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Chapter 1. 

General introduction 

 

1-1  Porous metal oxides nanomaterials 

Nanomaterials whose particle sizes are less than 100 nm show quite different 

chemical, physical, electronic, and magnetic properties as compared to those of 

corresponding bulk materials,
[1]

 since these nano-scale particles obey the laws of quantum 

mechanics
[2]

 and have huge surface area originated from their small particle size concomitant 

with numerous specific points, such as terraces, edges, and corners, where the atoms have 

lower coordination numbers and different bonding structures.
[1]

  Much effort has been paid to 

utilize these unique properties of nanomaterials in many research and industrial fields.
[3–8]

 

 

Figure 1-1. Schematic illustrations of (a) monodispersed nanoparticles, (b) porous spherical 

nanoassemblies, (c) porous nanosheets, and (d) porous nanorods. 

Among many nanomaterials, metal oxides play important roles in many fields, for 

instance, physics, chemistry, materials science, and biology, due to their semi-conductive 

behaviors and catalytic activities as well as their stabilities, easiness of handling, and 

costs.
[9,10]

 Large number of researches on synthesis, characterization, and application of the 

nanomaterials have been reported in last few decades.
[11]

 Many kinds of metal oxide 

nanomaterials such as monodispersed nanoparticles, nanoassemblies with ordered secondary 

morphology (Figure 1-1), and thin films deposited on the substrates are widely studied.
[12]

 

(a) (b) (c) (d)

primary nanoparticles 
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Metal oxide nanomaterials with porous ordered secondary morphology for example, 

sphere,
[13]

 cube,
[14]

 rod, tube,
[15]

 sheet,
[16]

 and thin film
[17]

 also have been received much 

attention due to their possible applications in many fields, such as energy storage, drug 

delivery, catalysts, photocatalysts, catalyst supports, surface lapping and polishing materials, 

adsorbents, heat insulators, and material storage, due to their large surface area, rough surface, 

well defined pore topology, large void volume, etc.
[3,12,18–20]

 The average size of the pores of 

nanomaterials, which controls the chemical, physical, and electronic properties of these 

porous nanomaterials, is directly proportional to the sizes of the primary nanoparticles.
[2]

 The 

surface roughness, pore size distribution, and the surface area of the porous nanomaterials 

can be tuned by controlling the size of primary nanoparticles. Thus, in order to achieve high-

performance, control of primary particle size is one of the most important factors for the 

nanomaterials with porous higher-ordered secondary morphology. 

1-2  Synthesis of porous nanomaterials 

Among the various synthetic methods for the porous nanomaterials, chemical 

approaches, such as precipitation, sol-gel, microemulsion, electrodeposition, and 

solvothermal methods, have received much attention because of their simplicity, low cost, 

ability to make new materials from the precursors, ability of functionalization, etc.
[21,22]

 Some 

of representatives are introduced below. 

1-2-1  Precipitation method 

Precipitation method is one of the simplest techniques to obtain metal oxide 

nanomaterials. Usually the precipitation method is carried out by mixing a solution 

containing metal precursors with another solution or by slow evaporation of the solvent to 

produce insoluble or slightly soluble products. Some of the metal oxide nanomaterials can be 
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directly prepared by the precipitation, while long reaction time, multi-steps reactions 

including calcination, and usage of surfactants are usually required (Figure 1-2). 

 

Figure 1-2. Schematic illustration of the synthesis of nanomaterials by precipitation method. 

1-2-2  Sol-gel method 

Sol-gel method is one of the most widely used methods.
[22]

 Typically, metal alkoxides 

or metal salts are hydrolyzed to yield well dispersed fine particles called “sol” followed by 

the condensation process to obtain cross-linked network of partials called “gel”.
[23]

 The gel is 

usually aged for several hours to several days and dried to afford desired porous 

nanomaterials.
[23,24]

 Crystalline porous nanomaterials are obtained by further calcination of 

the obtained gels.
[25]

 However, the calcination at high temperature sometimes leads to 

decrease the surface area of the nanomaterials due to the heat induced enlargement of the 

primary nanoparticles (Figure 1-3). 

 

Figure 1-3. Schematic illustration of the synthesis of nanomaterials by sol-gel method. 

1-2-3  Electrodeposition 

Electrodeposition is known as a simple and low-cost method for the synthesis of 

nanomaterials.
[26]

 In this method, the chemical species which required for the growth of the 

addition of ligands 
or evaporationsolution containing

metal precursors

drying and 
calcination

precipitate 
porous 
nanomaterials 

condensation

sol gel

drying and 
calcination

porous 
nanomaterials 

hydrolysis
solution containing
metal precursors
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nanomaterials are electrochemically generated by reduction or oxidation of precursors.
[27]

 

The electrodeposition method is applicable not only for the deposition of noble metal 

nanomaterials but also for the synthesis of metal oxide nanomaterials.
[27–29]

 However, this 

method is limited for the conductive substrates. 

1-2-4 Solvothermal method 

Solvothermal method including hydrothermal method is one of the most powerful and 

widely used methods to synthesize nanomaterials because of the advantages such as high 

reproducibility, simple procedure, and the easy scale-up, in which precursor solutions are 

treated in a closed reaction vessel at a high temperature being higher than the boiling point of 

the solvent.
[30]

 Mass production of the nanomaterials can be possible through continuous 

reactors. However, the solvothermal methods generally require long reaction time ranging 

from several hours to days. Therefore, the development of simple and rapid synthetic 

approaches to afford metal oxide nanoassemblies remains important.  

 

 

Figure 1-4. Schematic illustration of the synthesis of TiO2 (a) solid MARIMO and (b) hollow 

MARIMO nanoassemblies. 

TiO2 hollow MARIMO

100 nm

100 nm

TiO2 solid MARIMO

(a)

(b)
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To this end, Wang et al. developed a template-free, single-step, and one-pot synthetic 

method to obtain TiO2 porous spherical nanomaterials.
[31]

 The obtained spherical 

nanoassemblies were named as mesoporously architected roundly integrated metal oxide 

(MARIMO) due to their similarity in shape of marimo (cladophora aegagropila) moss balls, 

where numerous fine primary nanoparticles aggregate each other to form a porous spherical 

secondary structure. The single-step one-pot synthesis of TiO2 MARIMO nanoassemblies 

was achieved by heating of a precursor solution containing titanium isopropoxide (Ti(O
i
Pr)4) 

and phthalic acid in methanol at an elevated temperature (300 °C).
[31]

  In this solvothermal 

method, organic acid, heating rate, and reaction temperature are the critical factors 

controlling the morphologies of obtained MARIMO nanoassemblies (Figure 1-4).  Rapid 

heating (500 °C/min) of the precursor solution containing Ti(O
i
Pr)4 and phthalic acid in 

methanol afforded TiO2 solid MARIMO nanoassemblies with individual spherical 

morphology (Figure 1-4a), while slow heating (5.4 °C/min) of the precursor solution resulted 

in TiO2 hollow MARIMO nanoassemblies (Figure 1-4b). MARIMO nanoassembly families 

such as SiO2, ZnO, ZrO2, and CeO2 were also synthesized by the similar solvothermal 

treatments of appropriate precursor solutions (Figure 1-5).  

 

 

Figure 1-5. TEM images of (a) SiO2, (b) ZnO, (c) ZrO2, and (d) CeO2 solid MARIMO 

nanoassemblies. 

 

 

500 nm 200 nm200 nm 200 nm

(a) (b) (c) (d)
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1-3 Frontiers of solvothermal methods in the field of metal oxide 

nanomaterial synthesis 

Solvothermal methods are ubiquitous approaches in the field of metal oxide 

nanomaterial synthesis. Simple solvothermal synthesis of SiO2, TiO2, Fe2O3, WO3, ZnO, 

ZrO2, CeO2, etc. nanomaterials with different morphologies has been demonstrated.
[31-34]

 

However, simple solvothermal synthesis of mixed metal oxide nanomaterials has not been 

widely studied. On the other hand, some of metal oxide nanomaterials are difficult to obtain 

by solvothermal methods. For example, solvothermal synthesis of MgO nanomaterials has 

not yet been reported in literature, to the best of my knowledge. To this end, the simple 

solvothermal method developed by Wang et al. exhibited high potential to conquer these 

frontiers in the field of metal oxide nanomaterial synthesis. Importance of mixed metal oxide 

composite nanoassemblies and MgO ultra-fine nanocrystals as well as their synthesis are 

briefly introduced below. 

1-3-1 Mixed metal oxide composite nanoassemblies 

Mixed metal oxide composite nanoassemblies have received much attention due to 

their enhanced physical, chemical, electronic, and magnetic properties as compared to those 

of single component metal oxides, since the properties of metal oxide nanoassemblies can be 

enhanced by mixing several metal oxides in nanoscale.
[35–37]

 In addition, nano-structure of the 

composite nanoassemblies, for example homogeneous, domain, and layer, is critical to their 

properties, such as size of the primary nanoparticles, specific surface area, heat tolerance of 

the crystalline phase, band gap energy, and electric conductivity.
 [38–42]

 In order to control 

nano-structure of the composite nanoassemblies, several synthetic methods have been 

developed.
[43–47]

 Solid state preparation methods of composite metal oxides, such as high-

energy mechanical mixing and high temperature reactions, are the conventional methods, but 

they take relatively long reaction time and sometimes they lead to reduce their surface 
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area.
[43,44]

 Instead, much attention has been paid to the synthesis of mixed metal oxide 

composite nanomaterials by liquid phase chemical reactions. The chemical methods such as 

precipitation, sol-gel, electrospinning, or calcination of metal organic frameworks are 

currently used to obtain mixed metal oxide composite nanoassemblies.
[48–50]

 However, these 

methods also require long reaction time and multi-step reactions to obtain the products. In 

order to overcome this issue, I developed a simple solvothermal approach to obtain mixed 

metal oxide composite nanoassemblies. 

1-3-2   MgO ultra-fine nanocrystals 

 MgO ultra-fine nanocrystals are supposed to have much wide band gap energy due to 

the quantum confinement effect derived from ultra-fine nanosize. MgO nanomaterials are 

typically synthesized by calcination of solid intermediates such as Mg(OH)2, MgCO3, and 

Mg containing metal organic frameworks (MOFs).
[51-53]

 However, the calcination at high 

temperature usually results in increase of the size of metal oxide primary nanoparticles, due 

to the heat induced crystal growth.
[54]

 In order to overcome this issue, I developed a simple 

solvothermal synthetic approach to MgO ultra-fine nanocrystals by changing Mg salt, organic 

additive, solvent, and reaction temperature. 

1-4 Development of synthetic methods for mixed metal oxide composite 

nanoassemblies and MgO ultra-fine nanocrystals 

In order to obtain mixed metal oxide composite nanoassemblies, I applied Wang’s 

ultimately simple solvothermal procedure treating precursor solutions of metal salts and 

alkoxides. The details of my researches to synthesize mixed metal oxide composite 

nanoassemblies are described in chapter 2 and chapter 3. Chapter 2 deals with the 

development of a new synthetic method to obtain hollow spherical Al2O3–TiO2 and ZnO–

TiO2 composite nanoassemblies to enhance thermal stability of anatase phase of TiO2 and 
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fine-tuning of TiO2 band gap energy by mixing TiO2 with Al2O3 and ZnO in nanolevel, 

respectively. Synthesis of spherical CeO2–ZrO2 composite nanoassemblies with different 

arrangements of primary nanoparticles such as homogeneous, domain, and core-shell 

morphologies is discussed in Chapter 3. The details of my research to synthesize MgO ultra-

fine nanocrystals are described in chapter 4. In order to obtain MgO ultra-fine nanocrystals, I 

applied high-temperature and high-pressure solvothermal method. Solvothermal synthesis of 

MgO(OH)2 flower shape nanoassemblies, Mg(OH)2 nanosheets, and amorphous hollow 

spherical nanoassemblies consisting of Mg and O atoms is also described in Chapter 4.  
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Chapter 2. 

A simple solvothermal approach to Al2O3–TiO2 and ZnO–TiO2 

mesoporous hollow spherical composite nanoassemblies consisting 

of Al2O3 or ZnO fine primary nanoparticles mixed with TiO2 

domains 

     

2-1 Introduction 

Mesoporous nanomaterials with an internal cavity, which are known as hollow 

nanomaterials, have received much attention, since they have not only a large inner cavity to 

store materials but also numerous peripheral pores to access the inner cavity. They can be 

utilized as nanocontainers, drug delivery vehicles, nanoreactors, catalyst supports, electrode 

materials for energy storage, etc.
[1–6] 

Mesoporous Al2O3, SiO2, TiO2, MnO2, and SnO2 are 

examples of nanomaterials with this intriguing morphology.
[7–10] 

In order to obtain these 

mesoporous hollow nanomaterials, sacrificial hard templates such as polystyrene, carbon, and 

SiO2 are commonly used.
[1,11] 

However, the hard template method is somewhat complicated 

because of the inevitable multi-step reactions, including the necessary template removal 

(Scheme 2-1a). Commonly used calcination of the organic or carbon templates to remove 

them often causes aggregation and/or agglomeration of their particles and sometimes 

decreases the surface area of the nanomaterials.
[8]

 SiO2 templates can be removed by 

chemical etching; however, the hollow morphology of nanomaterials is sometimes damaged 

by this treatment.
[13,14] 

Even in the case of soft templates such as micelles and emulsions, 

template removal is indispensable to construct mesoporous hollow nanostructures.
[1,11] 

Thus, 

template methods involve several limitations for the synthesis of mesoporous hollow 

materials. Instead, template-free synthesis of hollow spherical nanoassemblies has been 

developed by invoking Ostwald ripening in high-temperature media. For example, the 

synthesis of hollow spherical nanoassemblies of metal oxides such as TiO2, Fe2O3, ZnO, and 
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SnO2 by template-free solvothermal methods has been reported.
[1,10,15–17] 

However, the 

formation of the internal cavity still requires a long reaction time (of several hours to several 

days), which causes simultaneous enlargement of primary nanoparticles, leading to a 

decrease in surface area (Scheme 2-1b). Therefore, the development of simple and template-

free synthetic methods for mesoporous spherical hollow nanoassemblies with large surface 

area still remains necessary. 

Previously, Wang et al. developed a single-step, one-pot, template-free, and alcohol-

based solvothermal method that yielded individual spherical mesoporous nanoassemblies of 

TiO2.
[19,20]

 In this method, spherical hollow nanoassemblies with very fine primary 

nanoparticles (<10 nm) were synthesized in a relatively short reaction time (<1 h) by slow 

heating (5.4 °C min
-1

) up to 300 °C in the solvothermal reaction (Scheme 2-1c). The 

phenomenon affording hollow structure was ascribed to the Ostwald ripening, where the 

amorphous TiO2 spherical solid nanoassemblies, afforded in the early stage of the heating 

process, converted to crystalline anatase TiO2 with hollow morphology at high-

temperature.
[19,20]

 Phthalic acid is essential for the formation of hollow composite TiO2 

nanoassemblies i) through gradual water generation, being necessary for the hydrolysis of 

alkyl titanate, by ester formation with methanol at the elevated temperature and ii) as an acid 

catalyst for the hydrolysis, where the acid is incorporated at most 10% in weight on the 

surface of the particles.
[18–20]

 Similarly, SiO2, ZnO, ZrO2, and CeO2 solid MARIMOs were 

successfully synthesized.
[20] 

The one-pot syntheses of different metal-doped MARIMOs, and 

a ship-in-a-bottle technique to obtain yolk-core-shell structures with inner noble metal alloy 

cores have also been developed.
[21–22] 

On the other hand, much effort has been devoted to the synthesis of TiO2-containing 

mixed metal oxide nanomaterials, such as MgO–TiO2, Al2O3–TiO2, SiO2–TiO2, ZnO–TiO2,  
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Scheme 2-1. Schematic of synthesis of mesoporous hollow nanomaterials by (a) the template 

method, (b) the typical template-free solvothermal method, and (c) our template–free 

alcohol–based solvothermal method. 

 

ZrO2–TiO2, CeO2–TiO2, and In2O3–TiO2,
[23–28] 

because advantageous synergistic effects are 

expected to occur. In particular, composites of TiO2 with Al2O3 and TiO2 with ZnO are of 

interest among these systems, because these abundant and nontoxic metal oxides can be 

mixed with TiO2 to improve its chemical and physical properties.
[25,29,30] 

Al2O3–TiO2 

composites have been prepared by several methods, for example, solid-state hydrolysis of Al 

doped TiCl3 precursors,
[30] 

sol-gel reactions with self-assembly processes,
[31]

 and precipitation 

methods of Al- and Ti-containing materials.
[29,32]

 ZnO–TiO2 composite nanomaterials have 

also been prepared by several methods, such as mixing TiO2 nanoparticles with a zinc acetate 

solution,
[33] 

electrospinning of titanium alkoxide/Zn acetate viscous gel,
[34]

 electrostatic 

deposition of TiO2 nanoparticles on ZnO,
[35]

 and a two-step hydrothermal method producing 

a core-shell structure.
[26]

 However, the synthesis of Al2O3–TiO2 and ZnO–TiO2 mixed 

composite nanoassemblies at the nano-level with hollow spherical morphologies, permitting 

the effective control of their atomic compositions, has not been intensively studied. In this 
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chapter, the one-pot, single-step, and template-free synthetic method is extended to the 

synthesis of hollow spherical Al2O3–TiO2 and ZnO–TiO2 composite nanoassemblies 

consisting of Al2O3 and ZnO fine primary nanoparticles mixed with TiO2 domains, 

respectively. 

2-2 Results and Discussion 

Al2O3‒TiO2 composite nanoassemblies were synthesized by heating (5.4 °C min
-1

) 

precursor solutions consisting of Al(O
i
Pr)3, Ti(O

i
Pr)4, phthalic acid, and methanol with 

different Al/Ti mixing ratios (Table 2-1). The obtained hollow Al2O3–TiO2 composite 

nanoassemblies are referred to as Al/Ti–0.75, Al/Ti–0.50, Al/Ti–0.25, Al/Ti–0.20, Al/Ti–0.10, 

and Al/Ti–0.05, where the numbers denote the molar portion of Al(O
i
Pr)3/(Al(O

i
Pr)3 + 

Ti(O
i
Pr)4) in the precursor solutions. Figure 2-1 shows transmission electron microscopy 

(TEM) and energy dispersive X-ray (EDX) mapping images of the Al2O3–TiO2 composite 

nanoassemblies. The morphologies of the nanoassemblies were affected by the Al/Ti ratio in 

the precursor solutions. Irregularly aggregated hollow Al2O3–TiO2 composite nanoassemblies 

were obtained from the precursor solution with a high Al content of 75% (Figure 2-1a). When 

the Al content in the precursor solutions decreased (Al = 25–50%), fused spherical hollow 

nanoassemblies of 3 µm average size were produced (Figures 2-1b,c), while spherical hollow 

composite nanoassemblies with an average diameter of 1.1–1.3 µm (Table 2-2) were obtained 

with lower Al contents (5–20%,  Figures 2-1d–f). EDX mapping images (Figures 2-1a–f) 

indicate the even distribution of Al and Ti atoms throughout the hollow composite 

nanoassemblies irrespective of their Al/Ti ratios. Figure 2-2 shows the relationship between 

the atomic compositions of the hollow Al2O3–TiO2 composite nanoassemblies determined by 

EDX analysis on TEM and the molar ratios of the precursor solutions. A linear relationship 

with a slope approximately equal to 1 was observed, indicating that the composition of the 



18 
 

hollow Al2O3–TiO2 composite nanoassemblies can be easily controlled by adjusting the Al/Ti 

mixing ratio in the precursor solutions. Quite broad profiles corresponding to anatase TiO2 

phase were obtained in X-ray diffraction (XRD) patterns (JCPDS 00–021–1272) of Al2O3–

TiO2 composite nanoparticles synthesized from the precursor solutions with high Al contents 

(50–75%) (Figures 2-3a,b). The peak shapes became sharper with increased Ti content in 

Al2O3–TiO2 composite nanoassemblies (Figures 2-3c–f). Actually, the primary nanoparticles 

observed with high-resolution transmission electron microscopy (HRTEM) images (Figure 2-

4) gradually changed from non-characteristic to fine nanoparticles in accordance with the Ti 

content in the Al2O3–TiO2 composite nanoassemblies. No peak derived from Al2O3 was 

observed in the XRD patterns, though the EDX mapping images clearly indicated the 

existence of Al atoms and the homogeneity of Al and Ti atoms in the Al2O3–TiO2 composite 

nanoassemblies. This observation indicates that amorphous Al2O3, the formation of which 

could be ascribed to the lower reaction temperature than that required for the crystallization 

of Al2O3,
[36]

 was embedded between anatase TiO2 domains. The specific surface area 

determined by the Brunauer–Emmett–Teller (BET) method also correlated with the Al/Ti 

ratio and increased with Al content (Table 2-2, Figure 2-5). In particular, it is notable that the 

BET specific surface area of Al/Ti–0.75 and Al/Ti–0.50 exceeded 600 m
2
 g

-1
. 

  

Table 2-1. Al/Ti Mixing ratio in precursor solutions. 

Sample name 
Concentration (mol L

-1
) 

Al(O
i
Pr)3 Ti(O

i
Pr)4 

Al/Ti–0.75 0.075 0.025 

Al/Ti –0.50 0.050 0.050 

Al/Ti –0.25 0.025 0.075 

Al/Ti –0.20 0.020 0.080 

Al/Ti –0.10 0.010 0.090 

Al/Ti –0.05 0.005 0.095 
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Figure 2-1. TEM and EDX mapping images of (a) Al/Ti–0.75, (b) Al/Ti–0.50, (c) Al/Ti–0.25, 

(d) Al/Ti–0.20, (e) Al/Ti–0.10, and (f) Al/Ti–0.05 hollow composite nanoassemblies. 
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Figure 2-2. Plot of atomic compositions of Al2O3–TiO2 hollow composite nanoassemblies 

(estimated by EDX) versus the initial molar fractions of Al in the precursor solutions. 
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Table 2-2. Particle sizes, specific surface areas, and pore diameters of Al2O3–TiO2  

composite nanoassemblies. 

Sample name 
Particle diameter 

(µm)
a 

BET‒calculated specific 

surface area (m
2
 g
–1

)
b 

Pore diameter  

(nm)
c 

Al/Ti–0.75 1.4±7
d
 606 2.11 

Al/Ti –0.50 3±1
d
 618 2.05 

Al/Ti –0.25 3±2
d
 431 1.87 

Al/Ti –0.20 1.1±3 262 1.79 

Al/Ti –0.20 1.3±2 235 2.06 

Al/Ti –0.05 1.2±2 240 1.88 
a
Average of at least 50 nanoassemblies in TEM images, 

b
atomic composition ratio roughly calculated by EDX 

analysis on TEM, 
c
calculated by t method, 

d
aggregated and/or fused nanoassemblies. 
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Figure 2-3. XRD patterns of (a) Al/Ti–0.75, (b) Al/Ti–0.50, (c) Al/Ti–0.25, (d) Al/Ti–0.20, 

(e) Al/Ti–0.10, and (f) Al/Ti–0.05 hollow composite nanoassemblies. 

 

 

 

 

Figure 2-4. HRTEM images of (a) Al/Ti–0.75, (b) Al/Ti–0.50, (c) Al/Ti–0.25, (d) Al/Ti–0.20, 

(e) Al/Ti–0.10, and (f) Al/Ti–0.05 hollow composite nanoassemblies. 
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Figure 2-5. N2 adsorption–desorption isotherms of (a) Al/Ti–0.75, (b) Al/Ti–0.50, (c) Al/Ti–

0.25, (d) Al/Ti–0.20, (e) Al/Ti–0.10, and (f) Al/Ti–0.05 hollow composite nanoassemblies. 
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Similarly, the ZnO–TiO2 composite nanoassemblies were obtained by heating (5.4 °C 

min
-1

) Zn/Ti mixed precursor solutions in methanol with different mixing ratios (Table 2-3). 

These ZnO–TiO2 composite nanoassemblies are referred to as Zn/Ti–0.75, Zn/Ti–0.50, 

Zn/Ti–0.25, Zn/Ti–0.20, Zn/Ti–0.10, and Zn/Ti–0.05, where each number denotes the molar 

portion of Zn(OAc)2/(Zn(OAc)2 + Ti(O
i
Pr)4) in the precursor solution for that set of 

composite nanoassemblies. Figure 2-6 shows the TEM and EDX mapping images of the 

ZnO–TiO2 composite nanoassemblies. Figure 2-7 shows the relationship between the atomic 

compositions of the hollow ZnO–TiO2 composite nanoassemblies as determined by EDX 

analysis on TEM and the molar ratios of the precursor solutions. The morphology of the 

ZnO–TiO2 nanoassemblies was clearly affected by the Zn/Ti ratio in the precursor solutions. 

A linear relationship similar to the case of Al2O3–TiO2 was observed, indicating that the 

composition of the hollow ZnO–TiO2 composite nanoassemblies can be easily controlled by 

adjusting the Al/Ti mixing ratio in the precursor solutions. A mixture of monodispersed solid 

spherical nanoassemblies and nanosheets was obtained by treating the precursor solution with 

Zn = 75% (Figure 2-6a). EDX mapping images showed the even distribution of Zn and Ti 

atoms throughout the solid spherical nanoassemblies, while the nanosheets contained very 

small amounts of Ti atoms. The XRD patterns of Zn/Ti–0.75 (Figure 2-8a) does not show 

diffraction peaks corresponding to either TiO2 or ZnO but instead shows many complicated 

sharp peaks corresponding to a MOF constructed of Zn
2+

 and phthalate anions.
[37] 

When the 

Zn content decreased to 50%, the morphology of the composite nanoassemblies dramatically 

changed to produce fused hollow spheres (Figure 2-6b). The good dispersion of Zn and Ti in 

Zn/Ti–0.50 was confirmed by EDX mapping images (Figure 2-6b). However, the XRD 

patterns (Figure 2-8b) still showed sharp peaks ascribed to the MOF similar to Zn/Ti–0.75. 

For Zn = 5–25%, individual spherical hollow composite nanoassemblies with an average 

diameter of 0.9–1.5 µm were produced (Figures 2-6c–f), with peaks in their XRD patterns  
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Figure 2-6. TEM and EDX mapping images of (a) Zn/Ti–0.75, (b) Zn/Ti–0.50, (c) Zn/Ti–

0.25, (d) Zn/Ti–0.20, (e) Zn/Ti–0.10, and (f) Zn/Ti–0.05 composite nanoassemblies. 
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Figure 2-7. Plot of atomic compositions of ZnO–TiO2 composite nanoassemblies (estimated 

by EDX) versus the initial molar fractions of Zn in the precursor solutions. 
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Table 2-3. Zn/Ti Mixing ration in precursor solutions 

Sample name 
Concentration (mol L

-1
) 

Zn(OCOCH3)2·2H2O Ti(O
i
Pr)4 

Zn/Ti–0.75 0.075 0.025 

Zn/Ti –0.50 0.050 0.050 

Zn/Ti –0.25 0.025 0.075 

Zn/Ti –0.20 0.020 0.080 

Zn/Ti –0.20 0.010 0.090 

Zn/Ti –0.05 0.005 0.095 
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Figure 2-8. XRD patterns of (a) Zn/Ti–0.75, (b) Zn/Ti–0.50, (c) Zn/Ti–0.25, (d) Zn/Ti–0.20, 

(e) Zn/Ti–0.10, and (f) Zn/Ti–0.05 composite nanoassemblies. 

 

 

Figure 2-9. HRTEM images of (a) Zn/Ti–0.75, (b) Zn/Ti–0.50, (c) Zn/Ti–0.25, (d) Zn/Ti–

0.20, (e) Zn/Ti–0.10, and (f) Zn/Ti–0.05 composite nanoassemblies. 
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Figure 2-10. N2 adsorption–desorption isotherms of (a) Zn/Ti–0.75, (b) Zn/Ti–0.50, (c) 

Zn/Ti–0.25, (d) Zn/Ti–0.20, (e) Zn/Ti–0.10, and (f) Zn/Ti–0.05 composite nanoassemblies.  
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Figure 2-11. STEM and  EDX mapping images of spherical In–Ga–Zn oxide composite 

nanoassemblies. 

 

Figure 2-12. XRD pattern of spherical In–Ga–Zn oxide composite nanoassemblies (peak 

positions of one of the examples (JCPDS 01–070–3625) are shown with purple lines). 
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Table 2-4. Particle sizes, specific surface areas, and pore diameters of ZnO–TiO2  

composite nanoassemblies. 

Sample name Particle diameter 

(µm)
a 

BET‒calculated specific 

surface area (m
2
 g
–1

)
b 

Pore diameter  

(nm)
 

Ti/Zn–0.75 1.2±2 32 1.0
c
 

Ti/Zn–0.50 5±2
e
 73 1.0

c
 

Ti/Zn–0.25 1.5±2 286 3.28
d
 

Ti/Zn–0.20 1. 5±2 316 4.13
d
 

Ti/Zn–0.20 1.2±2 224 2.43
d
 

Ti/Zn–0.05 0.9±1 251 2.43
d
 

a
Average of  at least 50 nanoassemblies in TEM images, 

b
atomic composition ratio roughly calculated by EDX 

analysis on TEM, 
 c
calculated by MP method, 

 d
calculated by BJH metod, 

 e
fused nanoassemblies. 
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corresponding to the anatase TiO2 phase (Figures 2-8c–f). These peaks changed in breadth 

with the Ti content in the precursor solutions. Clear HRTEM images of the primary 

nanoparticles in the Zn/Ti–0.75 and Zn/Ti–0.50 nanoassemblies could not be obtained, 

possibly as a result of the large organic content of their MOF structures
 
(Figures 2-9a,b). 

However, for other hollow ZnO–TiO2 composite nanoassemblies (Zn = 5–25%), fine 

nanoparticles were observed in the HRTEM images (Figures 2-9c–f). The BET specific 

surface area of the MOFs containing Zn/Ti–0.75 and Zn/Ti–0.50 composite nanoassemblies 

are much lower than those of the other hollow ZnO–TiO2 composite nanoassemblies, despite 

their micropores (Table 2-4, Figure 2-10). Thus, morphology-, size-, and pore-controlled 

hollow composite nanoassemblies of Al2O3–TiO2 and ZnO–TiO2 were successfully 

synthesized. Furthermore, InGaZnO4 (IGZO) were easily synthesized by a similar approach 

(Figures 2-11 and 2-12). 

2-2-1  Heat tolerance of hollow Al2O3–TiO2 composite nanoassemblies 

Anatase phase TiO2 is used in many photochemical applications.
[38–40] 

The irreversible 

anatase-to-rutile phase transition often occurs upon heating TiO2 to temperatures of 600–

750 °C, which restricts the high-temperature applications of anatase TiO2.
[41,42]

 Li et al. 

proposed that the anatase-to-rutile phase transition is initiated by the nucleation of rutile on 

the surface of fine primary nanoparticles of anatase TiO2 at elevated temperatures.
[43]

 Pillai et 

al. reported that the starting temperature of the phase transition slightly increased to 800 °C 

by increasing the porosity of TiO2 nanomaterials through decreasing the number of 

anatase/anatase contact points.
[44]

 The TiO2 hollow MARIMOs
[14]

 also showed stability of 

both the anatase phase and the spherical hollow morphology at 800 °C, however the 

transition to the rutile phase and the collapse of the spherical hollow morphology occurred 

with calcination at 1000 °C (Figures 2-13 and 2-14). Further elevation of the anatase to rutile 

phase transition starting temperature to 1000 °C was accomplished by mixing TiO2 with other 
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metal oxides such as SiO2 and Al2O3.
[42,45]

 These studies suggest that examining the heat 

properties of those hollow Al2O3–TiO2 composite nanoassemblies is worthwhile. 

The hollow Al2O3–TiO2 composite nanoassemblies with Al = 5% clearly showed the 

anatase-to-rutile phase transition (TiO2 (rutile): JCPDS 00–021–1276) after calcination at 

1000 °C for 1 h (Figure 2-15c). Al/Ti–0.25 experienced the partial formation of the rutile 

phase under similar conditions, while the anatase phase still remained (Figure 2-15b). 

However, with Al/Ti–0.50, the anatase phase survived completely with no rutile phase 

formation (Figure 2-15a). In addition, TEM images of the hollow composite nanoassemblies 

calcinated at 1000 °C clearly indicate that the hollow spherical morphology of composite 

nanoassemblies with Al = 25–50% remains intact (Figures 2-15a,b). Thus, high-temperature 

stability of anatase phase and hollow spherical morphology of TiO2 MARIMOs were 

demonstrated by mixing of Al2O3 with TiO2 in nanoscopic level.  

 

 

 
 

Figure 2-13. XRD patterns of TiO2 hollow MARIMO after calcination at (a) 800 °C  

and (b) 1000 °C for 1h.  
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Figure 2-14. TEM images of TiO2 hollow MARIMO after calcination at (a) 800 °C  

and (b) 1000 °C for 1h. 

 

 

 

 

 

Figure 2-15. XRD patterns (left) and TEM images (right) of (a) Al/Ti–0.50, (b) Al/Ti–0.25, 

and (c) Al/Ti–0.05 hollow composite nanoassemblies after calcination at 1000 °C. 
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2-2-2  Band gap tuning of hollow ZnO–TiO2 composite nanoassemblies 

The band gap energy of TiO2 has been tuned to adjust its photochemical properties.
[46]
 

ZnO–TiO2 composites, for example, have been used for this purpose in thin films.
[47]
 

Therefore, the band gap energies of those hollow spherical ZnO–TiO2 composite 

nanoassemblies should also be tunable by changing the ZnO/TiO2 mixing ratio in the 

nanoassemblies. Band gap energies calculated by the Tauc plot method through ultraviolet-

visible (UV-Vis) spectroscopy
[48]

 are shown in Figure 2-16. Similar band gap energies of ca. 

3.3 eV were observed for the as-prepared hollow spherical composite nanoassemblies despite 

different ZnO–TiO2 mixing ratios, while calcination at 500 °C for 1 h caused relatively large 

shifts in band gap energies to lower values of 3.12–3.21 eV. The band gap energy shifts are 

usually explained by the quantum confinement effect of primary nanoparticles, in which the  

 

 

 

 

 

 

 

 

 

 

Figure 2-16. Plots of band gap energies of hollow spherical ZnO–TiO2 composite 

nanoassemblies versus the initial molar fractions of Zn in precursor solutions. 
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Figure 2-17. XRD patterns of (a) Zn/Ti–0.25, (b) Zn/Ti–0.20, (c) Zn/Ti–0.10, and (d) Zn/Ti–

0.05 hollow composite nanoassemblies after calcination at 500 °C for 1 h. 

 

 

smaller nano-crystals exhibit higher band gap energies.
[49]

 However, in the hollow spherical 

ZnO–TiO2 composite nanoassemblies, clear size growth of the primary crystals was not 

observed even after calcination at  500 °C for 1 h, judging from the peak width in the XRD 

data (Figures 2-8 and 2-17). In the case of the higher contents of Zn, the hollow spherical 

ZnO–TiO2 composite nanoassemblies resulted in larger band gap energy values with smaller 

shifts (Figure 2-16), suggesting that the amorphous ZnO included in the nanoassemblies can 

suppress the crystal size growth of TiO2 even at levels undetectable by XRD. Thus, the band 

gap energy tuning of TiO2 nanoassemblies was simply accomplished through the primary 

nanoparticle size control by mixing with ZnO followed by calcination, without damaging 

their mesoporous hollow spherical morphologies. 
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2-2-3  Chemical etching of hollow spherical composite nanoassemblies  

 The obtained hollow Al2O3–TiO2 and ZnO–TiO2 composite nanoassemblies have 

enough physical strength to tolerate magnetic stirring in suspensions. On the other hand, 

chemical treatment with a strong base of 1 mol L
-1

 KOH solution at 60 °C for 6 h decreased 

the Al/Ti atomic ratio in the Al/Ti–0.20 hollow spherical composite nanoassemblies from 

13/100 to 4/100 without changing their morphology (Figure 2-18a). However, treatment with 

the 1 mol L
-1

 KOH solution for 24 h at 25 °C completely destroyed the secondary structure of 

the hollow spherical composite nanoassemblies to permit the dispersion of the fine 

nanoparticles (Figure 2-18b). Interestingly, treatment with a 0.5 mol L
-1

 KOH solution for 24 

h at 25 °C opened the shells of the hollow nanoassemblies (Figure 2-18c), which could be 

used as a nanocontainer with a cap. 

 

Figure 2-18. TEM images of Al/Ti–0.20 hollow spherical composite nanoassemblies etched 

in (a) 1 mol L
-1

 KOH at 60 °C for 6 h, (b) 1 mol L
-1

 KOH at 25 °C for 24 h, and (c) 0.5 mol 

L
-1

 KOH at 25 °C for 24 h. 

2-3  Conclusions 

Hollow Al2O3–TiO2 and ZnO–TiO2 composite nanoassemblies were synthesized by a 

simple, single-step, one-pot, and template-free synthetic method. Al2O3–TiO2 composite 

nanoassemblies with aggregate (Al = 75%), fused hollow spherical (Al = 25–50%), and 

hollow spherical (Al = 5–20%) morphologies having a large specific surface area (240–600 

m
2
 g

-1
) were produced depending on the Al content in the precursor solutions. In the case of 

1 µm

(a) (b) (c)

100 nm 1 µm
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ZnO–TiO2, solid spherical nanoassemblies and nanosheets mixtures (Zn = 75%), fused 

hollow spherical nanoassemblies (Zn = 50%), and hollow spherical nanoassemblies (Zn = 5–

20%) were produced for different Zn contents in the precursor solutions. The atomic 

compositions of Al2O3‒TiO2 and ZnO–TiO2 composites were effectively controlled by 

changing the mixing ratio of Al/Ti and Zn/Ti, respectively, in the precursor solutions. Hollow 

Al2O3–TiO2 composite nanoassemblies with Al = 50% showed resistance to the anatase to 

rutile TiO2 phase transition even at 1000 °C. Calcination at 1000 °C did not affect the hollow 

spherical morphology of the Al2O3–TiO2 composite nanoassemblies with Al = 25–50%. The 

band gap energies of the calcinated hollow spherical ZnO–TiO2 composite nanoassemblies 

were easily tuned by changing their Zn/Ti ratios. The alkaline etching of hollow spherical 

Al2O3–TiO2 composite nanoassemblies resulted in the opening of their shells. Thus, mixing 

Al2O3 or ZnO with TiO2 at the nanoscopic level is a straightforward and sure approach to 

improve the inherent properties of TiO2, such as heat tolerance and bang gap energy. 

2-4  Experimental Section 

2-4-1  General information   

Methanol, phthalic acid, acetic acid, titanium tetraisopropoxide, zinc acetate dihydrate, 

and potassium hydroxide were purchased from Wako Pure Chemical Industries Co. Ltd. 

Aluminum triisopropoxide was purchased from Tokyo Chemical Industry Co. Ltd. These 

were used as received, without further purification. 

2-4-2  Synthesis of Al2O3–TiO2 and ZnO–TiO2 composite nanoassemblies  

A portion of 3.5 mL of precursor solutions containing either Al(O
i
Pr)3/Ti(O

i
Pr)4 or 

Zn(OAc)2·2H2O/Ti(O
i
Pr)4 with 0.5 mol L

-1
 phthalic acid (Tables 2-1 and 2-3) in methanol 

was transferred to a 10 mL-capacity SUS-316 stainless steel tubular reactor. The reactor was 
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sealed with a screw cap, placed in an electric oven, and heated to 300 °C at the rate of 5.4 °C 

min
-1

. The temperature was maintained at 300 °C for 10 min.
[13–15]

 The reaction was 

quenched by placing the reactor in an ice-water bath. The resulting powdery products were 

centrifuged at 6600 rpm for 30 minutes, washed with methanol three times, and dried in 

vacuum. 

2-4-3  Calcination of hollow composite nanoassemblies  

The hollow Al2O3–TiO2 and ZnO–TiO2 composite nanoassemblies were calcinated in 

a Yamato FO200 electric furnace at 500–1000 °C for 1 h with a heating rate of 10 °C min
-1

.  

2-4-4  Chemical etching of hollow composite nanoassemblies  

A 20 mg amount of hollow Al2O3–TiO2 composite assembly was suspended in 20 mL 

solution of 0.5 mol L
-1

 KOH or 1 mol L
-1

 KOH in a mixed solvent of 1:1 (v/v) methanol and 

deionized water at either 25 °C or 60 °C for 6–24 h. The suspension was centrifuged and the 

obtained precipitate was washed with a 1:1 (v/v) mixture of methanol and water three times, 

and dried in vacuum. 

2-4-5  Characterization 

XRD patterns were obtained using a Rigaku SmartLab diffractometer with graphite-

monochromated Cu Kα radiation (X-ray wavelength: 0.15418 nm) in steps of 0.02° over the 

2θ range of 10–90°. TEM images and HRTEM images were measured on a JEOL JEM–

2100F microscope. EDX mapping images were obtained from an Oxford INCA Energy 

TEM250. Nitrogen adsorption-desorption isotherms were obtained using a BEL Japan INC 

Belsorp Mini (II). UV-Vis absorption spectra (diffusion reflectance method) were obtained 

by JASCO UV-650 spectrophotometer equipped with an ISV-722 integration sphere. 
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Chapter 3. 

Ultra-simple synthetic approach to the fabrication of CeO2–ZrO2 

mixed nanoassemblies into homogeneous, domain, and core-shell 

structures in mesoporous spherical morphologies using high-

temperature and high-pressure alcohols 

 

3-1  Introduction 

Much attention has been paid to CeO2 nanomaterials for their many practical uses, 

such as three-way catalysts for exhaust gas treatment,
[1,2]

 noble metal catalyst supports,
[3,4]

 

and surface lapping and polishing materials.
[5,6]

 However, decreasing the required amount of 

the rare earth metal Ce without losing the performance of the material has become a crucial 

aspect of current research because of resource limitations.
[6–8]

 As a practical approach for 

minimizing Ce loading on nanomaterials, CeO2–ZrO2 composites can be used as a substitute 

because of their chemical, mechanical, and thermal stability. Moreover, some of CeO2–ZrO2 

mixed oxides have been reported to show better catalytic performance compared to CeO2 

itself.
[9]

 Previously, fabrication of CeO2, ZrO2, and CeO2–ZrO2 composites has been 

accomplished through several techniques, for example by using sacrificial templates such as 

polymers,
[10]

 colloidal carbon,
[11]

 and silica
[12]

 and by calcination of MOFs,
[13,14]

 to yield 

higher-order spherical, core-shell, tube, and cubic morphologies. In order to achieve high 

performance, controlling the composition, topology, and morphology of CeO2–ZrO2 

composites at the nano level is very important. To this end, much effort has been applied 

towards the development of synthetic methodologies to control their structures and 

morphologies; these include sol-gel,
[15,16]

 precipitation,
[17,18]

 microemulsion,
[19]

 

hydrothermal,
[20,21] 

supercritical solvent,
[22]

 high-temperature solid state reaction,
[23]

 high-

energy mechanical mixing,
[24]

 and flame spray
[25]

 methods. However, multi-step reactions 
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that include calcination, as well as a long reaction time, are usually required to obtain higher-

ordered nanomaterials such as spherical, cubic, and multi-layered structures. 

Well-defined porous nanomaterials are also essential for practical applications 

including high-throughput catalysis,
[26]

 high performance lapping and polishing,
[7]

 and 

excellent ion conduction.
[27] 

To this end, MARIMO nanoassemblies synthesized by Wang’s 

ultimately simple method show almost complete spherical morphology in solid and hollow 

structures, well-defined pore topology, large surface area, mono-dispersion ability, excellent 

thermal stability, and easy manipulation,
[28]

 which would be promising functional materials 

for many applications, such as catalysis, lapping and polishing, material storage and slow 

release, drug and gene delivery, and solar energy conversion, etc. 

Given the importance of CeO2–ZrO2 as a functional material and our rapid synthetic 

approach to MARIMO nanoassemblies using high-temperature and high-pressure alcohols as 

the reaction media, high-temperature and high-pressure alcohol based, ultra-simple, and rapid 

synthetic approach to CeO2–ZrO2 composites nanoassemblies with homogeneously mixed, 

domain, and double-layered core-shell structures with mesoporous spherical morphologies is 

reported in this chapter (Figure 3-1). 

3-2  Results and discussion 

3-2-1  Single-step one-pot synthesis of homogeneously well dispersed mesoporous 

spherical CexZr1-xO2 composite nanoassemblies and mesoporous spherical CeO2–

ZrO2 composite nanoassemblies with domain structures 

Recently, an ultimately simple, rapid, and template-free fabrication strategy for CeO2 

MARIMO nanoassemblies and ZrO2 MARIMO nanoassemblies was developed, in which a 

precursor solution of Ce(NO3)3 or ZrO(NO3)2 and formic acid in methanol was rapidly heated 

(at a rate of 500 °C/min) to 300 °C in a sealed SUS-316 tubular reactor and maintained at the 

temperature only for 10 min.
[28] 

It is noteworthy that the recently developed strategy did not 
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require calcination to obtain MARIMO nanoassemblies. In this chapter, the synthesis of 

mesoporous spherical CeO2–ZrO2 composite nanoassemblies by a similar approach with 

precursor solutions containing a mixture of Ce and Zr salts is described.  

 

 

 

 

 

Figure 3-1. Schematic of material design structures of composite metal oxides 

nanoassemblies (●and ○ represent different primary nanoparticles). 
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Table 3-2. BET specific surface area and BJH pore diameter of mesoporous spherical 

Ce/ZrO2 composite nanoassemblies. 

Sample name 
Particle diameter 

(nm)
a
 

BET specific surface 

area (m
2
 g

-1
) 

BJH pore diameter 

(nm) 

ZrO2 360±115 118 0.4
b
 

CeZrO2–0.25 350±161 152 4.7 
CeZrO2–0.33 340±157 134 4.2 

CeZrO2–0.50 290±104 103 4.8 

CeZrO2–0.66 210±52 92 4.4 
CeO2 245±134 32 4.8 

a
 Average of at least randomly chosen 50 nanoassemblies in a SEM image. 

 

b
 Calculated by t-method. 

 

Indeed, upon rapid heating of the precursor solutions containing Ce(NO3)3 and 

ZrO(NO3)2 in different molar ratios (Table 3-1) with formic acid in methanol at 300 °C, 

beautiful spherical porous nanoassemblies were obtained (Figure 3-2), in which many small 

primary particles assembled to give a secondary spherical structure with a large amount of 

pores, as shown in TEM and scanning electron microscopy (SEM) images. These spherical 

composite nanoassemblies referred to as Ce/ZrO2-0.25, Ce/ZrO2-0.33, Ce/ZrO2-0.50, 

Ce/ZrO2-0.66, where the number designates the molar portion [Ce
3+

]/([Ce
3+

] + [Zr
4+

]) in the 

precursor solution. The average diameters of the spherical composite nanoassemblies were 

similar, ranging from 200 to 350 nm, irrespective of the molar ratio of Ce and Zr in the 

Table 3-1.  Molarity and molar portion of Ce and Zr species in precursor solutions. 
 

Sample name
a
 

Precursor solution (mol L
-1

) 

Ce(NO3)3 ZrO(NO3)2 Ce/Zr ratio 

ZrO2 - 0.05 0 

Ce/ZrO2-0.25 0.05 0.15 0.25/0.75 

Ce/ZrO2-0.33 0.05 0.10 0.33/0.66 

Ce/ZrO2-0.50 0.05 0.05 0.50/0.50 

Ce/ZrO2-0.66 0.10 0.05 0.66/0.33 

CeO2 0.05 - 1 
a
 The numbers 0.25, 0.33, 0.50, and 0.66 designate molar portion of [Ce

3+
]/([Ce

3+
] + [Zr

4+
]) 

in the precursor solution. 
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precursor solution (Table 3-2). However, the size of the primary nanoparticles varied with the 

molar ratio of Ce and Zr, from 3–10 nm as can be seen in TEM and HRTEM images in 

Figure 3-2. EDX analyses on TEM clearly indicate that Ce, Zr, and O atoms are evenly 

distributed in spherical composite nanoassemblies (Figure 3-3). Specific surface areas and 

pore sizes of the spherical composite nanoassemblies were evaluated by nitrogen adsorption-

desorption isotherms (Table 3-2 and Figure 3-4). The ZrO2 MARIMO nanoassemblies 

produced a type I isotherm, indicating the existence of micropores (<2 nm), while the 

isotherms of Ce/ZrO2 spherical composite nanoassemblies and CeO2 itself belong to the type 

IV category, indicating the existence of mesoporous (2–50 nm). Moreover, pure ZrO2, 

Ce/ZrO2-0.25, Ce/ZrO2-0.33, and Ce/ZrO2-0.50 showed similar specific surface areas of 

around 100 m
2
 g

-1
, though Ce/ZrO2-0.66 with its higher Ce content and CeO2 itself had 

smaller specific areas of 91 and 32 m
2
 g

-1
 respectively, whose results are consistent with 

those of the HRTEM images (Figure 3-2). 

In order to obtain information of the crystal systems, XRD patterns of 1:2 (w/w) 

mixture of CeO2 MARIMO and ZrO2 MARIMO (Figure 3-5), pure CeO2 MARIMO, pure 

ZrO2 MARIMO, and the spherical CeO2–ZrO2 composite nanoassemblies (Figure 3-6) were 

recorded. The pure CeO2 MARMO nanoassemblies exhibited the cubic phase.  Although 

states of tetragonal and monoclinic phases are quite usual in ZrO2,
[29–31]

 it is noteworthy that 

our ZrO2 MARIMO nanoassemblies exhibited only the tetragonal phase. In the case of the 

1:2 simple mixtures of CeO2 MARIMO nanoassemblies and ZrO2 MARIMO nanoassemblies, 

a mixed profile derived from those of pure CeO2 and ZrO2 was obtained, while the intensity 

ratio between CeO2 and ZrO2 did not reflect the original ratio of 2:1, but rather roughly 

estimated as 10:1. This provides an important indication of XRD response factors of CeO2 

MARIMO nanoassemblies and ZrO2 MARIMO nanoassemblies in a mixture. Broad peaks 
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Figure 3-2. SEM (left), TEM (center) and HRTEM (right) images of spherical 

nanoassemblies: (a) ZrO2, (b) Ce/ZrO2-0.25, (c) Ce/ZrO2-0.33, (d) Ce/ZrO2-0.50, (e) CeZrO2-

0.66, and (f) CeO2. 
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Figure 3-3. STEM and EDX mapping images of spherical nanoassemblies: (a) ZrO2, (b) 

Ce/ZrO2-0.25 (c) Ce/ZrO2-0.33, (d) Ce/ZrO2-0.50, (e) Ce/ZrO2-0.66, and (f) CeO2. 
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Figure 3-4. Nitrogen adsorption-desorption isotherms of spherical nanonanoassemblies: (a) 

ZrO2, (b) Ce/ZrO2-0.25 (c) Ce/ZrO2-0.33, (d) Ce/ZrO2-0.50, (e) Ce/ZrO2-0.66, and (f) CeO2. 
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which appeared in the XRD of ZrO2 MARIMO nanoassemblies (Figure 3-6a) clearly indicate 

that the primary particle size of the ZrO2 MARIMO nanoassemblies should be small, a result 

which is also supported by the pore size as determined by their nitrogen absorption-

desorption isotherms (Table 3-2). XRD patterns of spherical Ce/ZrO2 composite 

nanoassemblies did not show diffraction peaks corresponding to either cubic CeO2 or 

tetragonal ZrO2, instead diffraction peaks positions of Ce/ZrO2 composites were situated 

between those of cubic CeO2 and tetragonal ZrO2 (Figure 3-6) indicating the formation of 

homogeneously mixed CexZr1-xO2.  It is remarkable that XRD peak positions and lattice 

parameters of Ce/ZrO2 composite nanoassemblies were continuously shifted from  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. XRD patterns of 1:2 (w/w) mixture of CeO2 MARIMO and ZrO2 MARIMO 

nanoassemblies (peak positions of cubic CeO2 and tetragonal ZrO2 are shown with blue and 

red lines, respectively).  
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those of CeO2 to ZrO2, depending on the Ce/Zr ratio in the precursor solution (Figure 3-6 and 

3-7), which is the well-known phenomenon described by Vegard's law.
[32]

 Judging from the 

results of the XRD, CeO2 and ZrO2, whose crystal sizes would be quite small, were  

homogeneously mixed in XRD detection level. However, spherical CeO2–ZrO2-SH (where 

SH denotes Slow Heating) composite nanoassemblies which were synthesized by a slow 

heating approach exhibited a mixed profile of cubic CeO2 and tetragonal ZrO2 phases on the 

XRD patterns (Figure 3-8), while Ce, Zr, and O atoms were evenly distributed on EDX 

images (Figure 3-9). The results clearly indicate that the obtained spherical composite 

nanoassemblies consisting of domain structure with cubic CeO2 and tetragonal ZrO2. The 

difference in the structures is explained as follows: in the case of rapid heating, almost all of 

the precursor Ce and Zr salts are hydrolyzed very quickly as to afford large amount of 

nascent nanoparticles of CeO2 and ZrO2 to be present at same time. However, the nascent 

nanoparticles have no chance to grow up to an appreciable size, since almost all starting 

materials have been already consumed at the high temperature through rapid heating; instead 

the nascent nanoparticles of CeO2 and ZrO2 mix together to yield homogeneously mixed 

mesoporous sperical CexZr1-xO2 composite nanoassemblies (Figure 3-10). On the other hand, 

in the case of slow heating, the CeO2 and ZrO2 nascent nanoparticles yielded at the early 

stage of heating individually grow up to an appropriate crystal size, since there is a 

continuous supply of the Ce
3+

 and Zr
4+

 ions from the remaining starting materials (Figure 3-

10). Thus, we succeeded in synthesizing homogeneously mixed mesoporous spherical  

CexZr1-xO2 composite nanoassemblies as well as mesoporous spherical CeO2–ZrO2 composite 

nanoassemblies with domain structures using our ultimately simple one-pot synthesis with 

high-temperature and high-pressure methanol, employing different heating rates, and without 

calcination. 
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Figure 3-6. XRD patterns of spherical nanoassemblies: (a) ZrO2, (b) Ce/ZrO2-0.25, (c) 

Ce/ZrO2-0.33, (d) Ce/ZrO2-0.50, (e) Ce/ZrO2-0.66, and (f) CeO2. 
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Figure 3-7. Lattice parameter versus Ce content in precursor solution. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. XRD patterns of spherical CeO2–ZrO2-SH composite nanoassemblies (peak 

positions of cubic CeO2 and tetragonal ZrO2 are shown with blue and red lines, respectively).  
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Figure 3-9. STEM and EDX mapping images (a) and SEM image (b) of spherical CeO2–

ZrO2-SH composite nanoassemblies.  

 

 

 

Figure 3-10. Schematic illustration of the reaction mechanism leading to homogeneously 

mixed CexZr1-xO2 composite nanoassemblies and CeO2–ZrO2 composite nanoassemblies with 

domain structures (■ and ■ represent primitive nanoparticles of CeO2 and ZrO2, respectively).  
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3-2-2  Synthesis of ZrO2@CeO2 core-shell nanoassemblies by a step-wise approach in 

high-temperature and high-pressure alcohols  

A step-wise synthetic approach was applied to obtain ZrO2@CeO2 core-shell 

nanoassemblies with a ZrO2 core and a CeO2 shell (Figure 3-1). Treatment of mesoporous 

spherical ZrO2 nanoassemblies with Ce(NO3)3 in supercritical methanol at 300 °C for 10 min 

under 0.28 g mL
-1

 methanol density yielded a powdery product (referred to as ZrO2@CeO2-

MeOH). The XRD diffraction pattern of the obtained material revealed broad peaks with 

mixed profiles of ZrO2 tetragonal and CeO2 cubic phases, indicating they are not 

homogeneously mixed, but rather a mixture of ZrO2 and CeO2 with tetragonal and cubic 

phases, respectively (Figure 3-11). EDX mappings images clearly show that two types of 

spherical composite nanoassemblies were included, i.e. (i) spherical composite 

nanoassemblies consisting of Zr, O, and a small amount of Ce atoms (ZrO2@CeO2 with thin-

shell, Figure 3-12a) and (ii) core-shell type spherical composite nanoassemblies (ZrO2@CeO2 

with thick-shell Figure 3-12b) with ZrO2 core and CeO2 shell; the ratio (i) : (ii) is roughly 

estimated to be 10:1 by counting the numbers of the particles on the EDX images. In case (i), 

judging from the fact that ZrO2 MARIMO nanoassemblies show relatively weak intensities 

on the XRD patterns as mention above, we concluded that starting microporous ZrO2 

MARIMO nanoassemblies in the tetragonal phase are covered by very thin shell of CeO2 in 

the cubic phase as schematically illustrated in Figure 3-13. Interestingly, when formic acid 

was used as an additive in this reaction, a mixture of independent spherical ZrO2 

nanoassemblies covered by a very thin CeO2 shell and spherical CeO2 nanoassemblies 

themselves was obtained. 

Then the solvent was changed as an attempt to produce a thicker outer-shell of cubic 

CeO2, since some of secondary alcohols are reported to yield larger size crystalline CeO2 

particles.
[33] 

Indeed, when the reaction was performed in 2-propanol instead of methanol, the 
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Figure 3-11. XRD patterns of ZrO2@CeO2-MeOH core-shell nanoassemblies (peak positions 

of cubic CeO2 and tetragonal ZrO2 are shown with blue and red lines, respectively).  

 

 

 

 

 

 

 

 

Figure 3-12. STEM and EDX mapping images of ZrO2@CeO2 (a) with thin-shell structure, 

(b) with ZrO2@CeO2 with thick-shell structure, and (c) SEM image of ZrO2@CeO2-MeOH 

composite nanoassemblies. 
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Figure 3-13. Schematic illustration of a possible formation mechanism for the ZrO2@CeO2 

core-shell structure (■ and ○ represent CeO2 and ZrO2 primary nanoparticles respectively).  

 

 

 

 

 

 

 

 

Then the solvent was changed as an attempt to produce a thicker outer-shell of cubic  

 

 

Figure 3-14. XRD patterns of ZrO2@CeO2-
i
PrOH core-shell nanoassemblies (peak positions 

of cubic CeO2 and tetragonal ZrO2 are shown with blue and red lines, respectively). 
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Figure 3-15. (a) STEM and EDX mapping images of perfect core-shell structure, (b) line 

scans of perfect core-shell structure, (c) STEM and EDX mapping images of rugged core-

shell structure, and (d) SEM image of ZrO2@CeO2-
i
PrOH core-shell nanoassemblies. 
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core-shell nanoassemblies is roughly estimated to be 1:10. Not all of the particles exhibited a 

perfect core-shell structure (Figure 3-15a), but some with rugged structures were also 

observed (Figure 3-15c); the ratio of the nanoassemblies with perfect core-shell structure to 

those with rugged structures was approximately 1:25. Similarly, TiO2@CeO2 core-shell 

nanoassemblies were also easily synthesized (Figure 3-16). 

 

 

 

 

 

 

 

 

 

 

Figure 3-16. (a) STEM and EDX mapping images and (b) line scans of TiO2@CeO2 core-

shell nanoassemblies. 
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methanol by rapid heating (500 °C/min), while mesoporous spherical CeO2–ZrO2 composite 

nanoassemblies with domain structure were obtained by heating the solution slowly 

(5.4 °C/min). The atomic compositions of homogeneously mixed CexZr1-xO2 were tuned by 

adjusting the Ce/Zr mixing ration in the precursor solution. Treatment of mesoporous 

spherical ZrO2 nanoassemblies with Ce(NO3)3 yielded CeO2@ZrO2 composite 

nanoassemblies with core-shell structures, where the choice of the solvent played a key role 

in controlling the thickness of the outer shell. Methanol gave a very thin outer shell of cubic 

CeO2, while a thick shell formed when 2-propanol was used. Thus, the atomic compositions, 

nano-structures, and morphologies of mesoporous spherical CeO2–ZrO2 nanoassemblies were 

successfully controlled by a simple solvothermal synthetic method . 

3-4    Experimental section 

3-4-1 General information 

Methanol, 2-propanol (isopropyl alcohol), formic acid, cerium (III) nitrate 

hexahydrate, titanium tetraisopropoxide, and zirconium (IV) oxynitrate dihydrate were 

purchased from Wako Pure Chemical Industries Co. Ltd.  These were used as received 

without further purification. 

3-4-2 Synthesis of mesoporous spherical composite nanoassemblies 

CeO2 MARIMO nanoassemblies and ZrO2 MARIMO nanoassemblies were prepared 

according to the method previously reported.
[34,35]

 Homogeneously mixed mesoporous 

spherical CexZr1-xO2 (Ce/ZrO2) composite nanoassemblies were synthesized by using 

mixtures of Ce(NO3)3·6H2O (0.25-0.50 mmol), ZrO(NO3)2·2H2O (0.25-0.75 mmol), and 

formic acid (2.5 mmol) in methanol (5 mL) as precursors. CeO2-ZrO2-SH was prepared by 

using equimolar amounts of Ce(NO3)3·6H2O and ZrO(NO3)2·2H2O (0.25 mmol) and formic 

acid (2.5 mmol) in methanol (5mL) according to the previously reported slow heating method 
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(5.4 °C/min) up to 400 °C.
[24]

 ZrO2@CeO2 core-shell nanoassemblies were synthesized as 

follows: 30 mg of mesoporous spherical ZrO2 nanoassemblies and 0.125 mmol of 

Ce(NO3)3·6H2O were vigorously mixed and dispersed in either 5 mL methanol or 2-propanol. 

A 3.5 mL portion of the suspension was transferred to an SUS-316 stainless steel tubular 

reactor of 10 mL inner volume. The reactor was sealed with a screw cap and placed for 10 

min in a molten-salt bath which was heated to and maintained at 300 °C. The reaction was 

quenched by placing the reactor in an ice water bath. The obtained reaction mixture was 

centrifuged, washed with methanol, and dried under vacuum to give a powdery product. 

3-4-3 Characterization 

XRD patterns were obtained using a Rigaku SmartLab diffractometer with graphite-

monochromatized Cu Kα radiation (X-ray wavelength: 0.15418 nm) in steps of 0.02 ° over 

the 2θ range of 20−70 °. TEM images and HRTEM images were measured on a JEOL JEM-

2100F microscope. EDX mappings and line scan spectra were obtained from Oxford INCA 

Energy TEM250. SEM images were taken on a JEOL JSM-7300F microscope. Nitrogen 

adsorption–desorption isotherms were obtained using a BEL Japan INC Belsorp Mini (II). 
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Chapter 4. 

Synthesis of MgO ultra-fine nanocrystals by single-step 

solvothermal method 

 

4-1  Introduction 

MgO is an insulating material with wide band gap energy (7.5 eV) which would be a 

key material for deep ultraviolet (UV) light emitting devices.
[1]

  Nano-size MgO is usually 

synthesized by calcination of nano-size solid intermediates such as Mg(OH)2,
[2]

 MgCO3,
[3]

 

and magnesium containing MOFs.
[4,5] 

Synthesis of Mg(OH)2 solid intermediates by several 

methods such as precipitation, sol-gel, and  electrodeposition were reported.
[6–8]

 In addition, 

the hydrothermal treatment of Mg salts or Mg powder itself in an autoclave reported to afford 

Mg(OH)2 nanoassemblies, where the morphologies of the Mg(OH)2 nanoassemblies 

controlled by changing the form of magnesium, solvents, and bases.
[2]

 Also, morphology 

control of Mg(OH)2 nanoassemblies by using some additives such as neutral ligands, 

polymeric capping agents, and surfactants was also reported.
[2,9,10]

 On the other hand, nano-

size MgCO3 as a solid intermediate product of MgO nanomaterials was prepared by 

precipitation, hydrothermal, two-step solvothermal methods, etc.
[3,11–14]

 Morphologies of the 

basic MgCO3 solid precursors were controlled by changing pH, solvent, and reaction 

temperature in their syntheses.
[3,11,12]

 Few examples on calcination of Mg containing MOFs 

were also reported to afford MgO nanomaterials.
[4,5]

 Thus, the synthesis of MgO 

nanomaterials by high temperature calcination of solid intermediates is one of the simplest 

methods, while the calcination usually results in increase of their primary nanocrystal size,
[15]

 

which eventually becomes a barrier to realize deep UV light emitting materials. Therefore, 
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the development of synthetic methods to obtain MgO ultra-fine nanocrystals without 

calcination is of quite importance. 

 Some of single-step solvothermal synthesis of ultra-fine nanoparticles of various 

metal oxides without calcination are reported in the literatures, which indicate the possibility 

of solvothermal method to yield MgO ultra-fine nanoparticles.
[16–19]

 However, attempted 

synthesis of MgO nanomaterials by solvothermal methods resulted in Mg(OH)2 instead of 

MgO.
[2,9,20]

 Dehydration of the obtained Mg(OH)2 nanomaterials did not occur in typical 

solvothermal methods due to their chemical and physical stability.
[9]

 Therefore, it is required 

to use much drastic conditions to afford MgO nanocrystals through solvothermal synthesis. 

As mentioned in former chapters, Wang et al. developed high-temperature and high-

pressure alcohol based single-step one-pot simple solvothermal method to obtain several 

kinds of MARIMO nanoassemblies, such as SiO2, TiO2, ZnO, ZrO2, and CeO2.
[16]

 The 

morphologies of the MARIMO nanoassemblies were easily controlled by changing the 

reaction parameters such as metal salts or alkoxides, heating rate, and reaction 

temperature.
[16,21]

 On the other hand, coordination atmosphere of the metal cation would be 

an important factor to control the hydrolysis of metal salts or alkoxides in the solvothermal 

reactions. Then, I supposed our solvothermal method would afford MgO ultra-fine 

nanocrystals through controlling of coordination atmosphere of the Mg
2+

 cation and reaction 

temperature. 

4-2  Results and discussion 

First, direct synthesis of MgO ultra-fine nanocrystals was attempted through the above 

mentioned alcohol based solvothermal method. Upon treatment of a solution of Mg(NO3)2 in 

methanol with no additive at 300 °C, a powdery product was obtained. TEM images (Figure 

4-1a) and XRD patterns (Figure 4-2a) showed that the obtained flower shape nanoassemblies 



67 
 

plausibly consisting of Mg2O(OH)2 (JCPDS 01-070-9187). In order to accelerate the 

hydrolysis of Mg(NO3)2 in the solvothermal reactions, five times excess amount of  formic 

acid was added to the precursor solution and reaction was performed at 300 °C. However, 

TEM image (Figure 4-1b) and XRD patterns (Figure 4-2b) of obtained nanoassemblies 

revealed that the shape of nanoassemblies was quite similar to that of Mg2O(OH)2 obtained 

without formic acid. 

On the other hand, the hydrolysis of Mg salts can be controlled through tuning of 

coordination atmosphere by changing the anion of the Mg salt. The synthesis of 

nanomaterials via decomposition of metal acetylacetonate (acac) is an well-known approach 

to obtain nano-size metal oxides, such as TiO2, V2O3, Fe2O3, ZnO, In2O3, SnO2, Ga2O3, 

Nb2O5, Ta2O5, and HfO2.
[22]

 Then, solvothermal treatment of Mg(acac)2 in high-temperature 

and high-pressure methanol was investigated in expectation of one-step synthesis of the 

desired MgO nanocrystals. Treatment of Mg(acac)2 solution in methanol at 300 °C afforded  

beautiful hexagonal nanosheets (Figure 4-1c). However, they were not desired MgO but 

Mg(OH)2 (brucite: JCPDS 01-071-5972) judging from XRD analysis (Figure 4-2c). 

  

 

Figure 4-1. TEM images of nanomaterials synthesized by solvothermal treatments of (a) 

Mg(NO3)2 in methanol at 300 °C; (b) a mixture of Mg(NO3)2 and HCOOH in methanol at 

300 °C; and (c) Mg(acac)2 in methanol at 300 °C. 
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Mg(OH)2 is usually calcinated at 400–600 °C to yield MgO because dehydration of 

Mg(OH)2 requires high temperature such as over 290 °C.
[23]

 Then, the solution of Mg(NO3)2 

in methanol was treated at higher temperature of 400 °C in expectation of in situ MgO 

nanocrystals formation under the solvothermal conditions. However, the resulting flower 

shape nanoassemblies (Figure 4-3a) plausibly consisting of Mg2O(OH)2 judging from their 

XRD patterns (Figure 4-4a) even though the reaction was performed at higher temperature of 

400 °C. 

 

 

 

 

Figure 4-2. XRD patterns of nanomaterials synthesized by solvothermal treatments of (a) 

Mg(NO3)2 in methanol at 300 °C; (b) a mixture of Mg(NO3)2 and HCOOH in methanol at 

300 °C; and (c) Mg(acac)2 in methanol at 300 °C. 
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Figure 4-3. TEM images of nanomaterials synthesized by solvothermal treatments of (a) 

Mg(NO3)2 in methanol at 400 °C and (b) a mixture of Mg(NO3)2, bis(2-aminoethyl)amine, 

and Mg(NO3)2 in methanol at 400 °C. 

 

 

 

Figure 4-4. XRD patterns of nanomaterials synthesized by solvothermal treatments of (a) 

Mg(NO3)2 in methanol at 400 °C; (b) Mg(NO3)2, bis(2-aminoethyl)amine, and Mg(NO3)2 in 

methanol at 400 °C; (c) Mg(NO3)2, bis(2-aminoethyl)amine, and Mg(NO3)2 in acetonitrile at 

400 °C; and (d) Mg(NO3)2 and triethylene glycol in acetonitrile at 400 °C. 
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Also, the coordination atmosphere of the Mg
2+

 ions can be adjusted by addition of 

neutral ligands.
[24]

 Then, bis(2-aminoethyl)amine was selected as a suitable organic ligand. 

Solvothermal treatment of a mixture of Mg(NO3)2 and bis(2-aminoethyl)amine in methanol at 

400 °C afforded nanosheets, in which the formation of nanocrystals in some of nanosheets 

were observed (Figure 4-3b). A mixed profile of MgO (periclase : JCPDS 01-076-5381) and 

unidentified materials was observed on XRD patterns (Figure 4-4b), indicating that partial 

dehydration of Mg(OH)2 occurred to give nanocrystals of MgO. The size of the crystalline 

nanoparticles formed at the edges of the nanosheets was larger than that of at the center 

(Figure 4-3b inset). 

 

When solvothermal reactions in alcohols are performed at elevated temperature, water 

should be generated by condensation of alcohols, which would cause the incomplete 

dehydration of Mg(OH)2 or Mg2O(OH)2. Therefore, solvents which do not yield water at 

high-temperature conditions should be taken to yield MgO nanomaterials in the solvothermal 

conditions. In addition, solvent is another important parameter for coordination atmosphere 

tuning of the Mg
2+

 ions. Then, acetonitrile was chosen as an alternative solvent. A precursor 

solution containing Mg(NO3)2 and bis(2-aminoethyl)amine in acetonitrile was solvothermally 

treated under high-temperature and high-pressure conditions at 400 °C for 10 min.  The 

results were more than expected to yield desired MgO ultra-fine nanocrystals with the size of 

ca. 5 nm (Figures 4-4c and 4-5a). Moreover, the XRD patterns did not show any peak 

corresponding to that of either Mg(OH)2 or Mg2O(OH)2, clearly indicating that almost 

complete dehydration of Mg(OH)2 or Mg2O(OH)2 affording MgO nanocrystals occurred. The 

similar treatment of Mg(NO3)2 and triethylene glycol in acetonitrile surprisingly afforded 

nanoassemblies with hollow spherical morphology (Figures 4-5b). The XRD patterns (Figure 

4-4c) did not show any clear peaks, while the EDX analysis on STEM showed that 
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Figure 4-5. TEM images of nanomaterials obtained by solvothermal treatments of (a) 

Mg(NO3)2, bis(2-aminoethyl)amine, and Mg(NO3)2 in acetonitrile at 400 °C and (b) 

Mg(NO3)2 and triethylene glycol in acetonitrile at 400 °C. 

 

the hollow spherical nanoassemblies contain Mg and O atoms. Thus, MgO ultra-fine 

nanocrystals were successfully synthesized through the tuning of coordination atmosphere of 

Mg
2+

 cation by changing the anion, ligand, reaction temperature, and solvent in the our 

simple solvothermal method. 

4-3  Conclusions  

 MgO ultra-fine nanocrystals were obtained by the treatment of a precursor solution 

containing Mg(NO3)2 and bis(2-aminoethyl)amine in acetonitrile at 400 °C. Similar treatment 

of a precursor solution containing Mg(NO3)2 and triethylene glycol in acetonitrile resulted in 

hollow spherical amorphous nanoassemblies consisting of Mg and O atoms. On the other 

hand, Mg2O(OH)2 flower shape nanoassemblies were obtained by the solvothermal treatment 

of a solution of Mg(NO3)2 in methanol at 300 °C, while beautiful hexagonal brucite Mg(OH)2 

nanosheets were afforded by the similar treatment of Mg(acac)2 in methanol. Individual 

nanosheets plausibly consisting of Mg2O(OH)2 were yielded by the treatment of  a precursor 

solution containing Mg(NO3)2 and bis(2-aminoethyl)amine in methanol at 300 °C, and the 
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nanosheets with MgO nanocrystals were afforded under high-temperature reaction conditions 

at 400 °C. Thus, MgO ultra-fine nanocrystals were successfully synthesized by ultimately 

simple solvothermal method, which can be a key material for deep UV light emission. 

4-4  Experimental section  

4-4-1  General information 

Methanol, acetonitrile, bis(2-aminoethyl)amine, magnesium nitrate hexahydrate, and 

magnesium acetylacetonate dihydrate were purchased from Wako pure Chemical Industries 

Co. Ltd. These were used as received without further purification. 

4-4-2  Synthesis of MgO nanocrystals and nanoassemblies 

Precursor solutions containing 0.35 mmol of Mg(NO3)2·6H2O or Mg(acac)2·H2O 

dissolved in 3.5 mL of methanol was transferred to an SUS-316 stainless steel tubular reactor 

of 10 mL inner volume. The reactor was sealed with a screw cap and slowly heated with a 

rate of 5.4 °C/min up to 300 °C or 400 °C and the final temperature was maintained for 10 

minutes. The reaction was quenched by placing the reactor in an ice water bath. The obtained 

reaction mixture was centrifuged and the supernatant was decanted off. The crude particles 

were washed with methanol several times and dried under vacuum to give a powdery product. 

The precursor solutions containing 0.35 mmol of Mg(NO3)2·6H2O and 1.75 mmol of 

HCOOH in 3.5 mL of methanol; 0.35 mmol of Mg(NO3)2·6H2O and 1.75 mmol of bis(2-

aminoethyl)amine in 3.5 ml of methanol; 0.35 mmol of Mg(NO3)2·6H2O and 1.75 mmol of 

bis(2-aminoethyl)amine in 3.5 mL of acetonitrile; and 0.35 mmol of Mg(NO3)2·6H2O and 11 

mmol of triethylene glycol in 3.5 mL of acetonitrile were also treated by similar methods. 
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4-4-3  Characterization 

XRD patterns were obtained using a Rigaku SmartLab diffractometer with graphite-

monochromatized Cu Kα radiation (X-ray wavelength: 0.15418 nm) in steps of 0.02 ° over 

the 2θ range of 20−90 °. TEM images and HRTEM images were measured on a JEOL JEM-

2100F microscope. EDX spectra were obtained from Oxford INCA Energy TEM250.  
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Chapter 5. 

Conclusions 

 Versatility of solvothermal synthetic method was demonstrated via ultimately simple 

single-step synthesis of Al2O3–TiO2 and ZnO–TiO2 composite spherical nanoassemblies with 

hollow morphology. Al2O3–TiO2 hollow composite nanoassemblies consisting of anatase 

TiO2 primary nanoparticles mixed with amorphous Al2O3 fine primary nanoparticles were 

obtained by one-pot simple solvothermal method with high-temperature and high-pressure 

methanol. The atomic compositions of the Al2O3–TiO2 hollow composite nanoassemblies 

were controlled by changing the Al/Ti alkoxides mixing ratio in the precursor solution. 

Al2O3–TiO2 hollow composite nanoassemblies with high Al content (Al = 50–75%) exhibited 

large surface area exceeding 600 m
2 

g
-1

. Al2O3–TiO2 hollow composite nanoassemblies with 

high Al content (Al = 50%) did not show a phase transition from anatase to rutile even after 

high-temperature calcination at 1000 °C for 1h. ZnO–TiO2 hollow composite nanoassemblies 

consisting of anatase TiO2 primary nanoparticles mixed with amorphous ZnO fine primary 

nanoparticles were obtained by one-pot simple solvothermal method with high-temperature 

and high-pressure methanol. The atomic compositions of the ZnO–TiO2 composite 

nanoassemblies were controlled by changing the Zn/Ti alkoxide/salt mixing ratio in the 

precursor solution. The band-gap energies of ZnO–TiO2 nanoassemblies were easily tuned by 

changing their ZnO content. 

CeO2–ZrO2 which is one of the most promising mixed metal oxide composite 

catalysts for exhaust gas treatment was synthesized by simple solvothermal method. The 

nano-structures of spherical composite nanoassemblies were easily controlled to yield CexZr1-

xO2 homogeneous mixtures and CeO2–ZrO2 with domain structure by simply changing 

heating rate. The atomic compositions of homogeneous CexZr1-xO2 composite 
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nanoassemblies were easily tuned by adjusting the Ce/Zr salts mixing ratio in the precursor 

solutions. CeO2@ZrO2 core-shell type spherical nanoassemblies were synthesized by step-

wise approach.  

Solvothermal treatment of a precursor solution containing Mg(NO3)2 and bis(2-

aminoethyl)amine in acetonitrile at 400 °C is a superior synthetic approach to MgO ultra-fine 

nanocrystals which can be a key material for deep UV light emitting devices. Amorphous 

hollow spherical nanoassemblies consisting of Mg and O atoms were obtained by the similar 

treatment of a precursor solution containing Mg(NO3)2 and triethylene glycol in acetonitrile. 

 Thus, two frontiers of solvothermal methods in the field of metal oxide nanomaterial 

synthesis i.e., (i) ultimate simple solvothermal synthesis of mixed metal oxide composite 

nanoassemblies and (ii) single-step solvothermal synthesis of MgO ultra-fine nanoparticles 

were conquered through the rationally designed solvothermal methods. Morphologies and 

nano-structures of the nanomaterials were quite easily controlled by changing the metal salts 

and alkoxides, organic ligands as additives, solvents, heating rate, and reaction temperature 

demonstrating the versatility of my solvothermal method in the field of metal oxide 

nanomaterial synthesis. Given the importance of our solvothermal method as an ultimately 

simple synthetic approach to metal oxide nanomaterials as well as a highly suitable synthetic 

method for scaling up towards industrial level, I believe that my research will significantly 

contribute to the development of science and engineering. 

 

 

 

 

 

 



78 
 

List of works 

Publications 

 

1. E. K. C. Pradeep, T. Habu, H. Tooriyama, M. Ohtani, K. Kobiro, Ultra-simple 

synthetic approach to the fabrication of CeO2–ZrO2 mixed nanoparticles into 

homogeneous, domain, and core–shell structures in mesoporous spherical 

morphologies using supercritical alcohols, J. Supercrit. Fluids 2015, 97, 217–223. 

 

2. E. K. C. Pradeep, M. Ohtani and, K. Kobiro, A simple synthetic approach to Al2O3–

TiO2 and ZnO–TiO2 mesoporous hollow composite assemblies consisting of 

homogeneously mixed primary particles at the nano level, Eur. J. Inorg. Chem. 2015, 

5621–5627. 

 

 

Presentations 

 

1. E. K. C. Pradeep, T. Habu, H. Tooriyama, M. Ohtani, K. Kobiro, Composition and 

morphology control of CeO2˗ZrO2 composites, 高知化学会第 27回研究会講演会, 

高知市, 8月, 2014. 

 

2. H. Tooriyama, E. K. C. Pradeep, P. Wang, K. Kobiro, Smart decoration of spherical 

mesoporous TiO2 nanoparticles with core–shell alloy nanoparticles in supercritical 

methanol, 4th International Solvothermal and Hydrothermal Association Conference, 

Boudreaux, France, October 2014. 

 

3. E. K. C. Pradeep, H. Tooriyama, P. Wang, K. Kobiro, Ultimately simple and smart 

synthesis of new mesoporous nanoparticles in supercritical methanol, 4th 

International Solvothermal and Hydrothermal Association Conference, Boudreaux, 

France, October 2014. 

 

4. E. K. C. Pradeep, T. Habu, H. Tooriyama, M. Ohtani, K. Kobiro, Fabrication of 

CeO2–ZrO2 mixed spherical mesoporous nanoparticles into homogeneous, domain, 

and core-shell structures, 4th International Solvothermal and Hydrothermal 

Association Conference, Boudreaux, France, October 2014. 

 

5. E. K. C. Pradeep, M. Ohtani, K. Kobiro, One-pot Single-step Synthetic Approach to 

Morphology Controlled Binary Metal Oxide Nanospheres, Kochi University-Kochi 

University of Technology Joint Seminar of Chemistry, Kochi, Japan, June 2015. 

 

6. E. K. C. Pradeep, M. Ohtani, K. Kobiro, One-pot, single-step, and template free 

synthesis of mesoporous spherical composite metal oxide nanoparticles in 



79 
 

supercritical alcohols, 2nd Annual International Conference on Nanoscience and 

Nanotechnology–2015, Colombo, Sri Lanka, September 2015. 

 

7. M. Ohtani, E. K. C. Pradeep, K. Kobiro, Single-step one-pot synthesis of metal 

oxide composite hollow assemblies, IUPAC 11th International Conference on Novel 

Materials and their Synthesis, Qinhuangdao, China, October 2015. 

 

8. M. Ohtani, E. K. C. Pradeep, K. Kobiro, Synthesis of novel spherical porous metal 

oxide composite nanoassemblies, IUPAC 11th International Conference on Novel 

Materials and their Synthesis, Qinhuangdao, China, October 2015. 

 

9. E. K. C. Pradeep, M. Ohtani, K. Kobiro, One-pot synthesis of hollow porous 

composite nanoassemblies based on binary metal oxides, 高知工科大学総合研究所 

ナノテク研シンポジウム, 11月, 2015. 

 

 

Patent 

 

1. 特願 2014-214856号， 

メソポーラスナノ球状粒子製造方法， 

小廣和哉, 大谷政孝, エラワラ・カンカナムゲ・チャンディマ・プラディープ. 

 

 

Awards 

 

1. Journal of Supercritical Fluids “Editor-in-chief’s Featured Article” award, 

E. K. C. Pradeep, T. Habu, H. Tooriyama, M. Ohtani, K. Kobiro, 

Ultra-simple synthetic approach to the fabrication of CeO2–ZrO2 mixed nanoparticles 

into homogeneous, domain, and core–shell structures in mesoporous spherical 

morphologies using supercritical alcohols, J. Supercrit. Fluids 2015, 97, 217–223. 

 

2. ポスター賞, 

E. K. C. Pradeep, M. Ohtani, K. Kobiro, 

One-pot synthesis of hollow porous composite nanoassemblies based on binary metal 

oxides, 高知工科大学総合研究所 ナノテク研シンポジウム, 11月, 2015.  

 

 

 

 

 



80 
 

 

Miscellaneous 

 

1. E. K. C. Pradeep, H. M. P. C. K. Herath, H. R. Perera, C. Li, D. P. Dissanayake, 

Comparison of polyaniline and polypyrrole based humidity sensors, The 4th 

International Symposium on Frontier Technology, Shenyang, China, August 2013. 

 

2. X. Li, C. Pradeep, D. Wang, T. Kawaharumura, N. Nitta, H. Furuta, A. Hatta, C. 

Li,  Development of well-aligned ZnO nanorods as photo electrode for dye-sensitized 

solar cell application, 28th European Photovoltaic Solar Energy Conference and 

Exhibition, Frankriech, France, October 2013. 

 

3. E. K. C. Pradeep, X. Li, T. Kawaharamura, D. Wang, A. Hatta, C. Li,  Arrayed ZnO 

Nanorods Fabrication on ZnO Film by Self-catalyst Growth Method in Aqueous 

Solution, MRS Online Proc. Libr. 2014, 1584, jsapmrs13-1584-6687. 

 

4. C. Li, X. Li, E. K. C. Pradeep, T. Kawaharamura, ZnO thin film phosphor prepared 

on different substrates by novel multiple reducing annealing, Dig. Tech. Pap.-Soc. Inf. 

Disp. Int. Symp. 2014, 45, 1305–1308. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

Acknowledgement 

First, I am deeply indebted to my supervisor, Professor Kazuya Kobiro, not only for 

providing me the opportunity to carry on this research in the laboratory for Organic-inorganic 

hybrid materials chemistry, but also for his valuable help, suggestions, and comments during 

this research and writing this thesis. I would like to be thankful to the current and former 

members of “Kobiro group” including Assistant Professor Masataka Ohtani and Dr. Pengyu 

Wang for their kind help and guidance. Also, I would like to thank my co-supervisors; 

Professor Nagatoshi Nishiwaki, Professor Ryuichi Sugimoto, Professor Mamoru Furuta, and 

Professor Akimitsu Hatta for the guidance they provided. 

Second, I would like to express my sincere gratitude to Professor Chaoyang Li and 

Associate Professor Hisao Makino for teaching of applied physics. Also, I am grateful to the 

faculty members of Institute of Nanotechnology; Associate Professor Toshiyuki 

Kawaharamura and lecturer Dr. Noriko Nitta, for their advices given for the nanomaterials 

characterization. Moreover, I would like to thank Emeritus Professor Laurence Hunter for 

teaching of English academic writing. 

Third, I gratefully acknowledge Professor Shinichiro Sakikawa, the members of the 

international relation center, and Mr. Takashi Yoshida for their support not only in the 

University premises but also in our life at Tosayamada. 

Specially, I would like to thank Special Scholarship Program (SSP) of Kochi 

University of Technology and Japan Student Services Organization (JASSO) for the 

scholarships I received for my doctoral studies.  

Last, but not least I would like to appreciate the support, understanding, and the 

patience of my mother Mrs. Nandawathie, my father Mr. Abeypala, my sister Dr. Champika, 

and my loving wife Deshani. 

    


