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Preface 
 

Nanocrystals have been attracting much attention for future science and technology. 
Chapters are sought that address innovative solutions to the design, synthesis, 
crystallization, morphology control, self-assembly, nano/micro-structure formation, 
patterning, novel property and device application of Nanocrystals. The book involves 
Nanocrystals of metal oxides, semiconductors, compounds, noble metals, metals, 
inorganic materials, carbon materials, organic molecules, polymers, bio materials, 
hybrid materials, composites, etc. It features remarkable breakthrough on 
Nanocrystals and provides latest scientific knowledge and leading-edge technology. 
They offer research agenda and accelerate the research, development and diffusion of 
Nanocrystals.  

In closing, I wish to express my sincere sense of gratitude to the authors, publishing 
process manager Ms. Silvia Vlase, and the publishing staff. I dedicate this book to my 
parents, Mr. Toshio Masuda and Ms. Nobuko Masuda, my sisters, Ms. Shinobu Horita 
and Ms. Satoe Amaya, my children, Ms. Yuuka Masuda, Ms. Arisa Masuda and Mr. 
Ikuto Masuda, and my wife, Ms. Yumi Masuda. 

 
Yoshitake Masuda 

National Institute of Advanced Industrial Science and Technology (AIST),  
Japan 

  





Part 1 

Synthesis and Design of Nanocrystals



 
 



1 

Morphology Control of  
Metal Oxide Nanocrystals 

Yoshitake Masuda 
National Institute of Advanced Industrial Science and Technology (AIST)  

Anagahora, Shimoshidami, Moriyama-ku, Nagoya 
Japan 

1. Introduction 
Metal oxides have been widely used in electro devices, optical devices, etc. Recently, liquid 
phase syntheses of them attract much attention as future technology and novel academic 
field. Especially, liquid phase syntheses of anisotropic particles or films are expected for 
next generation metal oxide devices. This section describes liquid phase morphology control 
of anisotropic metal oxide. They were realized by precise control of nucleation and crystal 
growth. They showed high performance of solution systems for future metal oxide devices. 
Liquid phase morphology control of anisotropic metal oxide particles and films would 
contribute to development of metal oxide science and technology.  

2. Morphology control of acicular BaTiO3 particles1 
Acicular BaTiO3 particles were developed using solution systems. The morphology of BaC2O4 
0.5H2O was controlled to acicular shape. Its phase transition to BaTiO3 was realized by 
introducing Ti ions from the coprecipitated amorphous phase. Acicular BaTiO3 particles have 
an aspect ratio as high as 18 and the particle size can be controlled by varying the growth 
period of BaC2O4 · 0.5H2O which governs the size of BaC2O4 · 0.5H2O particles. Acicular 
particles of crystalline BaTiO3 can be used for ultra-thin multilayer ceramic capacitors. 
Multilayer ceramic capacitors (MLCC) are indispensable electronic components for 
advanced electronic technology2-12, but larger capacity and smaller size are needed for 
future electronic devices. To meet these needs, BaTiO3 particles were downsized, but 
ferroelectric ceramics lose their ferroelectricity when their particle size is decreased and lose 
ferroelectricity entirely at a critical size2-11. This is known as the size effect and it impedes the 
progress of MLCC, so a novel solution has been eagerly anticipated. 
Here, we propose MLCC using acicular BaTiO3 particles13. An ultra-thin ferroelectric layer 
and high capacity can be realized by acicular particles having a high aspect ratio. The short 
side provides an ultra-thin ferroelectric layer and the large volume caused by the long side 
avoids the loss of ferroelectricity at the critical size. Anisotropic BaTiO3 particles are thus a 
candidate for MLCC. BaTiO3 has, however, an isotropic cubic or tetragonal structure, and its 
morphology is extremely difficult to control due to its isotropic crystal faces. We focused on 
triclinic BaC2O4 · 0.5H2O which has an anisotropic crystal structure and controlled the 
morphology of these particles by precisely controlling crystal growth. We also achieved 
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phase transition of BaC2O4 · 0.5H2O to crystalline BaTiO3 by introducing Ti ions from the 
coprecipitated amorphous phase. Having developed several key technologies, we were 
successfully able to produce anisotropic acicular BaTiO3 particles. 
Morphology control of BaTiO3 to rod-shape was reported previously. Additionally, metal 
oxalates (MC2O4) have been used for synthesis of rod-shaped oxides or hydroxides. Y. 
Hayashi et al. reported preparation of rod-shaped BaTiO3 from rod-shaped TiO2-nH2O and 
BaCO3 in molten chloride at high temperature14. Li et al. reported preparation of nanoflakes 
and nanorods of Ni(OH)2, Co(OH)2 and Fe3O4 by hydrothermal conversion at 160 °C for 12 
h from MC2O4·2H2O in NaOH solutions15. Sun et al. prepared flowerlike SnC2O4 
submicrotubes in ethanol solutions containing SnCl2 and oxalic acid. They were annealed at 
500 °C for 2 h in ambient atmosphere to obtain flowerlike SnO2 submicrotubes16. 
Oxalic acid (252 mg) was dissolved into isopropyl alcohol (4 ml) (Fig. 1)1. Butyl titanate 
monomer (0.122 ml) was mixed with the oxalic acid solution, and the solution was then 
mixed with distilled water (100 ml). The pH of the solution was increased to pH = 7 by 
adding NaOH (1 M) and distilled water, while the volume of the solution was adjusted to 
150 ml by these additions. The aqueous solution (50 ml) with barium acetate (39.3 mg) was 
mixed with the oxalic acid solution. The mixed solution containing barium acetate (0.77 
mM), butyl titanate monomer (2 mM) and oxalic acid (10 mM) was kept at room 
temperature for several hours with no stirring, and the solution gradually became cloudy. 
Stirring causes the collision of homogeneously nucleated particles and destruction of large 
grown particles, and so was avoided in this process. The size of the precipitate was easily 
controlled from nanometer order to micrometer order by changing the growth period. Large 
particles were grown by immersion for several hours to evaluate the morphology and 
crystallinity in detail. 
 

 
Fig. 1. Conceptual process for fabricating acicular BaTiO3 particles. Morphology control of 
BaC2O4 • 0.5H2O particles and phase transition to BaTiO3. Reprinted with permission from 
Ref.1, Masuda, Y., Yamada, T. and Koumoto, K., 2008, Cryst. Growth Des., 8, 169. Copyright 
@American Chemical Society 

Oxalate ions (C2O42-) react with barium ions (Ba2+) to form barium oxalate (BaC2O4 · 
0.5H2O). BaC2O4 · 0.5H2O is dissolved in weak acetate acid provided by barium acetate 
((CH3COO)2Ba), however, it can be deposited at pH 7 which is adjusted by adding NaOH. 
BaC2O4 · 0.5H2O was thus successfully precipitated from the solution. 
Acicular particles were homogeneously nucleated and precipitated from the solution. They 
were on average 23 µm (ranging from 19 to 27 µm) in width and 167 µm (ranging from 144 
to 189 µm) in length, giving a high aspect ratio of 7.2 (Fig. 2). They had sharp edges and 
clear crystal faces, indicating high crystallinity. A gel-like solid was also coprecipitated from 
the solution as a second phase. 



 
Morphology Control of Metal Oxide Nanocrystals 

 

5 

 
Fig. 2. SEM micrograph and XRD diffraction pattern of acicular BaC2O4 • 0.5H2O particles 
precipitated from an aqueous solution at pH = 7. XRD diffraction measurement data (first 
step), XRD pattern calculated from crystal structure data16 (second step) and XRD pattern 
of JCPDS No. 20-134 (third step) are shown for triclinic BaC2O4 • 0.5H2O. Reprinted with 
permission from Ref.1, Masuda, Y., Yamada, T. and Koumoto, K., 2008, Cryst. Growth Des., 8, 
169. Copyright @American Chemical Society 

XRD diffraction patterns for the mixture of acicular particles and gel-like solid showed 
sharp diffraction peaks of crystalline BaC2O4 · 0.5H2O with no additional phase. Acicular 
particles were crystalline BaC2O4 · 0.5H2O and the gel-like solid would be an amorphous 
phase. 
Fortunately, BaC2O4 · 0.5H2O has a triclinic crystal structure as shown by the model 
calculated from structure data17 (Fig. 2 XRD first step) and thus anisotropic crystal growth 
was allowed to proceed to produce an acicular shape. Each crystal face has a different 
surface energy and surface nature such as zeta potential and surface groups. Anisotropic 
crystal growth is induced by minimizing the total surface energy in ideal crystal growth. 
Additionally, site-selective adsorption of ions or molecules on specific crystal faces 
suppresses crystal growth perpendicular to the faces and so induces anisotropic crystal 
growth. These factors would cause anisotropic crystal growth of BaC2O4 · 0.5H2O and hence 
allow us to control morphology and fabricate acicular BaC2O4 · 0.5H2O particles. The 
positions of diffraction peaks corresponded with that of JCPDS No. 20-0134 (Fig. 2 XRD 
third step) and that calculated from crystal structure data17 (Fig. 2 XRD second step), 
however, several diffraction peaks, especially 320 and 201, were enhanced strongly 
compared to their relative intensity. The enhancement of diffraction intensity from specific 
crystal faces would be related to anisotropic crystal growth; a large crystal size in a specific 
crystal orientation increases the x-ray diffraction intensity for the crystal face perpendicular 
to the crystal orientation. 
EDX elemental analysis indicated the chemical ratio of the precipitate, which included 
acicular particles and gel-like solid, to be about Ba / Ti = 1 to 1.5. The chemical ratio 
indicated that the coprecipitated amorphous gel contained Ti ions. Additional Ba ions can be 
transformed into BaCO3 by annealing and removed by HCl treatment in the next step. The 
ratio was thus controlled to slightly above Ba / Ti = 1 by adjusting the volume ratio of 
acicular particles and gel-like solid. Consequently, acicular particles of crystalline BaC2O4 · 
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0.5H2O with Ti-containing gel-like solid were successfully fabricated in an aqueous solution 
process. 
In comparison, isotropic particles of barium titanyl oxalate (BaTiO(C2O4)2 · 4H2O) were 
precipitated at pH 2. TiOC2O4 was formed by the following reaction in which the reaction of 
oxalic acid (H2C2O4 · 2H2O) with butyl titanate monomer ((C4H9O)4Ti) and hydrolysis can 
take place simultaneously18. 

  4 9 2 2 4 2 2 4 4 9 24
C H O Ti  H C O · 2H O  TiOC O  4C H OH H O   ＋  (a) 

TiO(C2O4) was then converted to oxalotitanic acid (H2TiO(C2O4)2) by the reaction: 

    2 4 2 2 4 2 2 2 4 22
TiO C O  + H C O 2H O  H TiO C O + 2H O・  (b) 

Alcoholic solution containing oxalotitanic acid (H2TiO(C2O4)2) formed by reaction (b) was 
subjected to the following cation exchange reaction by rapidly adding an aqueous solution 
of barium acetate at room temperature: 

      2 2 4 3 2 4 32 2 2
H TiO C O  Ba CH COO  BaTiO C O  2CH COOH     (c) 

BaTiO(C2O4)2 isotropic particles were formed by reaction (c). 
 On the other hand, neither BaC2O4 · 0.5H2O nor BaTiO(C2O4)2 was precipitated at pH 3 to 
pH 6. Gel-like solid was formed in the solution and their XRD spectra showed no diffraction 
peaks. The amorphous gel that precipitated at pH = 3 to 6 would be the same as the 
amorphous gel coprecipitated at pH 7. 
These comparisons show that the crystal growth and morphology control of BaC2O4 · 
0.5H2O are sensitive to the solution conditions. 
The precipitate was annealed at 750 °C for 5 h in air. Acicular BaC2O4 · 0.5H2O particles 
were reacted with Ti-containing amorphous gel to introduce Ti ions to transform into 
crystalline BaTiO3. X-ray diffraction of the annealed precipitate showed crystalline BaTiO3 
and an additional barium carbonate phase (BaCO3). Excess precipitation of BaC2O4 · 0.5H2O 
caused the generation of barium carbonate phase (BaCO3) as expected. 
 The annealed precipitate was further immersed in HCl solution (1 M) to dissolve barium 
carbonate (BaCO3). Acicular particles of crystalline BaTiO3 were successfully fabricated with 
no additional phase. Particles showed acicular shape with 2.8×10×50 µm and x-ray 
diffraction of single-phase crystalline BaTiO3 (Fig. 3). The high aspect ratio of the particles 
(17.8 = 50 / 2.8) would be provided by that of BaC2O4 · 0.5H2O particles. The particle size of 
acicular BaTiO3 can be easily controlled by the growth period and solution concentration for 
BaC2O4 · 0.5H2O precipitation which decides the particle size of BaC2O4 · 0.5H2O. 
BaTiO3 has a cubic crystal structure at high temperature above phase transition and has a 
tetragonal crystal structure at room temperature. The cubic crystal structure is completely 
isotropic and the tetragonal crystal structure results from stretching a cubic lattice along one 
of its lattice vectors. For both of the crystal structures it is difficult to control anisotropic 
crystal growth, however, with our newly developed process we could successfully control 
the morphology and fabricate acicular particles. This was achieved by controlling the 
morphology of triclinic BaC2O4 · 0.5H2O to acicular shape and the phase transition to BaTiO3 
by introducing Ti ions from the coprecipitated amorphous phase. The novel concept can be 
applied to a wide variety of morphology control and crystal growth control for advanced 
electronic devices composed of crystalline materials. 
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Fig. 3. SEM micrograph and XRD diffraction pattern of acicular BaTiO3 particles after 
annealing at 750 °C for 5 h and HCl treatment. XRD diffraction measurement data (first 
step) and XRD pattern of JCPDS No. 05-0626 (second step) are shown for tetragonal BaTiO3. 
Reprinted with permission from Ref.1, Masuda, Y., Yamada, T. and Koumoto, K., 2008, 
Cryst. Growth Des., 8, 169. Copyright @American Chemical Society 

3. Morphology control of ZnO particles19,20 
Ethylenediamine (H2N-CH2CH2-NH2, 15–45 mM, Sigma-Aldrich) was added to the zinc 
acetate aqueous solution (Zn(CH3COO)2, 15 mM, Kishida Chemical Co., Ltd.) to promote 
deposition of ZnO19. Zinc chelate (Zn(H2N-CH2CH2-NH2)2+) was formed from zinc acetate 
and ethylenediamine in reaction (a). ZnO was crystallized from zinc chelate and hydroxide 
ion (OH-) in reaction (c).  

 2 -
3 2 2 2 2 2 2 2 2 2 2 3Zn(CH COO) 2H NCH CH NH Zn(H NCH CH NH ) 2CH COO  … (a) 

 2H O OH H   … (b) 

 2
2 2 2 2 2 2 2 2 2 2Zn(H NCH CH NH ) 2OH ZnO 2H NCH CH NH H O     … (c) 

 
The solution became turbid shortly after adding ethylenediamine. The molar ratio of 
ethylenediamine to Zn was [ethylenediamine] / [Zn] = (a) 1 : 1, (b) 2 : 1 or (c) 3 : 1. pH of the 
solutions were (a) pH=7.3, (b) pH=8.0 or (c) pH=8.7, respectively. Crystal growth rate and 
deposition of ZnO were attemped to control to change particle morphology. Si substrate 
(Newwingo Co., Ltd.) was immersed to evaluate deposited ZnO particles and particulate 
films. The solution in a glass beaker was kept at 60 °C for 3 h using a water bath. The silicon 
substrate was cleaned before immersion as described in references. The substrate was rinsed 
with distilled water after immersion.  
 ZnO particles having hexagonal cylinder shape were homogeneously nucleated and 
deposited in the aqueous solution containing 15 mM ethylenediamine ([ethylenediamine] / 
[Zn] = (a) 1 : 1) (Fig. 4a). X-ray diffraction patterns showed the deposition to be well 
crystallized ZnO (Fig. 5a). The relative intensity of (10-10) and (0002) is similar to that of 
randomly deposited ZnO particles, indicating the random orientation of deposited ZnO 
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