary of the activities of Au/ZrO2 catalyst reported in literature. 

Ref Sample Au 

wt% 

Conversion

% 

Rate molCO2.molAu
-1

.s
-1

 Temperature(℃) 

Our work Au-ZrO2
m 

Au-ZrO2
c 

0.73 

0.27 

25 

44 

1.1×10-2 

5.3×10-2 

280 

280 
434 Au-ZrO2 

m+t 
Au-ZrO2 

m+t 

Au-ZrO2 
m+t 

0.74 
0.63 

0.77 

5 
13 

32 

2.8×10-3 
9.2×10-3 

18.5×10-3 

69 
69 

69 
443 Au-ZrO2 

m+t 
Au-ZrO2 

m+t 

Au-ZrO2 
m+t 

0.05 
0.08 

0.76 

5 
8 

39 

0.45 
0.46 

0.74 

69 
69 

69 
444 Au-ZrO2 

m+t 2 - 24×10-3 100 
445 Au-ZrO2 

m+t 1 < 15 0.34×10-3 0 
m+t mixture of monoclinic and tetragonal, c is cubic phase. 
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7.5.3 Thermal stabilities of Au/ZrO2 catalysts 

In the case of gold supported metal oxide catalysts, two of the most common causes of 

catalyst deactivation are due to increase in particle size upon sintering446 and carbonate 

formation (due to adsorption of CO and CO2 during CO oxidation reaction) at the gold-

metal oxide interface that covers all the surface of the catalyst depleting obstructing the 

access of new oxygen to carry out oxidation reaction441. The stability checks for the 0.73 

wt% Au/m-ZrO2 and 0.27 wt% Au/c-ZrO2 is carried out by performing three consecutive 

CO oxidation catalytic runs by increasing the temperature from 300 ℃ till 625 ℃ and then 

returning back to 300 ℃. A set temperature of 320 ℃ is chosen to study the changes in CO 

conversion percentage over three cycles. The changes in stabilities of the three catalysts are 

expressed in terms of change in the CO conversion % over the three cycles at 320 ℃. For 

0.73 wt% Au/m-ZrO2, there is a decrease in the thermal stability of 28% from the first 

cycle to the third cycle and for 0.27 wt% Au/c-ZrO2, a decrease of 17% is observed 

between the 1st and third cycle (Figure 91 and Table 26). This result shows that 0.27 wt% 

Au/c-ZrO2 is thermally more stable than 0.73 wt% Au/m-ZrO2. 

Due to the different surface acid-base properties of zirconia polymorphs, the strength of the 

interaction of CO and CO2 is different for monoclinic and cubic zirconia447. As both CO2 

and CO are acidic in nature hence stronger surface adsorption of these occur on monoclinic 

zirconia due to the higher concentration of basic centres (hydroxyl groups and O2- 

centres)448. Thus it is likely that carbonate formation occurs readily on monoclinic zirconia 

surface in comparison to cubic zirconia subsequently blocking the active sites and thus 

higher deactivation of Au/m-ZrO2 catalyst in observed. 
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Figure 91: Consecutive CO conversion cycles to assess the thermal stabilities of the catalysts: a) 0.73 

wt% Au/m-ZrO2 and b) 0.27 wt% Au/c-ZrO2. Monoclinic ZrO2 is prepared in reline/water 1:10 by 

molar ratio and cubic ZrO2 in aqueous NaOH (15M) as the solvent at 140 ℃ for 10 h. 

Table 26: Thermal stabilities of the Au/m-ZrO2 and Au/c-ZrO2 at 320 ℃ over three consecutive cycles. 

Catalyst % CO conversion
a
 % CO conversion

b
 % CO conversion

c
 

0.73% Au/m-ZrO2 47 41 34 

0.27% Au/c-ZrO2 82 72 68 

a 1st cycle, b 2nd cycle, c 3rd cycle. 

7.6 Conclusions 

This chapter presents the development and understanding of a novel facile and surfactant-

free green solvent platform for the solvothermal synthesis of nanostructured zirconia ZrO2 

using the deep eutectic solvent reline without the addition of any external additives in the 

reaction medium. 

The importance of the solvent environment to control and tune the crystalline phase of 

ZrO2 has been explained. It is observed that whenever pure water or reline/water solutions 

are used as the solvent in the solvothermal synthesis, pure monoclinic phase is obtained. 

However the use of aqueous NaOH as the solvent produces pure cubic phase. Upon the 

dissolution of the zirconium precursor, the nuclei are in its cubic phase during the early 

stages of nucleation due to similarities between the precursor and the cubic crystal phase. 
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This cubic phase is stabilized by the Na+ ions in NaOH by the heterovalent substitution of 

some Zr4+ ions by Na+ ions (Zr4+
1-xMex

n+ O2-(2-n/2)x) in the hydroxo complex formed during 

the hydrothermal synthesis due to similarities in size between the Na+ and Zr4+ ion. 

Whereas in pure water or reline water solutions, due to the absence of any alkali cation, the 

cubic phase is not stabilized and pure monoclinic phase is obtained. 

Other factors such as effect of temperature and water addition in reline system on the 

synthesis of nanostructured ZrO2 is reported herein. Irrespective of the water content and 

reaction temperatures in the reline system, pure monoclinic phase of ZrO2 is always 

obtained. With an increase in the water content and temperature in the reline system, the 

size of nanocrystalline ZrO2 grows indicating the active role played by water in the re-

crystallization process. The influence of different concentrations of aqueous NaOH on the 

crystal phase of ZrO2 is also studied. In lower concentration of aqueous NaOH like 1 M, 

traces of monoclinic phase appear due to the lack of Na+ ions to stabilize the hydroxo 

complex for the cubic phase. 

In order to study the crystal phase-activity relationship of nanostructured ZrO2, CO 

oxidation catalytic reaction is carried out as model reaction for gold supported on 

monoclinic and cubic phase of ZrO2 synthesized by the reline and NaOH route 

respectively. DFT calculations have shown that at the nanoscale, due to the presence of 

under-coordinated Zr and O ions, the non-reducible zirconia turns into reducible zirconia. 

The incorporation of Au in zirconia enhances the formation of surface oxygen vacancies as 

the energy cost to remove oxygen from the zirconia surface is lower in presence of Au than 

in the absence of Au. This lowering of energy cost is due to the residual lattice strain 

mismatch and charge transfer to Au as a result of vacancy creation by removing oxygen. 

CO oxidation catalysis results show that 0.27 wt% Au/c-ZrO2 exhibits higher catalytic 

activities per mol of Au than 0.73 wt% Au/ m-ZrO2. The surface atom configuration and 

the oxygen vacancy sites present at the gold-zirconia interface plays a crucial role in 

determining the activities of the crystal phases of ZrO2 towards CO oxidation. The 

catalytic activities of the as-synthesized Au-ZrO2 catalysts are comparable to the other Au-

ZrO2 catalysts reported in the literature. The reaction rates of our as-synthesized Au/ZrO2 

catalysts are comparable with the other Au/ZrO2 reported so far. 
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Thermal stability studies for CO oxidation over three consecutive cycles to assess the 

deactivation of catalysts showed that 0.27 wt% Au/c-ZrO2 (17% deactivation between 1st 

and 3rd cycle) is more stable than 0.73 wt% Au/ m-ZrO2 (28% deactivation between 1st and 

3rd cycle). Due to the larger number of basic sites present on the surface of monoclinic 

zirconia in comparison to the cubic counterpart, adsorption of CO and CO2 (being acidic 

molecules) is higher on monoclinic zirconia. This strong interaction of CO/CO2 with the 

monoclinic surface leads to the formation of carbonates which blocks the active sites 

responsible for CO oxidation. 

In addition to the influence of the crystal phase towards CO oxidation catalysis, other 

factors like actual metal loading on the supports and the active sites present between the 

interface between the metal nanoparticle and the support are equally important to assess the 

catalytic activities. 
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Chapter 8: Conclusions and 

future work 

In this chapter, key conclusions from the whole thesis is presented along with the scientific 

evidences to validate the PhD research aim. 

The overall aim of this thesis is to elucidate the various roles played by deep eutectic 

solvents in the synthesis of nanomaterials. The purpose of this work is to develop the 

understanding on the use of deep eutectic solvents as an ‘all in one’ platform to develop 

nanomaterials without the addition of any external additives in the system in order to 

reduce the overall chemical wastage and decrease the ecological footprint. In this thesis, 

two kinds of deep eutectic solvents are studied: i) reline which is formed by combining 

choline chloride and urea in the molar ratio of 1:2 and ii) asline which is formed between 

choline chloride and ascorbic acid in the molar ratio of 2:1.  To achieve this aim, the main 

objective is to develop and understand the synthesis of nanomaterials from different 

families such as noble metals (Au), transition metal oxides (V2O5) and ceramic oxides 

(CeO2 and ZrO2) in DES to study the interaction of DES with a variety of materials. 

In addition to playing versatile roles in the synthesis of nanomaterials, DES are eco-

friendly and biodegradable and thus provides more greener ways to synthesize 

nanomaterials than the conventional harsh and corrosive bases like NaOH to prepare such 

materials.    

In this work, the different chapters shed light on the different properties of the DES that 

plays the key role to synthesize a particular kind of nanomaterial. For e.g. Chapter 4 

unravels the reducing and capping ligand properties of reline and asline to produce gold 

nanomaterials. Chapter 5 elucidates the templating action of reline to synthesize different 

morphologies of V2O5. Chapter 6 focusses on the synthesis of ceria-zirconia nanomaterials 

in reline and finally Chapter 7 throws light on the role of reline to produce a particular 
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crystalline phase (monoclinic) of ZrO2. These nanomaterials are also tested for applications 

like plasmonics, Li-ion batteries and CO oxidation as model reactions.  

8.1 Role of DES as a reducing and capping ligand 

A one-pot synthesis method of gold nanomaterials in reline and asline systems separately 

are presented without the addition of any external additives. These results show that reline 

and asline present a platform to synthesize gold nanomaterials with significant effects on 

size and morphology.  In the case of reline and reline/water systems, release of 

ammonia/ammonium ions are the in-situ reducing agents to reduce Au3+ to Au0. As the 

reaction proceeds slowly (in the order of minutes for pure reline and hours for reline/water 

solution), each oxidation state of gold is identified upon observing the solution colour such 

as pale yellow, colourless and ruby red state for +3, +1 and 0 oxidation state respectively. 

Small gold nanoparticles of sizes 1.6-3 nm are produced in the reline and reline/water 

systems due to the stability provided by reline to prevent the agglomeration of the gold 

nanoparticles partially on account of the counter-ion layers. The intermolecular hydrogen 

bonded framework in reline plays a crucial catalytic role in the synthesis of gold 

nanoparticles because gold nanoparticles are formed much quicker in reline than in 

reline/water 1:10 by molar ratio system. In reline/water 1:10 solution, the hydrogen bonded 

framework is disrupted and hence the reline structure is altered upon the addition of water. 

Spherical gold nanoparticles are produced in pure reline and reline/water systems due to 

the absence of any anisotropic agents in reline. 

 In addition to these spherical gold nanoparticles, anisotropic morphologies like corrugated 

nanoballs or ‘nanowalnuts’ are synthesized in asline which plays dual roles as the solvent 

and template directing agent to synthesize nanowalnuts which exhibits surface enhanced 

Raman spectroscopy activities of Rhodamine B dye. The ascorbic acid moiety in asline is 

responsible for the reduction of gold precursor and the DGA (diketogulonic acid) 

component of ascorbic acid produces the corrugations on the nanowalnuts. The DES asline 

acts as the capping ligand to prevent the agglomeration of the gold nnaowalnuts. 
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8.2 Use of DES reline as template and exfoliating 

agent 

The template property of reline and reline/water systems is elucidated when different 

morphologies of V2O5 such as nanoballs, nanosheets and nanofleece are synthesized on 

changing the water ratio in reline during the solvothermal synthesis. The generation of the 

different chain lengths of alkyl amine species produced from the decomposition of reline 

and reline/water mixtures during the solvothermal synthesis at 180 ℃ plays a key role in 

tuning the morphologies. The interaction between the vanadium crystallites and the solvent 

has been of importance to control the morphologies.  

Reline/water 1:10 by molar ratio plays the role of exfoliating agent to produce ultra-thin 

V2O5 nanosheets by ionic intercalation, osmotic swelling and delamination into thin sheets 

due to the formation of long chain alkylamine species under solvothermal synthesis 

conditions. The interaction between the solvent environment and vanadium nuclei is also 

vital in shape control.  

Nanoballs are produced due to the formation of short chain alkylamine species under 

solvothermal conditions for reline/water 1:2 by molar ratio solutions. 

Ceria-zirconia nanorods are produced in reline/water solutions (1:10 by molar ratio) 

without the addition of any external additives in the reaction medium or high concentration 

corrosive bases followed by the detailed characterization of these nanostructures. The 

hydrolysis of urea in reline produces the template directing agent that aids the growth of 

1D structures. The ability to synthesize small gold nanoparticles (1.6-3 nm) in reline 

systems is used to produce Au/ZrO2 and Au/CeO2-ZrO2 catalysts in reline for CO 

oxidation reaction. Due to the weak stabilizing nature of reline, agglomeration of 

nanoparticles occurs and hence ceria-zirconia and zirconia materials are added as supports 

to prevent the aggregation of gold nanoparticles in reline. AC-STEM micrographs taken at 

different magnifications show that the agglomeration of gold nanoparticles is prevented in 

the presence of a support. Incorporation of zirconia in the ceria supports increases oxygen 

vacancies. 
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8.3 Importance of the solvent environment on the 

crystal phase of ZrO2 

The final crystal phase of ZrO2 is shown to depend on the nature of the solvent. In the 

presence of NaOH, pure cubic phase of ZrO2 is produced but in reline and reline/water 

solutions, pure monoclinic phase is always produced. This is observed due to the absence 

of any stabilizing ion in the reline/water mixtures which could stabilize the cubic phase of 

ZrO2. Upon increasing the water concentrations and temperature of the reline system, pure 

monoclinic phase of zirconia is always obtained. The stability of the cubic phase by NaOH 

route is due to the stabilization offered by Na+ ions in the hydroxo complexes. 

The effect of crystal phase on the final applications is studied by preparing Au/ZrO2 

catalysts for CO oxidation studies. At the nanoscale, zirconia turns from a non-reducible 

support to a reducible support due to the presence of under-coordinated ions. The addition 

of gold enhances the reducibility of nano-zirconia further and stabilizes the oxygen 

vacancy sites. 

8.4 Structure-activity relationship studies 

The applications that are carried out in this thesis for the as-synthesized nanomaterials 

unequivocally emphasize the importance of a suitable synthesis route to obtain 

nanomaterials of desirable morphology and size. There is a strong relationship between the 

final applications shown by the materials and their underlying physico-chemical properties 

due to the resulting morphologies and sizes. An enhancement in the SERS signals of the 

Rhodamine B dye has been observed due to the corrugations on the surface of the 

nanowalnuts. Based on the distinct morphologies of V2O5, different activities are exhibited 

as cathode electrodes for Li-ion battery applications. V2O5 nanosheets show the best 

activities due to improved diffusion kinetics. In the synthesis of ceria-zirconia and bare 

zirconia materials followed by Au supported metal oxide catalyst preparation, a correlation 

between the oxygen vacancies and CO oxidation is undermined. Hence, these results show 
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that a proper control over the nanoparticle morphology and size is crucial for any desirable 

application. 

8.5 Future work 

The unique properties of DES have tremendous potential to act as a sustainable medium 

for the synthesis of nanomaterials as shown in this thesis. In order to scale-up the 

manufacturing of nanomaterials, there is an urgent need for low-viscosity DES options that 

could be used in the continuous synthesis processes. In comparison to the research done on 

IL, limited number of DES are known so far that are liquid at (or below) room 

temperatures. In this digital era, in order to save chemicals and resources, tools like 

machine learning could be possibly employed to carry out pre-screening analysis to devise 

suitable combinations of salts and hydrogen bond donors to form DES that have low 

viscosities and are liquid at room temperature conditions to utilize the capabilities of DES 

effectively for nanomaterial fabrication.  

With the growing demands of batteries for several consumer electrical goods, it is 

extremely important to find ways in order to effectively recycle battery electrodes. As the 

earth has limited resources, it is vital to recycle and reuse the strategic and critical elements 

such as rare earth and platinum group metals. Due to the high solubilities of metals and 

metal oxides in DES, sustainable recycling of battery electrodes to extract valuable metals 

is a very promising application. As the DES also act as reducing agents, hence alternative 

routes to replace current energy intensive processes like hydrometallurgy to extract metals 

is possible. In this way, the recovered precursors from the batteries can be again used to 

grow nanomaterials in the DES to ensure minimum wastage. 

Exploring the use of DES for electrodeposition techniques as they have exceptional 

advantages in comparison to aqueous medium such as wide electrochemical window and 

negligible vapour pressure (hence enabling deposition techniques even at higher 

temperatures). A solid fundamental understanding on the physical and electrochemical 

properties of the DES will accelerate and open more directions to use them for different 

applications. 
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As shown in this work, morphologies of nanomaterials play a crucial role in driving 

successful applications. Depending on the experimental parameters, it is possible to tune 

different morphologies and sizes of the materials at the nanoscale. However there are still 

challenges in the use of tunable morphologies for clinical applications due to several 

factors like biocompatibility issues, loss of material to reach the active sites and lack in 

precise control of the targets in-situ.  

It is extremely important to synthesize nanomaterials of tunable shapes using techniques 

that are scalable, economical and feasible. Novel shapes like development of assembly of 

nanorods with space domains between nanorods are proposed in the literature to be 

effective towards plasmonic properties due to enhancement in electric fields. There is a 

need to develop morphologies tailored to respective applications with a better knowledge 

and understanding on the growth of nanomaterials. In addition to experimental paraneters, 

concepts in theory and computer simulation may provide answers and key guidelines in 

predicting the shape and growth mechanistics of nanomaterials in the near future. 
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Appendix 

A1- Calibration chart for the IR gas analyser for real CO ppm values vs theoretical CO 

ppm values (as read in the IR detector) in Figure 93. The sample CZ (60/40) is chosen as 

an example to show the calibration data curve. 

 

Figure 92: Calibration chart to correlate real CO concentration (in ppm) vs theoretical CO reading (as 

seen in the IR detector) 

The calibration of the mass flow controllers for He, CO and O2 by bubble flow meters are 

shown in Figure 93.   
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Figure 93: Calibration of the gases used in the CO oxidation rig using bubble flow meter in a) He, b) 

CO and c) O2. 

 

A2 Formation mechanism of the nanostructures in water using VOSO4 and VO(acac)2 as 

the precursor (Chapter 5)- 

As seen from Figure 94(a-c), when VOSO4 is used as the precursor, after 2.5 h, nanosticks 

are stacked together as nanoballs of sizes 5 µm.  After calcination step, the spherical 

morphologies of similar sizes are still retained but the nanosticks are broken into nano-

units subjected to the heat treatment. After 5 h, these balls disintegrate into nanosticks. 

Previous studies report the formation of 1D vanadium oxide (VO2) based nanostructures 

like nanobelts, nanoribbons and nanowires under hydrothermal synthesis conditions when 

VOSO4 is employed as the precursor202,290,430,431,432. The formation of 1D structures is 

attributed due to the crystallization of the 1D based VO2 structures from the VO2+ ions 

released from VOSO4
205. However the exact reason of the crystallization of VO2 

nanoribbon like structures from the VO2+ cations is not clear yet.  
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When VO(acac)2 is used as the precursor (Figure 94d-f), oval shaped structures of 1 µm 

composed of numerous lamellae are formed after 2.5 h. After calcination, these structures 

lose their uniformity.  After 5 h, these oval like structures start evolving into branched 

structures. In 10 h, these grow as well defined nanourchins of sizes 1 µm. The formation of 

vanadium oxide nanourchins are also reported previously where the authors see the growth 

of lamellae in radially outwards direction to develop as a cluster of nanotubes giving rise to 

a nanourchin like appearance449,450.  
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Figure 94: SEM micrographs of uncalcined and calcined V2O5 nanostructures synthesized using 

VOSO4 as the initial precursor (a-c) and VO(acac)2 (d-f) in water at a temperature of 180 ℃ for 

different time durations. Calcination conditions: Temperature= 500 ℃, time=4 h, sweep rate= 10 

℃/min. 

 

 

calcination 500°C, 4h

a) 2.5h b) 5h c) 10h

calcination 500°C, 4h

d) 2.5h e) 5h f) 10h
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A3 Performance of Li-ion battery electrodes (provided by Dr Changshin Jo, Institute for 

manufacturing, Cambridge)- 

Nanostructured V2O5 electrodes show faster charge-discharge response than the bulk-V2O5 

electrode (Figure 95b and c). When varying the current densities from 25 to 800 mA g-1, 

the nanosheet electrode delivers 172 mA h g-1 at 800 mA g-1, which corresponds to 64.5 % 

of its maximum capacity. In comparison, V2O5 nanobeads, nanofleece and bulk electrodes 

retain 45.3%, 50.0 %, and 12.5% of their initial capacity at 800 mA h g-1, respectively. 

Finally, the cycling stability of all the electrodes is measured at 250 mA g-1 current density 

(Figure 95 d). The V2O5 nanosheet electrode exhibits the most stable cycling performance, 

with 170 mA h g-1 (73.8% retention) after 100 cycles. The other two V2O5 nanomaterials 

(nanobeads: 141 mA h g-1, 63.6% and nanofleeces: 139 mA h g-1, 66.4%) also deliver 

better cycle performance compared with that of bulk-V2O5 electrode (114 mA h g-1, 

61.4%). 

To better understand the differences in performance between different V2O5 structures, 

cyclic voltammetry was measured with varying scan rates between 0.2 and 1.5 mV s-1 

(Figure 96 a-d). The Li+ charge-discharge mechanisms can be analysed by correlating scan 

rates with peak currents. 
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Figure 95: a) Charge-discharge profiles of V2O5 electrodes under 25 mA g-1 current density. b) rate 

performance of V2O5 electrodes and c) capacity retention plots under different current densities (25 to 

800 mA g-1). d) Cycle performance of all V2O5 electrodes. 
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Figure 96: Cyclic voltammetry curves of a) nanobeads, b) nanofleece, c) nanosheet and d) bulk-V2O5 

electrodes (C and A indicate the cathodic and anodic peaks, respectively. C1: 2.2~2.4 V, C2: 3.0~3.2 V, 

A1: 2.5~2.7 V, and A2: 3.4~3.7 V). Scan rate and peak current relationships of a) nanobeads, b) 

nanofleece, c) nanosheet and d) bulk-V2O5 electrodes obtained from CV curves with different scan 

rates (a-d, 0.2 – 1.5 mV s-1). 

 

 


