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Chapter I    General Introduction 

The study of nanocrystals has increasingly become an intense and major 

interdisciplinary research area because nanocrystals with distinct properties can serve 

as building units to construct hierarchically structured materials. 1 ,2  The electronic, 

optical, transport and magnetic properties of the nanomaterials depend on not only the 

characteristics of individual nanocrystals, but also the coupling and interaction among 

the aligned nanocrystals with the same orientational crystal-axis. 3  Ordered self-

assembly or directed assembly of nanocrystals to polycrystal with superstructures, and 

polycrystals with nanocrystal-axis-orientation are particularly eye-catching. In this 

field, mesocrystals, a new class of material, which are polycrystals constructed from 

oriented nanocrystals or microcrystals. In particular for materials chemistry, 

mesocrystals can offer unique new opportunities for materials design, and be applied 

to catalysis, sensing, and energy storage and conversion. 4  Therefore, they have 

attracted considerable attention of chemists and physicists in recent decade, and are 

becoming a hotspot research field. However, the understanding mesocrystals are very 

limited, such as the preparation approaches, the formation processes, microstructures 

and characteristics, and the developments of the various types and high performance 

applications.  

In this chapter, some reviews on the synthesis, the formation mechanisms, 

characterizations, and the applications of conventional mesocrystals, the general 

introduction for the topochemical synthesis, the layered protonated titanate as a 

precursor for topochemical synthesis of the mesocrystals, and the fabrication of 

oriented ceramics materials are described. Furthermore, the purposes of this 

dissertation are clarified. 
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1.1  Overview on mesocrystals  

1.1.1  Mesocrystals and their formation mechanisms  

Ordered alignment of nanocrystals into polycrystals constructed from oriented 

submicro/nanocrystals by bottom-up approaches opens up the possibilities of 

fabricating new materials and devices, which is one of the key topics of modern 

materials science. 5 The obtained assemblies not only have properties based on the 

individual nanocrystal, but also exhibit unique collective properties and advanced 

tunable functions.6
,7,
8 It is also well known that, in classical crystallization process, the 

thermodynamic driving force for crystallization is the supersaturation of the solution, 

and the crystallization starts from dissolved atoms or molecules, or in case of salts 

from different ions. 9  However, in the formation processes of the crystalline 

assemblies, some mesoscopic transformations, and metastable or amorphous 

precursor nanocrystals into polycrystals can take place.4 The manner of some 

assembled crystallizations is obviously different from the classical crystallization.  

Based on not only the detailed investigations of the nanostructures and possible 

formation mechanisms of the crystalline assemblies, but also the various 

crystallization pathways as well as the necessary analytics of the experimental 

evidence, H. Cölfen and S. Mann brought forward that the crystal growth mechanisms 

of the crystalline assemblies may be an aggregation-based process via a mesoscale 

transformation.10 Before long, a cogitative concept of mesocrystal was proposed and 

developed to explain the whole crystallization process by H. Cölfen and M. Antonietti 

in 2005.4 Mesocrystal is deemed to an abbreviation for a mesoscopically structured 

crystal. Mesocrystal is defined as an orientational superstructure of crystalline 

assembly, a polycrystal constructed and formed from crystallographically well-

aligned and oriented submicro/nanocrystals with mesoscopic size (1–1000 nm).2,9,10,11 
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In this case, the formation of the crystalline assemblies is contrasting with the 

classical atom/ion/molecule mediated crystallization pathway. A nonclassical 

crystallization theory to explain the formation of the crystalline assemblies, that is, 

crystal-unit mediated crystallization pathway, was suggested by H. Cölfen.4 Based on 

the crystalline theory proposed by H. Cölfen etc., the different possible formation 

mechanisms of mesocrystals were well summarized with a schematic diagram by 

some reviews, 2,12  as shown in Figure 1.1. In the description below, the different 

nanocrystals, mesocrystals, single crystals,  and original ions or/and molecules are 

abbreviated to N-x, M-x, S-x, and O-x, respectively, where x corresponds to the 

ordinal number. In the schematic diagram, firstly, nanocrystals are formed via a 

classical nucleation and crystal growth from original ions or/and molecules (Figure 

1.1, O-1 and O-2). These nanocrystals are temporarily stabilized by the organic 

additives, or original ions or/and molecules and partly organic substances, or original 

ions or/and molecules only (Figure 1.1, N-1, N-2, and N-3, respectively). Secondly, 

the stabilized nanocrystals undergo a nonclassical crystallization (a mesoscale 

oriented self-assembly process of nanocrystals) (Figure 1.1, N-1→M-1, N-2→M-2, 

and N-3→M-3, respectively), or a classical crystal growth of the formation of bridged 

nanocrystals (Figure 1.1, N-2→M-2, N-3→M-2) to form the different possible 

mesocrystals. In these processes, the organic additives may preferentially attach onto 

the specific surfaces of nanocrystals and therefore give rise to strongly anisotropic 

mutual interactions between nanocrystals. If the lattice energy of the formed 

mesocrystals is high, these metastable intermediates can be gradually transformed into 

the single crystals finally via the crystallographic fusion approach (process of 

mesocrystal→single crystal-1 in Figure 1.1). In addition, a single crystal can be 

transformed into mesocrystal via the topochemical conversion reaction (processes of 

single crystal-1→M-3, single crystal-1→M-4, and single crystal-1→M-4→M-5 in 
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Figure 1.1), and the transformation of the mesocrystal into the single crystal can be 

also realized by the topochemical conversion reaction (processes of M-4→single 

crystal-2, M-4→M-5→single crystal-2 in Figure 1.1). All the different kinds of the 

mesocrystals of the detailed formation mechanisms have been described as clear as 

possible by the L. Zhou and P. O‟Brien.2 

 

 

 

 

 

 

Figure 1.1 Schematic diagrams of different possible formation mechanisms of mesocrystals. O-1 

and O-2 show possible original states: O-1, organic substances are not existent; O-2, organic 

substances are existent. N-1, N-2, and N-3 correspond to nanocrystalline intermediates: N-1, fully 

covered by organic substances; N-2, partly covered by organic substances; N-3, not covered by 

organic substances.
2
 M-1, M-2, M-3, M-4, and M-5 correspond to possible forms of mesocrystals: 

M-1, the component nanocrystals are isolated and bridged by the organic substances; M-2, the 

component nanocrystals are connected partly by themselves and partly by organic substance; M-3, 

M-4, and M-5, the component bridged nanocrystals are only connected by themselves. The 

transformation of M-4 into M-5 maybe process directly or pass multiple steps. The formation of 

porous mesocrystal: O-2→N-3→M-2→M-3; the formation of sponge mesocrystal: O-1→N-

3→M-3, or single crystal-1→M-4 (→M-5); the formation of microporous or nonporous 
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mesocrystal: single crystal-1→M-4(→M-5); the formation of microporous or nonporous single 

crystal: M-1 or M-2 to single crystal-1, M-4→(or M-5→) single crystal-II.
 
 

 

 

 

 

 

 

Figure 1.2 Various organizing dimensional schemes for self-construction of nanostructures by 

possible oriented attachment or assembly mechanisms.   

 

Figure 1.1 only shows some plane graphs for the explanations of the formation 

mechanisms of the mesocrystals. In order to further understand the formation 

mechanisms of the mesocrystals, the possible formation mechanisms of the self-

attachment or assembly of the mesocrystals with different dimensions and 

morphologies can be visually illustrated in Figure 1.2. The targeted mesocrystals with 

different dimensions can be formed by the transformation of the zero-dimensional 

(0D) or one-dimensional (1D) original crystalline units into the 1D, 2D, or three-

dimensional (3D) assembles depending on the self-construction. In addition, a 

schematic illustration of the formation mechanism for the desired mesocrystals with 

different dimensions formed by the in situ topochemical conversion reaction from 

original designed precursors is shown in Figure 1.3. The formation mesocrystals can 
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still maintain the morphologies of the original precursors after one or multiple-step 

transformations, suggesting the morphologies of the mesocrystals are decided by the 

original precursors. Usually, this reaction occurs via accompanying the ion exchange, 

intercalation, deintercalation, and topochemical micro/nanocrystal conversion (TMC). 

 

 

Figure 1.3 Various dimensional schemes for 1 and/or n-step in situ topochemical conversion 

reaction for formations of mesocrystals from original precursors. 

 

1.1.2  Properties characteristic of mesocrystals 

It is well known that the nanocrystal building units with the structural multiplicity 

and nanoscale size can provide additional opportunities for self-assembly. A variety of 

self-assemblies or topochemical bridge connections for the formations of the 

mesocrystals can offer new possibilities for superstructure formations, resulting in the 

mesocrystals present some different characteristic properties. The mesocrystals from 

functional materials are highly attractive due to the emergent properties of 

mesocrystalline materials, such as single crystal- like behavior, high crystallinity, high 

porosity and inner connection bridged by organic components and/or inorganic 

nanocrystals.11 The mesocrystals can exhibit the following characteristic properties.  

Firstly, the mesocrystals are polycrystals, but they present a single crystal behavior 
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in electron diffraction and X-ray scattering. For example, the (NH4)3PW12O40 

dodecahedron mesocrystal shows a single crystal- like SAED pattern as shown in 

Figure 1.4.13 In addition, all the submicro/nanocrystal units for the construction of the 

mesocrystal present the same direction of the interplanar spacing. These are due to 

that the mesocrystals are constructed from submicro/nanocrystals, and each 

submicro/nanocrystal is crystal-axis-oriented each other.  

 

 

Figure 1.4 (a) SEM image, (b) TEM image, and (c) SAED pattern of (NH4)3PW12O40 

dodecahedron mesocrystal. (d) Schematic illustration of (NH4)3PW12O40 dodecahedron 

mesocrystal shown in (a). Reproduced and adapted with permission from Reference [13]. 

Copyright @ 1996 The Chemical Society of Japan. 

 

Secondly, the mesocrystals show some special properties of well-aligned and 

oriented crystalline assembly, which is unrivalled for single-crystalline, normal 

polycrystalline, and amorphous materials. Namely, some of desired properties can be 
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satisfied by using the mesocrystal superstructure rather than using the same material 

in single-crystalline, unordered polycrystalline aggregate, and amorphous.  

Thirdly, the mechanical properties of the mesocrystals are unusual because of the 

primary crystallites sharing a common crystallographic orientation. 14 They can exhibit 

higher ductility and toughness than the corresponding single crystalline materials, and 

almost all the mesocrystals exhibit the fracture surfaces like amorphous glasses, but 

unlike the single crystals. 15   

Finally, the composite mesocrystal simultaneously present over two kinds of the 

functional properties, and prevail on the materials having a large improvement in 

some application areas. For instance, mechanical toughness and dielectric dissipation 

in one film, or optical and magnetic properties can be combined in one system. It is 

said that these properties would never mix on this nanoscale.9 They combine the high 

crystallinity with small crystal size, high surface area and high porosity of the 

mesocrystal as well as good handling since the mesocrystal has a size in the 

nanometer to micrometer range. The existence of the superlattice structure is also the 

main reason and is highly attractive due to causing the emergent properties of 

mesocrystalline materials. 

A mesocrystalline assembly process does not occur by an ion-by- ion manner, 

however, ionic strength and ionic species of the solution are still important variables 

in controlling crystallization to form mesocrystals. In particular for surfactant phases 

and microemulsion involved crystallization processes, phase equilibrium and physical 

characteristics of the product can strongly depend on ionic species and ionic strength 

especially if the catanionic lyotropic phases are applied.11   

 

1.1.3  Recent advances in mesocrystal materials  

In recent years, the optimization of synthetic strategies to synthesize 
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mesocrystalline materials has been developed,2 and an increasing number of the 

mesocrystals preparations for applications to a wide range of the functional materials 

have been reported. A variety of mesocrystals have been developed. The progresses 

have led to an increasing understanding of the formation mechanism and expanding of 

the potential applications of mesocrystals. In the research area of the formation 

mechanism, the carbonates mesocrystals were studied at the earliest and most. The 

initial eclaircissement of the mesocrystalline formation was derived from the 

mesocrystalline carbonates chemistry, which is primary source of the mesocrystal 

theory today. 4,10,16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31  But one of the most early referring the indications of the 

mesocrystal intermediates was not derived from CaCO3 but the investigation of the 

BaSO4 crystal with the porous structure. 32  After exploration of some intermediate 

metal oxides mesocrystals, the mesocrystals with even higher definition were reported 

for CaCO3 made in silica gels in 1986. 33  Henceforth, CaCO3 mesocrystals are 

increasingly studied and developed via controlling the polymorph and morphology. 

But it is little-known that all the carbonate mesocrystals are involved with the high 

performance applications. Next, the study on the metal oxides mesocrystals not only 

becomes increasingly but also becomes the hottest. Especially in ZnO and TiO2 

mesocrystals, the preparation approaches, the formation mechanisms, microstructures, 

and the high performance applications have been getting increased attention. At 

present, the ZnO and TiO2 mesocrystals have been used to catalysis, sensing, and 

energy storage and conversion.11,34  The perovskite metal oxides mesocrystals have 

been also developed unsubstantially, but they are likely to widely apply the high 

performance electro-optic field, ferroelectric materials, and other functional 

composite materials. 

Although some mesocrystals have been developed, and some formation 

mechanisms of the mesocrystals have been exposed, the mesocrystals are still a new 
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study field for the solid material. The metal oxide and carbonate mesocrystals are 

predominantly investigated, and there are still understood limitedly, some formation 

mechanisms are still very difficult to be clear. The varieties of the mesocrystals are 

not enough, the application studies of the other mesocrystals are hardly found out. In 

the following, the carbonates, metal oxides, and perovskite mesocrystals are briefly 

introduced and summarized, respectively. The goal is to further understand the 

approach, formation mechanism, and functional application of the mesocrystals, and 

is ready for the development and application of new kinds of functional mesocrystals.  

 

1.2  Carbonates and simple metal oxides mesocrystals  

1.2.1  CaCO3 mesocrystals 

CaCO3 (calcium carbonate) is one of the most abundant minerals in nature existing 

in such as the sedimentary rocks 35  and the biological skeletons and tissues. 36  It 

includes three kinds of crystalline polymorphs: calcite (dominated phase at lower 

temperature), aragonite (dominated phase at higher temperature), and vaterite (usually 

at higher supersaturation). 37
 Some new strategies of CaCO3 chemistry have been 

developed and further extended for the controlling morpho logies and crystallization, 

the various inorganic or organic–inorganic composite materials, superstructure 

materials, and improved functional materials.38,39 Many studies on CaCO3 materials 

have effectively promoted the development of the mesocrystal chemistry and 

provided theoretical basis of the mesocrystal chemistry. Almost all the CaCO3 

mesocrystals were prepared by a similar gel-sol reaction or a block copolymerization 

reaction.29 Several representatives are described below.  
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Figure 1.5 (a) SEM and (b) TEM images of calcite (CaCO3) aggregate with characteristic 

pseudooctahedral morphology obtained from polyacrylamide gel. (Inserted in (b): SAED pattern 

of calcite mesocrystal). Reproduced and adapted with permission from Reference [40]. Copyright 

@ 2003 Mineralogical Society of American. 

 

For calcite mesocrystals, some specific synthesis processes have been carried out 

by the following researches. A typical calcite mesocrystal with a pseudo-octahedron 

morphology constructed from rhombohedral nanocrystals has been prepared by the 

self-assemble in a polyacrylamide gel, as shown in Figure 1.5. 40  This calcite 

mesocrystal was formed by a precipitation process from an aqueous solution 

containing Ca2+ and sulfide. The aggregate and crystallographic block with rough 

surfaces are constructed from well-aligned nanocrystalline building units. The tightly 

packed nanocrystals and the organic matrix between the individual nanocrystal 

interspaces can be observed from the TEM image (Figure 1.5b). The inserted SAED 

pattern reveals a high orientation of the crystallographic block, suggesting a 

mesocrystal structure. The calcite mesocrystal can be also prepared by applying the 

CO2 vapor diffusion into a Ca(OH)2 solution.20 Compared to the other approaches for 

the preparation of CaCO3 crystals, the CO2 vapor diffusion approach has the 

advantage of avoiding the interference of the extraneous ions, minimizing ionic 

strength and approaching a pH close to biological conditions at the end of the 

crystallization reaction. This approach is beneficial to the growth of calcite 
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mesocrystals. The vapor diffusion approach allows for further investigation of the 

driving forces for the oriented and/or self-assembling of nanocrystals toward 

mesocrystals. 

And in general, the metastable mesocrystalline CaCO3 polymorphs can be easily 

synthesized. The vaterite mesocrystals with hexagonal morphology could be 

synthesized from a metastable phase transformation by using a gas diffusion approach 

and an N-trimethylammonium derivative of hydroxyethyl cellulose as additive.19 The 

microstructure characterizations of the obtained vaterite mesocrystal is shown in 

Figure 1.6, revealing the obtained hexagonal vaterite mesocrystal is constructed from 

vaterite nanoparticles and presents a [001] zone axis. The formation mechanism of the 

vaterite mesocrystal is promising for controlling the assembling formation of complex, 

highly oriented structured materials, and also provides some evidence for the 

mesocrystallization processes. 

 

 

Figure 1.6 (a) TEM image and (b) corresponding SAED pattern recorded from [001] zone axis of 

hexagonal vaterite (CaCO3) mesocrystal. (c) HRTEM image of vaterite plate with clearly resolved 

lattice fringe of (110) plane (d = 0.355 nm). Two vaterite nanoparticles have the same orientation 

but are separated by the crystal boundary (indicated by arrows). Reproduced with permission from 
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Reference [19]. Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

Very recently, a medicinal CaCO3 mesocrystal as small drug carriers has been 

synthesized by a facile binary solvent approach under the normal temperature and 

pressure. 41  This kind of medicinal CaCO3 mesocrystal is a new highly ordered 

hierarchical mesoporous CaCO3 nanospheres (CCNSs). The hierarchical structure was 

constructed by multistage self-assembled strategy. Due to the large fraction of the 

voids inside the CCNSs which provides the space for physical absorption, the CCNSs 

can stably encapsulate the anticancer drug with the high drug loading efficiency, and 

the component CaCO3 nanoparticles can be dispersed well in the cell culture. The 

CCNSs can enhance the delivery efficiencies of the drug to achieve an improved 

inhibition effect on the diseased cell growth. This research implies that the CCNSs are 

a promising drug delivery system for the certain medications in cancer therapy, and 

also expands the applications of the mesocrystals. 

 

1.2.2  BaCO3 mesocrystals 

Comparing with CaCO3 mesocrystals, the studies of the BaCO3 (barium carbonate) 

mesocrystals are relatively less. Typical helices BaCO3 mesocrystals composed of the 

nanorods can be structured by a face selective adsorption of a stiff polymer and 

subsequent self-assembly of nanocrystal building units.29
 In this block 

copolymerization process, the helices BaCO3 mesocrystals were formed from a self-

assembly process of the elongated orthorhombic BaCO3 nanorods. The combined 

surface-active agents were utilized to produce the mesocrystalline BaCO3 helices from 

BaCO3 nanorods (Figure 1.7). The participant stiff polymer leads to form helix 

arrangement via a selective self-assembly. Firstly, the selective adsorption of the stiff 

polymer onto the favorable (110) planes of the CaCO3 nanocrystalline rod occurs, 
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giving rise to a staggered arrangement of the aggregate nanocrystals which are 

controlled according to helix direction. Secondly, a nanocrystalline rod approaches an 

aggregate in the other directions and presents with favorable and unfavorable 

adsorption sites. The favorable adsorption sites only match with the (011) planes are 

required and the unfavorable adsorption sites match the other planes, such as (020) 

and (011) planes (Figure 1.7c). This selective adsorption process results in a twist for 

the formation of the helices of the mesocrystalline aggregate.9 This is a classic 

example that the 3D mesocrystal is formed from 1D nanocrystalline building units. 

 

 

Figure 1.7 (a) SEM and (b) high-expanded SEM images of helical BaCO3 mesocrystals formed 

by programmed self-assembly of elongated nanopartic les as template. (c) Relevant planes of 

nanocrystalline BaCO3 block. (d) Proposed formation mechanism of helical superstructure. 

Reproduced with permission from [29]. Copyright @ 2005 Nature Publishing Group.  

 

The spherical and dumbbell- like BaCO3 mesocrystals can be prepared from a 

dynamic growth program by self-assembly processes and gelation reactions. 42 

Nanocrystalline BaCO3 superstructures exhibit unusual morphologies are obtained by 
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the CO2 vapor diffusion technique in the presence of poly(ethylene oxide)-block-

eicosa aspartate (PEO-b-Asp(20)) bioconjugate.27 This formation process is also a 

block copolymerization reaction. In this formation reaction, the highly effective 

bioconjugate acts as a crystal growth modifier, which can lead Ba2+ and PEO-b-

Asp(20) to form the poly(ethylene oxide)-block polyaspartate block copolymer. In 

this case, a well-defined mesocrystal yielded. Different from the commonly 

mesocrystals, the morphology of BaCO3 mesocrystals can be systematically 

controlled along different twinned growth patterns by conditioning a broad range of 

the concentrations of polymer and Ba2+.  

 

1.2.3  ZnO mesocrystals 

ZnO (zinc oxide) has attracted many attentions, and is a promising metal oxides 

material for the applications to the optical, electronic, piezoelectric, pyroelectric, and 

photocatalysis fields due to its wide band gap (3.37 eV at room temperature) and large 

exciton energy (60 meV).43,44 ZnO single crystals normally prefers to grow along the 

[0001] direction because of its noncentrosymmetric structural anisotropy. 45  Some 

approaches in which the growth along the [0001] direction of ZnO crystals may be 

substantially suppressed are through the introduction of organic additives as 

stabilizing agent, or the adjusting of the pH value of the reaction solution.46,47 But 

these approaches are no guarantee of success, and easily give rise to the formation of 

the ZnO mesocrystals with {0001} facet sometimes. 48 The conventional synthesis of 

the ZnO mesocrystals in the organic additives or solvent does not get rid of the 

bondage of the exposed {0001} facet. Therefore, the plentiful organic additives or 

solvents are usually used for the preparation of the ZnO mesocrystals via a block 

polymerization reaction. Some typical examples are enumerated in the sections below.  

The microtubular ZnO mesocrystals were developed by using poly[(acrylic acid)-
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co-(maleic acid)] sodium salt (PAMS) as template molecule  via a typical block 

polymerization reaction.49 In the formation process, initially, ZnO nanoclusters can be 

spawned by thermolysis of a zinc citrate-ethylenediamine composite and by 

hydrothermal treatment of natural water-oxidation of zinc foil. Then, the ZnO 

composite nanoclusters with rod-like micellar aggregates were formed by the self-

assembly of ZnO nanoclusters and PAMS mixture. The ZnO composite nanoclusters  

subsequently coagulated to generate some metastable composite multimers. At last, 

the metastable composite multimers were coaxed into self-assembled nanoplates to 

form the mesocrystalline ZnO microtubes via the layer-by- layer approach. The 

formed microtubular ZnO mesocrystals are constructed from the well-assembled 

nanoplates growing along the [0001] direction, suggesting a [0001]-axis directional 

self-assembly of building units. The mesocrystalline ZnO microtubular with 

distinctive hollow interstices may allow using as microcarriers or microreactors for 

drug and catalyst. 

For another example, ZnO mesocrystals with ellipsoidal superstructures can be 

formed via the zinc hydroxyl double salt (Zn-HDS) mesocrystals as intermediate.48 

The Zn-HDS mesocrystals are formed from self-assembly of Zn-HDS nanocrystals 

existing in cetyltrimethyl ammonium bromide (CTAB) at room temperature. The ZnO 

mesocrystals were formed through vertical attachment on (0001) planes of basic Zn-

HDS nanocrystals. ZnO nanoplatelets and nanorings were subsequently formed from 

the assembly of ZnO mesocrystals through vertical attachment on (0001) planes. ZnO 

ellipsoidal superstructures were finally formed from the further assembly of the ZnO 

nanoplatelets and nanorings also through vertical attachment on (0001) facets. The 

formed ZnO mesocrystal has not still gotten rid of growing along the [0001] direction.  

The polar Zn-(0001) planes with high population of the obtained ZnO materials are 

likely to present high photocatalytic activity. 
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   Rather than using organic additives, a facile and green room temperature ionic 

liquid as deep eutectic solvent was investigated to prepare the ultrafast formation of 

ZnO mesocrystals growing along the [0001] direction also. 50  The prepared ZnO 

mesocrystals are mesoporous materials with high specific surface areas. They present 

excellent photocatalytic activities which are comparable with that of the commercial 

photocatalyst P25. The present approach is convenient, and can be readily extended to 

develop the other functional mesocrystals with a wide range of applications. 

Recently, ZnO mesocrystalline microspheres have been prepared on a large scale 

via a nonclassical crystallization pathway by a facile solution-based approach.51 On 

account of no any template additives in the reaction system, the butanol solvent plays 

an important role for the formation of the spherical mesocrystal morphology. In the 

formation process, firstly, under the inhibitory effects of butanol, the Zn2+-terminated 

(0001) plane is suppressed along the c-axis, a large number of ZnO clusters nucleate 

and produce the primary ZnO hexagonal nanoplates. Secondly, the positive and 

negative charges of the ZnO hexagonal nanoplates produce dipolar moments, 

resulting in the stacking of the hexagonal nanoplates. Such a hexagonal nanoplate 

structure has a strong dipole moment along the c-axis. Finally, a sphere mesocrystal 

with two concaves on the poles along the c-axis is evolved. The as-prepared ZnO 

mesocrystals with microsphere morphology show stable and intense yellow 

fluorescence, which can be expected to have potential in microscale photonic or 

electronic applications. 51 

It is noteworthy that the utilization of the large surface area of doped ZnO 

mesocrystal precursor was developed for biosensor very recently. 52  In this 

investigation, Ru (ruthenium) polypyridyl functionalized ZnO mesocrystals as 

bionanolabels were prepared. A solid mixture containing Zn(NO3)2 · 6H2O, 1-

octadecene and dodecylamine as starting material were heated to obtain the ZnO 



18 

 

mesocrystals before the dispersed solution and wash of the crude product. Although 

some unique planes of the obtained ZnO mesocrystals can be observed from SEM and 

TEM images, the report does not give that these planes belong to which crystal plane. 

The large surface area of ZnO mesocrystals was beneficial for loading a high content 

Ru polypyridyl composite, giving rise to the excellent improvement of the 

electrochemiluminescence. It is worth to propose that the biological recognition and 

biosensing platform are expected to the application of Ru polypyridyl functionalized 

ZnO mesocrystals. This investigation provides a novel reference and a promising 

prospect for the development of the ZnO mesocrystals.  

These studies on ZnO mesocrystals could provide an example for better 

understanding the formation mechanisms of other simple metal oxides mesocrystals in 

the presence of organic additives. 

 

1.2.4  TiO2 mesocrystals 

TiO2 (titanium dioxide) is among the most widely investigated metal oxides 

materials for its unique properties and many promising applications in environment, 

energy, photocatalysis, and sensing areas.53
,54,55,
56 It has several kinds of crystal structures 

which have been reported,57,58 including anatase, rutile, TiO2(B), brookite, TiO2(II), 

TiO2 (H), etc. In these titanium dioxide polymorphs, rutile is a thermodynamic stable 

phase, and the others are metastable phases. Anatase is the most stable phase in the 

metastable phases.  

TiO2 nanocrystals have increasingly investigated and developed in functional metal 

oxides material fields because of their many outstanding physicochemical properties 

and wide application in electrical, optical, mechanical, catalytic, and sensing areas.  

59 ,60  At present, many TiO2 mesocrystals, such as nanorod- like, 61
, 62 , 63 ,

64  cable-like, 65 

hollow spheres,66 nanowires,67 ellipsoid,34 and bipyramid- like68,69  mesocrystals have 
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been synthesized. The differences in lattice structures and morphologies cause 

different electronic band structures and different surface geometric structures, which 

determine the performance and the chemical activity of TiO2. The reported anatase 

TiO2 mesocrystals with the [010] zone axis have potential application in lithium ion 

batteries because of their potential advantages in porous mesocrystalline structure, 

current rate capability, and safety.34 The aligned [001] oriented rutile nanorods present 

excellent broadband and quasi-omnidirectional antireflective properties as electrode 

material for dye-sensitized solar cells (DSSCs),64 and show a large reversible charge–

discharge capacity and excellent cycling stability as anode material for lithium ion 

batteries.62 Anatase mesocrystal- like porous nanostructures exhibit a multifunctional 

response, including good electrochemical performance and good capabilities for 

photocatalytic degradation and enzyme immobilization. 70 TiO2 mesocrystals usually 

exhibit excellent photocatalytic performance due to their high surface area, high 

porosity, and oriented subunit alignment.65,70
,71 ,

72  It is noteworthy that the efficient 

flexible dye-sensitized solar cells (DSSCs) have been fabricated by the growth of the 

aligned anatase TiO2 nanorods on a Ti- foil substrate for using as a photo-anode.73 

These mesocrystalline TiO2 nanorod arrays on Ti substrates with excellent 

antireflective properties could become a promising candidate as the photo-anode in 

flexible DSSCs with enhanced light harvesting performance.  

Just the same to the other mesocrystals, there also have three kinds of approaches, 

including direct synthesis, oriented topochemical conversion, and crystal growth on 

support, for the acquisition of the TiO2 mesocrystals. 74 , 75  In this section, some 

classical formation processes and the applications of the TiO2 mesocrystals are 

enumerated. 

The direct synthesis approach is the most common process for the preparation of 

the TiO2 mesocrystals in an organic solvent or gel-sol system. The organic additives 
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played an important role in the self-assembly process for the formation of TiO2 

mesocrystals. The unique spindle-shaped nanoporous anatase TiO2 mesocrystals with 

tunable sizes were directly developed on a large scale through mesoscale assembly in 

the tetrabutyl titanate-acetic acid system without any additives under the solvothermal 

conditions.34 A complex mesoscale assembly process was put forward for the 

formation of the anatase mesocrystals, as shown in Figure 1.8.34 In this formation 

program, organic titanium firstly reacts with organic acid by a 

hydrolytic/nonhydrolytic condensation reaction to from amorphous fiber- like titanium 

acetate complex precursors with Ti-O-Ti bonds. After two times of continuing 

condensation processes, the other crystalline spherical- like precursors come into being 

at the expense of the amorphous precursor. Subsequently, the crystalline spherical-

like precursors gradually release soluble titanium including the nucleation and growth 

of anatase nanocrystals. Subsequently, the formed anatase nanocrystals assemble 

along the [001] direction, accompanying with the entrapment of in situ produced butyl 

acetate, leading to the formation of the spindle shaped anatase mesocrystals elongated 

along the [001] direction. The acetic acid molecules played multiple key roles during 

the nonhydrolytic processing of the [001]-oriented anatase mesocrystals. The obtained 

anatase mesocrystals with nanoporous exhibits remarkable crystalline stability and 

improved performance as anode materials for lithium ion batteries.  

Also, the stable rutile mesocrystalline hollow spheres were developed by a direct 

hydrothermal synthesis approach simply.66
 The presence of N,N′-

dicyclohexylcarbodiimide (DCC) and serine and their synergistic effects is essential 

for the formation of rutile mesocrystalline hollow spheres from a transparent TiCl4  

solution. An oriented attachment process with side-by-side and end-to-end ways was 

carried out for mesocrystallization of rutile. It can be concluded that the obtained 

rutile mesocrystalline hollow spheres were formed by self-assembly of rutile nanorods 
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growing along the [1-10] direction. This kind of rutile mesocrystals can be stable for 

longer time at lower temperature. The stability of mesocrystals at higher temperature 

in the solution can be enhanced also when some organic additives are properly 

utilized.  

 

 

Figure 1.8 Schematic illustration of formation mechanism of nanoporous anatase mesocrystals 

without any additives. Reproduced with permission from Reference [34]. Copyright @ 2008 

American Chemical Society.  

 

In addition, Wulff-shaped and nanorod- like nanoporous rutile mesocrystals with a 

[010] zone axis constructed from ultrathin rutile nanowires were directly prepared in 

the surfactant sodium dodecyl benzene sulfonate (SDBS). 76  In the preparation 

program, SDBS played an important role in the homoepitaxial self-assembly process, 

in which titanate nanowires as the primary building units were assembled to 

mesocrystals. The obtained rutile mesocrystals were applied as the electrode materials 

in rechargeable lithium-ion batteries and demonstrated a large reversible charge–

discharge capacity, excellent cycling stability and high rate performance. These 
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favourable properties are attributed to the intrinsic characteristic of the prepared 

mesocrystalline rutile with nanoporous nature and larger surface area. 

For oriented topochemical conversion approach, a mesocrystal of ferroelectric 

NH4TiOF3 exhibiting a sandwich crystal structure with layers of corner sharing 

octahedra of (TiOF3)- stacked and sandwiched by (NH4)+ tetrahedra along the c-

direction, was used as precursor to prepare the first anatase TiO2 mesocrystals.77,78 

Before the formation of the anatase mesocrystals, it is necessary to prepare a 

precursor of NH4TiOF3 mesocrystal. An aqueous solution containing (NH4)2TiF6, 

H3BO3, and some present surfactants were firstly prepared. These present surfactants 

play an important role in both the controlling hydrolysis of (NH4)2TiF6 and the self-

assembly processes. The NH4TiOF3 mesocrystals can be obtained after stirring and 

subsequent thermal treatment of the aqueous solution. The anatase mesocrystals can 

be formed from the oriented topochemical conversion of the NH4TiOF3 mesocrystals 

by not only washing the NH4TiOF3 mesocrystals using a H3BO3 solution but also 

annealing 450 oC for 2 h in air. The anatase mesocrystals yield via the oriented 

topochemical conversion because NH4TiOF3 and anatase TiO2 have similar critical 

parameters in the {001} facets with a very small average lattice mismatch. In the {001} 

facets of the two mesocrystals, the titanium atoms locating in octahedra centers of 

crystal spaces have same arrangements. The {100}, {010}, and {001} facets of the 

NH4TiOF3 nanocrystals corresponds to the obtained anatase nanocrystals, and their 

several electric diffractions from one particle present the same directions of the facets 

and same [001] zone axis, as illustrated in Figure 1.9. It has been implied that the 

similarities in crystal structures between NH4TiOF3 and TiO2 provide the possibility 

for the oriented topochemical conversion.75,79,80 
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Figure 1.9 Schematic illustration of topochemical conversion of NH4TiOF3 mesocrystal to anatase 

mesocrystal. The SAED patterns show the single crystal diffraction behavior of both systems. 

Reproduced with permission from Reference [78]. Copyright @ 2008 American Chemical Society.  

 

In addition to the direct synthesis approach and oriented topochemical conversion 

approach, the TiO2 mesocrystals can also be developed by the crystal growth on 

support approach. The crystal growth on support approach may be beneficial to 

construct of the heterostructure surfaces/interfaces, mesocrystalline assemblies, and 

formation composite. The anatase mesocrystals with petallike morphology have been 

classically prepared on multiwalled carbon nanotubes (MCNTs) with controllable 

surface area and crystalline orientation.65 In the prepared process, the MCNTs were 

firstly added to a TiF4 aqueous solution, and then carried out an ultrasonic water bath. 

After thermal treatment at low temperature, the MCNTs supports were covered by 
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petallike TiO2 crystals constructed tiny TiO2 nanocrystals. Each petal grows along the 

[001] direction and has a single-crystal diffraction, suggesting that the petallike 

anatase is mesocrystalline. The obtained MCNTs supported mesocrystals of anatase 

mesocrystals were used as composite catalysts, and proved to be highly active and 

robust for photocatalytic degradation of methyl orange. 

Very recently, the development of efficient photocatalysts based on anatase 

TiO2 microcrystals with {101} facets was processed. A new approach has been 

carried out for improving the photooxidation activity of photocatalysts by combining 

metal oxide superstructures and oxygen/hydrogen-evolving co-catalysts support. 

Cobalt phosphate complexes (CoPi) and Pt nanoparticles as supports were selected as 

model co-catalysts and photochemically deposited on anatase mesocrystals. 81 It was 

found that the photogenerated holes in anatase mesocrystals are transferred to the Co 

species in CoPi under the ultra violet light irradiation, and the CoPi-doped anatase 

mesocrystals have higher activity than standard anatase mesocrystals. The 

approximately 300 times for photooxidation activity of the anatase mesocrystals can 

be further enhanced by introducing Pt nanoparticles on specific surfaces. The site-

specific modification of co-catalyst supports tailored by anisotropic electron flow in 

the mesocrystal superstructures significantly can retard the charge recombination 

between the holes and electrons. Such developed strategy is very promising for 

developing novel photocatalytic materials for the applications of environmental 

renovation and water splitting. 

 

1.3  Metal oxide perovskites mesocrystals 

Metal oxide perovskites have a general formula ABO3, where the large cations 

locate at A-site, while small cations locate at B-site. The properties of the perovskites 
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are influenced by the sizes and valences of the cations in the A-site and B-site.82 

Consequently, the perovskites exhibit outstanding chemical and physical properties, 

which include catalytic, oxygen-transport, ferroelectric, pyroelectric, piezoelectric, 

and dielectric behavior.83,84,85  However, only a handful of the investigations on the 

perovskite mesocrystals have been reported, and almost none of application studies on 

the perovskite mesocrystals have been carried out, especially in titanate and niobate.  

 

1.3.1  PbTiO3 mesocrystals  

PbTiO3 (lead titanate) is one of important piezoelectric materials with high 

piezoelectric constant although it is not attracted considerable attention today because 

of the consideration of environmental pollution. Study on the PbTiO3 mesocrystals is 

a little-known. As we all know, only two reports investigated the PbTiO3 mesocrystals 

prepared using the SDBS surfactant process. Similar to the case of the preparation of 

rutile mesocrystals,76 the SDBS surfactant also played an important role for the self-

assembly of the nanoscale building units in the PbTiO3 mesocrystals. The nanoscale 

PbTiO3 mesocrystals with bur- like and affluent porosity were synthesized by self-

assembly of PbTiO3 nanocrystals under hydrothermal conditions using SDBS 

surfactant.86 The bur- like mesocrystalline nanostructures exhibit a novel geometrical 

shape with cores of agglomerated nanocrystals and outershells of nanorods. In the 

formation process, firstly, the PbTiO3 nanocrystals agglomerate into the nascent 

nanocrystal with the cube morphology. Secondly, the nascent nanocrystal assembles 

to form the PbTiO3 mesocrystal. Finally, the nanocrystals in PbTiO3 mesocrystal 

continuously grow up into PbTiO3 nanorod. The PbTiO3 nanorods with diameters in 

30−100 nm are expected to be used as a template for the development of the oriented 

piezoelectric ceramics.  

In addition, a PbTiO3 mesocrystal layer with a thickness of 3−6 µm has been 
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prepared on PbTiO3 and SrTiO3 substrates by using this SDBS surfactant process also.  

87 The prepared mesocrystal layer is constructed from three parts. The lower part of 

the mesocrystal layer is relatively porous, the middle part is more dense, and the 

surface part consists of nanorods growing along the [001] direction. In the prepared 

PbTiO3 mesocrystal program, an epitaxial layer is firstly formed on the PbTiO3 and 

SrTiO3 substrates by ion-by- ion growth method, subsequently, by the self-assembly of 

nanocrystals into a mesocrystalline layer. The mesocrystalline layer can further grow 

up and ripen into arrays of single crystalline nanorods via a redissolution/ 

reprecipitation mechanism.  

 

1.3.2  SrTiO3 mesocrystals 

SrTiO3 (strontium titanate, ST) is often used as a dielectric and photoelectric 

material, and also is widely used as a substrate for epitaxial growth of other oxides 

films.88 Only a few of ST mesocrystals have been reported. The ST mesocrystals with 

cubic morphology have been prepared by precipitation approach from a suspension of 

hydrolyzed TiOCl2 aqueous gel.89 The obtained ST mesocrystals was formed via an 

epitaxial self-assembly of nanocrystals with a size of 4−5 nm. The formation process 

is a spontaneous process and not inducing any additives. In addition, ST mesocrystals 

with a [010] zone axis along the direction of the wire- like morphology can be 

prepared by an oriented topochemical conversion approach. 90  In this formation 

process, the H2Ti3O7 nanowire as a precursor was thermally treated to form anatase 

nanowire firstly. The solvothermal and hydrothermal treatments of the anatase 

nanowire in Sr(OH)2 solutions were carried out to form the mesocrystalline ST. The 

formation of mesocrystals is resulted from a topochemical reaction between anatase 

single crystal particles as the templates suspended in a liquid phase and 

ionic/molecular species in solution. This formation mechanism of the mesocrystals is 
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very general and likely applicable to a variety of compounds encountered in 

precipitation processes, solvothermal and hydrothermal reactions, molten salt 

synthesis, and liquid-phase sintering. 

Very recently, the other ST mesocrystals with cubic morphology were prepared via 

sol–precipitation coupled with a hydrothermal process using oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH) as a capping agent. 91  In the formation process, 

initially, selective adsorption of oleic acid causes Sr–Ti–O nanorods to grow along the 

[100] direction from the Ti-based sol. Then these nanorods aggregate with a similar 

orientation to form the small crystalline ST particles. Finally, the crystallographic 

fusion takes place in the small crystalline ST particles along the [001] direction of ST 

crystal structure. The prepared ST mesocrystals with edge length of about 10 nm size 

show a [001] zone axis. The mesocrystal structure forms from the oriented fusion of 

these small crystalline units. The selective absorption of oleic acid probably limits the 

formation of single crystals from the fused particles. The band-gap energies values of 

the obtained ST mesocrystals are considerably larger than the non-oriented band-gap 

energy of pure ST. Although the band-gap energy typically increases as the particle 

size decreases, the ST mesocrystals with a larger particle size yield a higher band-gap 

energy, which may be related to the characteristic mesocrystalline structure.91 

 

1.3.3  BaTiO3 mesocrystals  

BaTiO3 (barium titanate, BT) is an important dielectric, piezoelectric, and 

ferroelectric materials, and attracted much attention because of its potential 

commercial applications in ceramic capacitors, chemical sensors, and nonvolatile 

memories.92 At present, the BT mesocrystals with platelike or spherical morphologies 

can be prepared by a hydrothermal soft chemical process via an in situ topochemical 

conversion reaction in our previous works. 93
, 94 ,

95  In the prepared processes, a 
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protonated layered titanate of H1.07Ti1.73O4·H2O (HTO) crystal with a lepidocrocite-

like layered structure was used as a precursor. For the preparation of the platelike BT 

mesocrystals, the protonated layered titanate was treated in a Ba(OH)2 water solution 

under the hydrothermal conditions to transform the layered titanate to BT. The 

obtained platelike BT particles constructed from nanocrystals, and each nanocrystal 

presents the same [110]-direction orientation, suggesting the formation of platelike 

BT mesocrystal. There are two simultaneous reaction mechanisms in the formation of 

BT mesocrystal under the hydrothermal conditions. One is a dominative in situ 

topochemical conversion reaction in the crystal bulk of the protonated layered titanate,  

the other is a subordinate dissolution-deposition reaction on the surface of the matrix 

particles. This is the first time to report the preparation of the titanate mesocrystals 

with the hydrothermal soft chemical process and the in situ topochemical conversion 

reaction. The platelike BT mesocrystals have been applied to fabricate the [110]-

oriented BT ceramic material that shows a very large piezoelectric constant d33 value 

of 788 pC/N.96 

For the preparation of the BT mesocrystals with spherical morphology, firstly, the  

layered titanate HTO crystals were used to occur in the intercalation reaction with the 

n-hexadecyl trimethyl ammonium hydroxide (HTMA-OH) or n-hexadecyl trimethyl 

ammonium bromide (HTMA-Br). And then, the layered titanates with increasing 

interlayer spacing with HTMA+ were treated in the Ba(OH)2 water solution under the 

hydrothermal soft chemical conditions to form BT particles with book-like 

morphology via the in situ topochemical conversion reaction. Then the book- like BT 

particles were stirred to shatter the book- like shape and transformed into the BT 

nanoparticles. Finally, the ordered self-assemble of the BT nanoparticles to the BT 

agglomerations were carried out under stirring condition. In this case, the BT 

mesocrystals with spherical morphology were formed. The morphology of the product 
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particles can be changed dramatically by adding the cationic surfactant in the reaction 

system. These investigations reveal that the hydrothermal soft chemical process and 

the in situ topochemical conversion reaction are useful for the preparation of 

mesocrystals.  

In addition, the confetti- like, sphere- like, and hollow-sphere BT mesocrystals were 

prepared by an ultrasonic irradiation approach.97 In this synthesis process, the BaCl2 

and TiCl4 as the starting materials were mixed to form a Ti-based suspended sol. 

NaOH aqueous solution as a peptizing agent was added into the Ti-based suspended 

sol. The BT mesocrystals preferred to grow along the [100] axis can be obtained after 

the ultrasonic of the mixture suspension. The morphology and the size of the BT 

mesocrystals were affected by the concentration and primary units. The formed BT 

mesocrystals compose by oriented nanocrystals which aggregate by the self-

attachment between (110) planes, and show a single crystal like diffraction pattern. 

 

1.3.4  Ba1-xCaxTiO3 mesocrystals 

Although BT exhibits large piezoelectricity, its Curie temperature (Tc= 130 oC) is 

low, and a phase transition from tetragonal phase to orthorhombic phase around 0 oC. 

Thus, the working temperature of BT as the piezoelectric material is limited in a range 

of 0–130 oC, which is too narrow for practical piezoelectric applications. Doping BT 

with alkaline earth metal (Ca, Sr) or alkaline metal (K, Na) is an effective method to 

improve the temperature performance of the piezoelectric materials. Therefore, 

recently, a large number of studies focus on the Ba1-xCaxTiO3, Ba1-x(Bi0.5K0.5)xTiO3, 

and Ba1-x(Bi0.5Na0.5)xTiO3 materials. 98
99 100

101  The platelike Ba0.9Ca0.1TiO3 ((BCT)) 

mesocrystals with [110]-orientation were developed by our previous work using a 

novel two-step process.98 In the first step, the platelike layered titanate HTO crystals 

are solvothermally treated in a Ba(OH)2–Ca(OH)2 mixed solution. In the second step,  



30 

 

the solvothermally treated samples were heated to form the platelike BCT 

mesocrystals. The obtained BCT mesocrystal is constructed from well-aligned BCT 

nanocrystals with a size of about 10–20 nm, and show a single-crystal- like electron 

diffraction pattern. The BCT mesocrystals were utilized to fabricate an [110]-oriented 

BCT ceramic, and the ceramic shows a high preferred orientation (76%) and small 

grain size of about 1–2 µm. Such BCT oriented ceramic has potential application to 

the high performance piezoelectric materials. 

 

1.3.5  Ba1-x(Bi0.5K0.5)xTiO3 mesocrystals 

 

 

Figure 1.10 Schematic illustrations of formation mechanism of the platelike Ba0.5(Bi0.5 K0.5)0.5TiO3 

(BBKT) mesocrystals from HTO via an in situ topochemical structural conversion reaction.  

 

The Ba0.5(Bi0.5K0.5)0.5TiO3 (BBKT) mesocrystals have been developed also by our 

group recently.99 Such complex perovskite mesocrystals are very difficult to be 

prepared via the conventional methods due to their complex chemical compositions. 

Platelike BBKT mesocrystals were prepared via a novel two-step solvothermal soft 

chemical process. Incipiently, the platelike layered titanate HTO crystals were 
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solvothermally treated in a Ba(OH)2 solution to form BaTiO3/HTO (BT-HTO) 

mesocrystalline nanocomposites. Then the BT-HTO mesocrystalline nanocomposites 

are hydrothermally treated in BiCl3-KOH solution to form BBNT mesocrystals. In the 

formation process of the BBKT mesocrystals, firstly, Ba2+ ions intercalate into the 

bulk of HTO crystal through the interlayer pathway by a H+/Ba2+ exchange reaction, 

and then the Ba2+ ions react with the TiO6 octahedral layers of HTO crystal in the 

crystal bulk to form the BT nanocrystals with [110]-orientation on the HTO 

framework via an in situ topochemical conversion reaction. Secondly, Bi3+ reacted 

with the residual HTO to produce the Bi12TiO20 nanocrystals on the surface of BT 

nanocrystals by a heteroepitaxial growth mechanism in the nanocomposite. Finally, 

the BBKT mesocrystals with [110]-orientation is obtained by the reaction of BT and 

Bi12TiO20 in KOH solution via the hydrothermal reaction. The visual formation 

mechanism of the BBKT mesocrystals is illustrated in Figure 1.10. 

 

1.3.6  (K, Na)NbO3-based mesocrystals 

Among all the candidates of lead-free piezoelectric materials, alkali niobate 

materials based on (K, Na)NbO3 have drawn much attention since Saito et al. reported 

that the piezoelectric constant of (K, Na)NbO3 oriented ceramics reach amazingly up 

to 416 pC/N.102 Furthermore, a significant feature of (K, Na)NbO3 ceramics lies in the 

inherent compatibility with nickel electrode, which is absent in the PZT materials but 

very important for industry due to the significant reduction in processing cost.103 One 

of the effective approaches for enhancing piezoelectricity is the reducing of the grain 

size of the ceramic. The ceramics with small grain size can be fabricated using 

mesocrystals. Not long ago, in the fabrication processes of K0.5Na0.5NbO3 (KNN) and 

(Li0.04K0.44Na0.52)(Nb0.85Ta0.15)O3 (LKNNT) piezoelectric ceramics, a unique core–

shell structure was found out. 104  The core region is composed of highly parallel 
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nanosized subgrains, whereas the shell region consists of larger-sized but similar self-

assembled subgrains. The coarse core–shell grains show a single-crystal- like selected 

area electron diffraction pattern, suggesting the mesocrystallization has occurred in 

the formation process of the core–shell grains. In the formation process, the nanosized  

subgrains aggregate by the self-assemble approach to form a typical core–shell grain 

structure. The KNN based ceramics with the core–shell grains present the highest 

dielectric constants and the lowest dielectric losses due to their highest densities. 

However, the piezoelectric constant d33 values tended to decline in these fabrication 

processes.  

Another rare instance, in the formation of the single-crystalline orthorhombic 

KNbO3 nanorods process, an intermediate KNbO3 mesocrystal was observed.105 The 

KNbO3 nanorods were prepared from Nb2O5 by hydrothermal synthesis at 180 oC in a 

KOH solution using sodium dodecyl sulfate surfactant. The morphology of the 

KNbO3 product was strongly influenced by the addition of the surfactant and the 

concentration of the reactants. The nanorod growth mechanism is based on self-

assembly of cube-shaped or facetted KNbO3 nanocrystals along [001] growth 

direction into mesocrystals, which further grown into the nanorods with a [010] zone 

axis. The orthorhombic to tetragonal and tetragonal to cubic phase transitions of 

KNbO3 nanorods occurred at significantly lower temperatures, which may be due to 

the formation of intermediate KNbO3 nanocrystal in the phase transition process.  

 

1.4  Topochemical synthesis  

  Topochemical synthesis is a very classical and useful approach for the preparation 

of the targeted particles with the desired morphologies.106,107 In contrast to the other 

reactions, the topochemical conversion reaction can be described as special phase 
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transformations of the parents crystals into the daughter crystals, and are driven by the 

crystal structures rather than by the chemical nature of the reactants. Therefore, the 

crystallographic directions of parent and daughter crystals have some certain 

topological correspondences. Some mesocrystals can be prepared by the topochemical 

syntheses method as described above.  

 

1.4.1  Approach of topochemical synthesis 

The conventional synthesis approaches including solid state reaction process, 

molten salt process, and hydrothermal/solvothermal process can be utilized for the 

topochemical synthesis. For the normal solid-solid reaction process, the ball-milled 

precursor powders with desired compositions should be annealed at high temperatures. 

This reaction occurs simply via solid-state diffusion at a high temperature. The 

obtained produces usually have the characteristics of isometric morphology such as 

cubic or spherical, large particle size, and compositional inhomogeneity.108,109 Hence, 

as a general rule, the solid state process is seldom utilized for the topochemical 

synthesis. 

The molten salt process is usually carried out in a low molten salt as a reaction 

medium, and itself can also act as a reagent. The crystal growth occurs easily in the 

molten salt medium, the product particles usually have its original crystal morphology, 

uniform and large particle size. The precursor host particles can react easily with the 

guest ion or molecule species in the molten-salt via host-guest mechanism to achieve 

desired composition and morphology of the products.110
111
112 Therefore, the molten salt 

process can usually be used for the topochemical synthesis.  

The hydrothermal/solvothermal process is a liquid chemical reaction process under 

high pressure of above 1 atm and high temperature of above boiling point of the 

solvent used. When an aqueous solution is used as the solvent, it is called 
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hydrothermal process. When an organic solvent or organic and aqueous mixed solvent 

is used, it is called solvothermal process. These processes are widely applied to 

prepare the ceramics powders. The basic mechanism of crystal nucleation and growth 

under the hydrothermal and solvothermal conditions is the dissolution-deposition 

reactions. The particle size is controlled by the crystal growth rate, reaction time, and 

reaction temperature. The particle morphology is dependent on the crystal growth 

direction or the non-classical self-assemble direction that is not easy to be controlled 

in the normal cases. The advantages of the hydrothermal/solvothermal process are 

preparations of the products with a controllable morphology, a controllable crystal 

facet, a uniform size distribution, a small crystal size at a relatively low temperature. 

The hydrothermal/solvothermal process is a potential method for the topochemical 

synthesis. 

 

1.4.2  Solvothermal soft chemical process for topochemical synthesis 

The solvothermal soft chemical process is a useful and unique method for the 

preparation and design of functional inorganic materials.93,113,114 The advantages of 

the hydrothermal/solvothermal process are suitable for the soft chemical synthesis,  

especially in effectively maintaining the precursor morphologies in the synthesis 

process. The solvothermal soft chemical process typically comprises two steps: the 

first step is the preparation of a framework precursor with layered structure and 

insertion of structural directing-agents (template ions or molecules) into its interlayer 

space by a soft chemical reaction; the second step is the structural transformation of 

the structural directing-agent- inserted precursor into a desired structure by a 

solvothermal reaction. The crystal structure of the product can be controlled by the 

structural directing-agent used, and the product particle morphology is dependent on 

the precursor morphology used. This process has been utilized for the synthesis and 
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design of metal oxides and organic- inorganic nanocomposites with controlled 

structure, morphology, and chemical composition. 115,116 As described above, the 2D 

platelike perovskite mesocrystals, such as BaTiO3,93,94,117  Ba1-xCaxTiO3,98 and Ba1-

x(Bi0.5K0.5)xTiO3
99 mesocrystals can be topochemically synthesized from 2D platelike 

protonated titanate single crystals using the solvothermal soft chemical process.
,

  

 

1.4.3  Layered protonated titanate HTO as precursor for topochemical synthesis 

 

 

Figure 1.11 Schematic diagrams of HTO (H4x/3Ti2-x/3O4·H2O (x = 0.8)) crystal with (a) [100] zone 

axis structure and (b) three-dimensional (3D) structure. 

 

Increasing interest has recently been paid to layered titanates with variety 2D 

structures due to their interesting interlayer chemistry.118  One of the most studied 

layered titanate is lepidocrocite (γ–FeOOH)-type protonated titanate, which has a 

composition of H4x/3Ti2-x/3O4·H2O (x = 0.8) (H1.07Ti1.73O4·H2O, abbreviated to HTO) 

and shows excellent ion-exchange/intercalation reactivities, and can be readily 

exfoliated/delaminated into its molecular single sheets with a distinctive 2D 

morphology and a small thickness.118,119  In the HTO crystal structure, the TiO6 
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octahedrons are combined with each other via angle and edge-sharing to form a 2D 

TiO6 octahedral sheet, as illustrated in Figure 1.11. The host sheets are stacked with a 

interlayer spacing of about 8.82 Å in a body-centered orthorhombic relationship (a = 

3.7831 Å, b = 17.6413 Å, c = 2.9941 Å), accommodation H2O and H3O+ between 

them (Figure 1.11). Approximately 52% of the interlayer sites are occupied by H3O+ 

and remaining by H2O. The positive charge of H3O+ is balanced with minus one of the 

host TiO6 octahedral sheets arising from the Ti site vacancies.120,121 

In our previous works, we have used the HTO crystal as a precursor to prepare the 

various perovskite titanate mesocrystals as described above, and anatase and rutile 

platelike particles, and furthermore as a template to fabricate oriented ceramics by a 

reactive template grain growth method. Very recently, the phase transition mechanism 

of the HTO crystal to anatase under supercritical water has been reported. 122 These 

results suggest that the HTO crystal is an excellent precursor for the preparations of 

the titanate mesocrystals and titanium oxides mesocrystals by the topochemical 

conversion reaction mechanisms.  

 

1.5  Fabrication of oriented ferroelectric ceramic materials  

  Through the description above, it has learned that the mesocrystal materials have a 

high orientation, and are constructed from the submicro/nanocrystals with uniform 

size and mutual coordination. Obviously, such mesocrystalline materials are suitable 

for developing the oriented ceramics with the high preferred orientation, uniform 

small grain size, and high density. But based on the investigation of almost all the 

literatures involving mesocrystals, there are only two literatures (References [98] and 

[104]) mentioned about the fabrications of oriented ceramics using the mesocrystals. 

Besides, for improving the piezoelectric and dielectric performances of the oriented 
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ferroelectric ceramics, the oriented engineering and domain (wall) engineering are 

very valid approaches. Therefore, the development of the functional mesocrystals for 

the application to the oriented ferroelectric ceramics materials combining with the 

oriented engineering and domain (wall) engineering will have a potential application 

foreground. 

 

1.5.1  Application of oriented engineering to oriented ceramics 

    The ceramics with the grains intentionally aligned in same crystal-axis direction are 

called “grain-oriented”, “oriented”, “textured”, “crystallographically textured”, or 

“crystallographically oriented” ceramics.123 Oriented engineering is a convenient and 

effective technology of applying crystal-axis-orientation for enhancing the physical 

and mechanical properties of the functional ceramics with the anisotropic properties. 

The application of oriented engineering to piezoelectric ceramics was firstly proposed 

in the late 1960s.124 The development of lead-free piezoelectric ceramics had been 

greatly proceeded in 1990s.102 Afterwards, the discovered lead-free materials are not 

sufficient to replace lead-containing materials due to their relatively low piezoelectric 

coefficients. One method of enhancing the piezoelectric coefficients is to develop the 

oriented piezoelectric ceramics because the piezoelectric materials exhibit crystal-axis 

anisotropic behavior in their piezoelectric coefficients. The templated grain growth 

(TGG) or reactive-templated grain growth (RTGG) is a useful technique for 

producing dense and textured ceramics by using a certain number of anisometric  

shaped (platelike or needlelike) template particles aligned in a matrix as nucleation 

sites for the development of the orientation engineering. 125  

    In the TGG process, a precursor with an anisometric morphology of an oriented 

target compound is used as a template, and a complementary equiaxed target 

compound are mixed together as the starting materials. The oriented ceramic is 
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developed mainly by the growth of the precursor of the oriented target compound at 

the expense of equiaxed target compound.
126

 The RTGG process with a significant 

specialty is also an in situ topochemical reaction between the precursor template 

particles with anisotropy morphology and the other equiaxed matrix starting materials. 

Usually, the particles with platelike or fibrous anisotropy morphology can be selected 

as the reactive template material. In this process, a green compact made from aligned 

template particles with the same crystal-axis direction and matrix grains with random 

direction is calcined or sintered to form the oriented object material. The oriented 

ceramic is developed mainly by the growth of oriented template particles at the 

expense of matrix grains.101 The procedure for preparing oriented ceramics is almost 

the same as that of the TGG process. The only difference is a calcination step for the 

green compacts. In the RTGG process, the aligned reactive template particles without 

a composition of the target compound, and the randomly oriented complementary 

reactant particles are processed to form the green compacts. The calcination is 

necessary to cause the in situ topochemical reaction that results the formation of 

particles of the target compound with the desired orientation. The crystal axis of the 

target compound is determined by the relation between the crystal structures of the 

reactive template and the target compound. Sometimes the compounds belonging to 

the perovskite structured and bismuth layer-structured ferroelectrics can cause the 

expansion of compacts during the formation process.127  

  Several methods are available to evaluate the degree of the preferred orientation 

quantitatively,128 but the Lotgering method using XRD data is widely used because of 

its simplicity.129 The detailed expression is shown as the following: 
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where I and I0 are the intensities of the (hkl) peaks for the oriented and the non-

oriented samples, respectively. The F value ranges from 0 to 1, where F = 0 and 1 

correspond to the completely random and the perfectly oriented, respectively.  

 

1.5.2  Application of domain (wall) engineering to oriented ceramics 

A ferroelectric crystal has a spontaneous polarization in the crystal bulk even 

without an applied electric field, and its spontaneous polarization direction can be 

reversed under an appropriate applied electric field, which is the reason why the 

ferroelectric crystal can exhibit a large dielectricity. 130,131 Furthermore, the reversal of 

polarization direction accompanies a deformation in the crystal, which corresponds to 

the piezoelectric mechanism. The polarization reversal derives from the domain 

reversal. The domain is a micro-region with the same spontaneous polarization 

direction in the ferroelectric crystal.132 A boundary between the domains is named a 

domain wall. Usually, the ferroelectric crystal has polydomain structure separated by 

the domain walls, and the spontaneous polarization directions of the different domains 

exist in some simple corresponding relationships. For instance, for the tetragonal BT 

single crystal, the angles between the spontaneous polarization directions of the 

neighboring domains may be only 90 and 180 o, respectively, as shown in Figure 1.12. 

For the rhombohedral BT single crystal, the angles include 71, 109, and 180 o. For the 

orthorhombic BT single crystal, the angles include 60, 120, and 180 o. But in the 

polycrystal structure, the spontaneous polarization direction is not any specific rule 

because the component crystalline grains are unoriented for the polycrystalline bulk. 

If the polycrystal is constructed from the oriented building units, such as a 

mesocrystal, the spontaneous polarization direction will be similar to the single crystal.  
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Figure 1.12 Schematic diagram of the simplest type of (a) 90 
o
 and (b) 180 

o
 arranged domains 

(walls) of tetragonal BaTiO3 single crystal. The arrows show the spontaneous polarization 

direction. The domain extends from one face to a parallel one and the directions of the tetragonal 

axes are as shown.
133

 

 

The spontaneous polarization direction around the domain walls is unstable, 

which can be easily reversed under a weak applied electric field. This property can be 

applied to enhance the dielectricity and piezoelectricity. Therefore, the controlling of 

the size, structure, and polarization reversal of the domain, and the fabrication and 

design of the domain are important systematic engineering for the development of the 

application the ferroelectric materials. 134 , 135 , 136 , 137 , 138  To achieve much higher 

piezoelectric properties than those of Pb(Zr/Ti)O3 (PZT) ceramics, the domain 

engineering as an important technique for obtaining enhanced piezoelectric properties 

in single crystals have been applied to lead-free ferroelectric materials.134 ,139
140141 142

143  In 

general, the increase of the domain size and the design of the polarization 

improvement by enhancing remanent polarization can be carried out by domain 

engineering, which are not indispensable for the enhancement of the piezoelectric 

properties.134
,144,
145 The domain size can be decreased by reducing the grain size of the 

ceramic, which can enhance the dielectricity and piezoelectricity.146,147
 

The above discussions suggest that the spontaneous polarization around the 

domain walls can contribute significantly to the piezoelectric and dielectric 

performances. An artificial domain wall can be fabricated using some heteroepitaxy 

interfaces of different substances with lattice mismatch or/and the different directions 
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of the spontaneous polarization, as shown in Figure 1.13. The spontaneous 

polarization direction around the artificial domain walls can be changed to the other 

direction due to the lattice distortion at the heteroepitaxy interfaces. Therefore, a 

sloping spontaneous polarization structure can be imported into the interfaces of the 

different substances, which results in producing the polarization reversal sustaining.148 

The artificial interfaces such as in artificial superlattices can produce an obviously 

significant enhancement of piezoelectric and dielectric constants.149
,150,
151

 

 

 

Figure 1.13 Schematic diagrams of imported heteroepitaxy interfaces from (a) composite 

paraelectricses and (b) composite non-paraelectricses.  

 

   At present, the most studies on the superlattices of ferroelectric materials are in 

regard to 2D BaTiO3/SrTiO3 superlattice structure prepared by the molecular-beam 

epitaxy (MBE) process.152 But the MBE process is inefficient and high cost, and the 

industrialization production is difficult to achieve by MBE process.153
154
155 Furthermore, 

3D superlattice structures which can achieve a high density interface is difficult to be 

fabricated via the MBE process. Hence, the exploration of a new approach to develop 

the superior superlattice composite materials is expected. The development of the 

ferroelectric mesocrystalline nanocomposites with the 3D superlattice structure by a 
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facile low cost process is a significant subject and will attach much attention in the 

ferroelectric materials field.  

 

1.6  Purposes of present study 

As described above, up to now, some studies on the mesocrystals have been 

reported mainly on the syntheses and formation mechanisms; however, the 

understandings on mesocrystal properties, formation mechanisms, and especially the 

potential application possibilities are not enough. Further development of the 

functional mesocrystals, investigations of the mesocrystal performances and the 

formation mechanisms are necessary in current nanomaterial research fields. The 

mesocrystals of ferroelectric materials may be applied to fabricate the high 

performance ferroelectric ceramics with a high preferential orientation, high relative 

density, and small grain size. The functional mesocrystalline nanocomposite materials 

can apply to a novel 3D superlattice ferroelectric material and 3D superlattice 

photocatalyst with the high efficient electron hole separation effect. Therefore, in this 

study, the functional ferroelectric mesocrystals, and mesocrystalline nanocomposites 

of ferroelectric and photocatalytic materials were developed by a solvothermal soft 

chemical process and a solid state soft chemical process via the in situ topochemical 

conversion mechanism. 

   The present study aims at (1) the expedition of mesocrystals chemistry and the offer 

of some good opportunity to understand the formation mechanism of mesocrystalline 

superstructures, (2) the development of the solvothermal soft chemical process and 

the solid state soft chemical process via the in situ topochemical conversion to 

synthesize the functional titanate and titanium oxide mesocrystals and their 

mesocrystalline nanocomposites, (3) the characterizations of the mesocrystal of 
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Na0.5Bi0.5TiO3 (BNT) and mesocrystalline nanocomposites of BaTiO3/SrTiO3 (BT/ST), 

and anatase/rutile, (4) the description of the formation reaction mechanisms and 

nanostructures of the mesocrystals and mesocrystalline nanocomposites, and (5) the 

applications of these mesocrystals and mesocrystalline nanocomposites to the 

ferroelectric and photocatalytic materials. 

In Chapter II, the formation and characterization of Na0.5Bi0.5TiO3 (BNT) 

ferroelectric mesocrystals prepared from a layered titanate H1.07T2.73O4·H2O (HTO) 

with a lepidocrocite- like structure are described. The BNT mesocrystals were 

synthesized via solid state reactions in HTO-Bi2O3-Na2CO3 and HTO-TiO2-Bi2O3-

Na2CO3 solid-state reaction systems. The BNT mesocrystals are constructed from 

[100]-oriented BNT nanocrystals. The BNT mesocrystals were formed by an in situ 

topotactic structural transformation mechanism and a combination mechanism of the 

topotactic structural transformation and an epitaxial crystal growth.  

In Chapter III, a reactive-templated grain growth (RTGG) process for the 

fabrication of the crystal-axis-oriented Bi0.5Na0.5TiO3 (BNT) ceramics using platelike 

HTO crystals as a template is described. The [100]-oriented BNT ceramics with the 

high degree of orientation, high density, and small grain size were achieved 

simultaneously by using a HTO-TiO2-Bi2O3-Na2CO3 reaction system. The oriented 

BNT ceramic is formed by a topochemical conversion reaction of platelike HTO 

template crystals to platelike BNT mesocrystal particles, and then epitaxial crystal 

growth of BNT on the BNT mesocrystals. The fabricated oriented BNT ceramic 

shows a higher piezoelectric constant value of d33* than the non-oriented BNT 

ceramic. 

In Chapter IV, the synthesis, characterization and formation mechanism of the 

platelike BaTiO3/SrTiO3 (BT/ST) mesocrystalline nanocomposites are described. The 

platelike BT/ST mesocrystalline nanocomposites were synthesized by a two-step 
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solvothermal soft chemical process. In the first step, the platelike HTO crystal was 

partially reacted with Ba(OH)2 under hydrothermal condition in water solution to 

prepare a platelike BaTiO3/HTO (BT/HTO) mesocrystalline nanocomposite. In the 

second step, the BT/HTO mesocrystalline nanocomposite was solvothermally treated 

in Sr(OH)2 water-alcohol solution, to obtain the platelike BT/ST mesocrystalline 

nanocomposite.  

In Chapter V, the synthesis, characterization, and formation mechanism of platelike 

TiO2 polymorphs mesocrystalline nanocomposites synthesized based on topochemical 

mesocrystal conversion process are described. In this conversion process, the 

orthorhombic HTO single crystal with [010] direction orientation was successively 

transformed into monoclinic HTO single crystal, polycrystalline monoclinic {010}-

faceted TiO2 (B) twining, polycrystalline [010]-oriented anatase, and polycrystalline 

[110]-oriented rutile, respectively. All the nanocrystals formed via the topochemical 

conversion have specific corresponding relations of crystal orientations. An [010]-

oriented anatase/[110]-oriented rutile mesocrystalline nanocomposite can be obtained 

also using this reaction process. This polymorphs mesocrystalline nanocomposite 

exhibits a high surface activity for the photocatalytic reaction. 

In Chapter VI, the main points concluded in each chapter are summarized. In 

addition, on the basis of the results of the present study the future prospects for the 

applications of these results are shown. 
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Chapter II 

Topotactic Transformation Reaction from Layered Titanate 

to Platelike [100]-oriented Bi0.5Na0.5TiO3 Mesocrystals
†
 

 

2.1  Introduction 

Perovskite oxide piezoelectric materials due to their unique ability to couple electrical 

energy and mechanical energy transformations can be applied to several electronic 

devices such as sensor, actuator and transducer technologies, and so on. 1  Pb-free 

piezoelectric materials have attracted considerable attention due to the consideration 

of environmental protection in recent years. 2
, 3 ,

4  Bismuth sodium titanate 

(Bi0.5Na0.5TiO3, BNT) is one of well-known basis ferroelectric materials.5,6 It has a 

perovskite structure with rhombohedral R3c space system ( a = 38.91 nm, α＝89.6°) 7 

at room temperature. In the perovskite structure with ABO3 formula, where the half of 

A-site is filled with Bi(III), and the other half with Na(I), and the B-site is filled by 

Ti(IV).8,9 The BNT has been considered to be one of the most promising candidate 

materials for the development of Pb-free piezoelectric materials due to its relatively 

large remnant polarization (Pr = 38 μC/cm2) and high Curie temperature (Tc =320 

oC).10,11 The highest temperature phase is a paraelectric cubic phase, and it transforms 

to the tetragonal phase around 520 oC and to rhombohedral phase around 260 oC.12
,13,14,

15 

Similar to the most of other Pb-free piezoelectric materials, the piezoelectricity of 

BNT is lower than lead-based piezoelectric materials.16
,17,
18 So that many attempts to 

improve the physical properties of BNT have been carried out by various methods.  

There are two kinds of effective techniques to enhance the p iezoelectricity. One is 

domain engineering for the control of the domain size, and another is texture 

engineering for the control of orientation direction of the piezoelectric materials. 
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Enhancement of piezoelectricity and reduction of piezoelectric hysteresis for 

piezoelectric materials can be realized well by decreasing the domain size, 19,20 and the 

domain size can be decreased by reducing the grain size of the material. 21  Since 

ferroelectric materials show crystal-axis anisotropic, their piezoelectricity and 

permittivity are tensor quantities and relate to both the direction of the applied stress 

and electric field.22 Therefore, the high piezoelectricity can be achieved by using the 

crystal-axis-oriented materials as well.23 It has been reported that the [110]-oriented 

BaTiO3 ceramic material shows a piezoelectric constant d33 value of 788 pC/N,24 

which is much larger than that of the 190 pC/N for the normal BaTiO3 ceramic 

materials. 25  Consequently, the small grain size and high-degree of orientation 

ceramics with high density are expected for high performance piezoelectric materials.  

Templated grain growth (TGG) method and reaction-templated grain growth 

(RTGG) method have been developed for the fabrication of the oriented ceramic 

materials. 26 ,27  In these methods, the template particles with platelike or fiber- like 

morphology are necessary, because they can be oriented easily via mechanical 

methods. The [100]-oriented, 28 ,29  [001]-oriented, 30 ,31  [110]-oriented,23,24 and [111]-

oriented32,33 perovskite ferroelectric ceramic materials, such as Na0.5Bi0.5TiO3 (BNT), 

BaTiO3, Bi0.5Na0.5TiO3-BaTiO3, Ba0.6Sr0.4TiO3, Ba1-xCaxTiO3, have been developed by 

using the TGG or RTGG methods. Two kinds of platelike particles, Bi4Ti3O12
27,34 and 

Na0.5Bi4.5Ti4O15 
12

 have been reported to be used as template for the fabrication of 

oriented BNT ceramic materials by the TGG or RTGG method.27,34,35 These platelike 

particles were prepared using the solid state reaction or melt salt methods, which 

gives large size particles.36
,37,
38 The oriented ceramic materials with small grain size and 

high density are difficult to be achieved by using these large platelike particles as the 

templates.27,34,35  

Up to now, BNT particles have been synthesized using molten salt method, 12,38
,39,40,

41 

solid state method,42 hydrothermal method,15,43
, 44 ,45,

46  sol–gel method,47,48  vibro-milling 

method,13 and slurry synthesis method.49 However the obtained BNT particles show a 

cubic or spherical isotropic morphology except when an anisotropic morphology 
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precursor is used. BNT platelike particles have been prepared by using molten salt 

method with Bi4Ti3O12,38
 Na0.5Bi4.5Ti4O15,12,40 and Bi2Ti4O11

41 platelike particles as 

the precursors. The obtained BNT platelike particles have been used as the template to 

fabricate oriented BNT ceramic materials by TGG method.  12 However, the high 

degree of orientation, high density, and small grain size ceramic materials have not 

been achieved due to the large size and low aspect ratio of BNT platelike template.  

A layered titanate H1.07Ti1.73O4·nH2O (HTO) with a lepidocrocite- like structure and 

small platelike particle size of 200 nm in thickness and 3 μm in width can be 

synthesized by hydrothermal reaction.50
, 51 ,

52  The HTO platelike particles have been 

used as the precursors for the syntheses of the perovskites BaTiO3, Ba1-xCaxTiO3, and 

Ba1-x(Bi0.5K0.5)xTiO3 platelike particles by solvothermal reactions.23,51
,117,

53 The platelike 

particles of the perovskite titanates prepared by this method are constructed from the 

spherical nanoparticles, and all the spherical nanoparticles of the perovskite titanates 

in the platelike particles align and show the same [110]-direction orientation, forming 

the [110]-oriented platelike particles.23,51,53 The formation mechanisms of the oriented 

platelike particles are the in situ topotactic transformation reaction, where the metal 

ions are intercalated into the HTO crystal bulk through the interlayer pathway by an 

exchange reaction, and then react with the layered titanate.  

These oriented platelike perovskite polycrystals are a new class of mesocrystal. The 

mesocrystal is defined as an orientational superstructure with nanometers to 

micrometers size, which is made from well-aligned oriented crystalline 

nanoparticles.54,55 The concept of mesocrystal has just recently been brought forward 

and developed in 2003,55 in order to explain that the crystal growth may be a 

crystalline aggregation-base process via a mesoscale transformation. The mesocrystals, 

which are assemblies of crystallographically oriented nanocrystals, have potential 

applications to catalysis, sensing, and energy storage and conversion.54,56 , 57  The 

platelike perovskite mesocrystals are a promising material to fabricate the high degree 

of orientation, high density, and small grain size ceramic materials for the high 

performance piezoelectric materials. To the best of our knowledge, the studies on the 
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syntheses of BNT mesocrystal and other perovskite titanate mesocrystals by heat 

treatment method using HTO as a precursor have not been reported, and also on 

fabrication of oriented ceramic materials using HTO template. 

In this Chapter, a new challenge on the synthesis of the platelike BNT ferroelectric 

mesocrystals from the platelike HTO particle precursor by using the heat treatment 

method, the studies on the formation reaction mechanism and nanostructure, and 

application of the heat treatment process to the fabrication of the crystal-axis-oriented 

BNT ceramic materials are described. The platelike BNT part icle prepared via this 

method is constructed from the aligned nanoparticles, and each nanoparticle shows 

the same [100]-orientation, namely [100]-oriented BNT mesocrystal.  

 

2.2  Experimental section 

2.2.1  Preparation of layered titanate H1.07Ti1.73O4·nH2O (HTO) precursor 

H1.07Ti1.73O4·nH2O (HTO) powder sample was prepared by acid-treatment of 

K0.8Ti1.73Li0.27O4 (KTLO) that was synthesized by hydrothermal method reported in 

literature.117 6.9 g of anatase TiO2 nanoparticles, 5.1 g of KOH, 0.6 g of LiOH·H2O, 

and 25 mL of distilled water were sealed into a Hastelloy-C-lined vessel with internal 

volume of 45 mL, and then heated at 250 oC for 24 h under stirring conditions. After 

the hydrothermal treatment, the obtained sample was washed with distilled water and 

dried at room temperature to obtain K0.80Ti1.73Li0.27O4 (KTLO) crystals. The KTLO 

crystals (4.0 g) was treated with a 0.2 mol·L-1 HNO3 solution (200 mL) for 24 h under 

stirring conditions to exchange K+ and Li+ in the layered structure with H+, and then 

the sample was washed with distilled water. After the acid treatments were done twice, 

the layered protonated titanate H1.07Ti1.73O4·H2O single crystals were obtained. The 

as-obtained crystals were collected and washed with distilled water and alcohol, 

before air-drying at 60 oC for 12 h, and then the HTO (3.2 g) single crystals were 

obtained.  
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2.2.2 Synthesis of BNT powder samples  

Three kinds of Ti-sources, namely platelike HTO particles, anatase TiO2 

nanoparticles, and HTO-TiO2 mixture, were used in the solid state reaction for 

synthesis of Bi0.5Na0.5TiO3 (BNT) particles. In the synthesis of the BNT powder from 

HTO Ti-source, HTO (0.005 mol Ti) and stoichiometric ratio of Bi2O3 and Na2CO3 

(Bi/Na/Ti mole ratio = 0.5:0.5:1) in the solvent of ethanol were mixed by ball milling 

with 5 mm diameter zirconia balls for 24 h at a rotational speed of 60 r/min. The 

mixture was dried at 60 oC for 6 h, and then heated at a desired temperature for 3 h in 

air with a heating rate of 10 oC/min. Similarly, BNT powder samples were prepared 

using anatase TiO2 nanoparticles or mixture of HTO and anatase TiO2 nanoparticles as 

the Ti-source instead of the HTO Ti-source. The mole ratio of Ti in the HTO-TiO2 

mixture was 4:6. 

 

2.2.3  Physical Characterization 

The structures of powder and ceramic samples were investigated using a powder X-

ray diffractometer (Shimadzu, XRD-6100) with Cu Kα (λ = 0.15418 nm) radiation. 

The size and morphology of the samples were observed using scanning electron 

microscopy (SEM) (JEOL, JSM-5500S) or field emission scanning electron 

microscopy (FE-SEM) (Hitachi, S-900). Transmission electron microscopy (TEM) 

observation and selected-area electron diffraction (SAED) were performed on a JEOL 

Model JEM-3010 system at 300 kV, and the powder sample was supported on a 

microgrid. Energy dispersive spectroscopy (EDS) (JEOL, JED-2300T) was measured 

on the TEM system.  

 

2.3  Results and discussion 

2.3.1  Formation of BNT mesocrystal in HTO-Bi2O3-Na2CO3 reaction system 

Figure 2.1 shows the XRD patterns of the powder samples obtained by the heat 

treatment of HTO-Bi2O3-Na2CO3 mixture with the stoichiometric ratio of 

Bi0.5Na0.5TiO3 (BNT). The diffraction peaks of HTO, Na2CO3, and Bi2O3 phases were 
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observed before the heat treatment (Figure 2.1a). After heat treatment at 500 oC, in 

addition to the small amounts of the unreacted HTO, Na2CO3, and Bi2O3 phases, new 

phases of Bi12TiO20 (JCPDS File No.34-0097) and BNT (JCPDS File No. 89-3109) 

were formed (Figure 2.1b), suggesting the partial reaction of the HTO-Bi2O3-Na2CO3 

mixture. The basal spacing of HTO decreased from 0.870 nm to 0.732 nm, due to the 

dehydration of its interlayer water. At 600 oC, all the starting HTO, Bi2O3, Na2CO3 

phases were reacted, and the product containing BNT main phase and a very small 

amount of Bi12TiO20 phase was formed. Although the crystal structure of BNT is 

rhombohedral, the diffraction lines are indexed based on the pseudocubic unit cell 

because of small rhombohedral distortion, and can be identified by JCPDS powder 

file card No. 89-3109 (cubic symmetry).3,12,27,38,58,59 Only BNT phase was obtained 

above 700 oC. The formation of the TiO2 phase was not observed in all the reaction 

temperature ranges studied here, suggesting the HTO phase was transformed directly 

into the Bi12TiO20 or BNT phases in the reaction system. The formation of BNT phase 

occurred at much lower temperature in the HTO-Bi2O3-Na2CO3 reaction system than 

that in the normal TiO2-Bi2O3-Na2CO3 reaction system (see next section) due to the 

high reactivity of HTO.  

 

 

Figure 2.1 XRD patterns of the HTO-Na2CO3-Bi2O3 mixture (a) before and after heat treatment at 

(b) 500, (c) 600, (d) 700, (e) 800, and (f) 900 
o
C for 3 h, respectively.  
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The above results indicate that in the HTO-Bi2O3-Na2CO3 reaction system, firstly 

the intermediate Bi12TiO20 phase is formed by reacting HTO with Bi2O3 (reaction (1)), 

and then the intermediate product reacts with Na2CO3 and HTO (reaction (2)), 

resulting in the formation of BNT phase. 

6Bi2O3 + (1/1.73) H1.07T1.73O4·nH2O → Bi12TiO20 + xH2O              (1) 

Bi12TiO20 + 6Na2CO3 + (23/1.73) H1.07T1.73O4·nH2O →  

24Na0.5Bi0.5TiO3 (BNT) + 6CO2 + yH2O                                (2) 

 

 

Figure 2.2 FE-SEM images of the HTO-Na2CO3-Bi2O3 mixture before (a) and after heat treatment 

at (b) 500, (c) 600, (d) 700, (e) 800, and (f) 900 
o
C for 3 h, respectively. 

 

 

Figure 2.3 FE-SEM images of the (a) HTO-Na2CO3-Bi2O3 and (b) HTO-TiO2-Na2CO3-Bi2O3 

mixture after heat treatments at 500 
o
C for 3 h. 
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Figure 2.2 presents FE-SEM images of the HTO-Bi2O3-Na2CO3 mixtures before 

and after the heat treatment. The platelike particle morphology of HTO with about 

200 nm in thickness and about 2 μm in width can be observed in the HTO-Bi2O3-

Na2CO3 mixture before the heat treatment. This result indicates that HTO particle 

morphology has not been damaged during the ball milling treatment. The platelike 

particles remained its morphology after the heat treatment at 500 oC (Figure 2.2b). It 

is interested to observe some smaller holes with the diameter of about 60 nm and 

cracks in plate (Figure 2.3).  

After the heat treatment at 600 oC, the platelike particle morphology was also 

remained, but the holes and cracks disappeared in platelike particles (Figure 2.2c). 

The platelike particle is constructed from nanoparticles with a size of about 100 nm. 

This result suggests that the polycrystalline platelike BNT particles are formed by an 

in situ topotactic reaction mechanism. The platelike particles collapsed, and block- like 

particles with a size of about 200 nm were formed at 700 oC (Figure 2.2d). With 

increasing the heat treatment temperature to 800 oC and 900 oC, the sizes of the block-

like particles grow up to about 400 nm and 800 nm, respectively (Figure 2.2 e and f).  

 

 

Figure 2.4 (a) TEM image, (b) Fast-Fourier-transform-filtered TEM image, (c) HRTEM image, 

and (d) SAED patter of the sample obtained after heat treatment of HTO-Na2CO3-Bi2O3 mixture at 
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600 
o
C for 3 h.  

 

The formation reaction of BNT in the HTO-Bi2O3-Na2CO3 system was also 

investigated using TEM, HRTEM and SAED, and the results for the sample obtained 

at 600 oC are shown in Figure 2.4. The platelike particle is constructed from 

nanoparticles with a size of about 100 nm (Figure 2.4a), which is consistent with the 

FE-SEM result (Figure 2.2c). The Fast-Fourier-transform (FFT) filtered TEM image 

indicates that the nanoparticles with a size of about 100 nm correspond to the BNT 

cubic phase, where the fringe spacings of 3.90 Å and 2.80 Å correspond to (001) and 

(011) facets, respectively, and the angle between the (001) and (011) facets is 45o. 

Except the BNT nanoparticles of 100 nm, some small spherical nanoparticles with a 

size of about 5 nm were also observed on the surface of the platelike particle (Figure 

2.4c). These small nanoparticles correspond to Bi12TiO20 phase which shows a fringe 

spacing of 3.19 Å matching with the (310) facet.  

It is notable that two sets of SAED spots corresponding to the BNT perovskite 

phase and the Bi12TiO20 phase respectively are observed simultaneously in one 

platelike particle (Figure 2.4d), suggesting that BNT and Bi12TiO20 phases coexist in 

one platelike particle. This result is consistent with the XRD result in Figure 2.2c. The 

SAED result reveals that all the BNT nanoparticles and all the Bi12TiO20 nanoparticles 

in one platelike particle show the same crystal-axis orientation directions, respectively, 

because they show the diffraction spot patterns similar to their single crystal 

diffraction spot patterns, respectively. Furthermore, the polycrystalline platelike BNT 

particle shows a [100]-axis orientation, and the basal plane of platelike particle 

corresponds to the (100) facet that is vertical to the [100] orientation. These results 

reveal that the Reactions (1) and (2) in the formation process of BNT from HTO are 

the in situ topotactic reactions, which result in the formation of the [100]-oriented 

platelike BNT mesocrystals. The [100]-direction orientation of the BNT platelike 

mesocrystal is different from the [110]-direction orientation of the platelike BaTiO3
52, 

Ba0.9Ca0.1TiO3
23, and Ba0.5Bi0.5K0.5TiO3

53 mesocrystals prepared from the HTO 

precursor by solvothermal reactions.  
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It has been reported that platelike BNT single crystals with [100]-direction 

orientation can be prepared by molten-salt reactions using Bi4Ti3O12
38,40 and 

Na0.5Bi4.5Ti4O15
3,12 layered compounds as the precursor over 900 oC. The reaction 

temperature is higher than that formation of the platelike BNT mesocrystals using 

HTO precursor due to the lower reactivities of Bi4Ti3O12 and Na0.5Bi4.5Ti4O15 

precursors. In the molten-salt processes, first the Bi2O2(Ⅱ) layer-structured Bi4Ti3O12 

and Na0.5Bi4.5Ti4O15 platelike particles were synthesized as the precursor by molten 

salt reactions, and then the platelike particles were reacted with Na2CO3 and TiO2 to 

transform to the perovskite structure through topochemical conversion.38,40 Although 

the possible transformation mechanism from the layered structure to the perovskite 

structure has been proposed, it is not very clear yet.12,38 

 

 

Figure 2.5 Reaction mechanism of the formation of platelike BNT mesocrystal in HTO-Bi2O3-

Na2CO3 solid-state reaction system.  

 

On the base of results described above, we can give a schematic representation for 

the formation reaction mechanism of the [100]-oriented platelike BNT mesocrystal in 

the HTO-Bi2O3-Na2CO3 solid state reaction system as shown in Figure 2.5. In this 

reaction process, Bi(III) species immigrate into the HTO bulk crystal through its 

interlayer pathway firstly, and partially react with the TiO6 octahedral layers of HTO 

framework to form Bi12TiO20 nanoparticles in the HTO bulk crystal by the in situ 

structural transformation reaction. And then Bi12TiO20 nanoparticles react with the 
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TiO6 octahedral layers and Na(I) species in the bulk crystal to form BNT crystal seeds 

(nanoparticles). This reaction is also the in situ topotactic structural transformation 

reaction, and formed BNT crystal seeds show [100]-orientation. At the next step, 

Bi(III) species sequentially reacts with the TiO6 octahedral layers, which causes the 

formation of Bi12TiO20 nanoparticles on BNT nanoparticles surface by a 

heteroepitaxial growth mechanism. And then Bi12TiO20 nanoparticles on BNT 

nanoparticles surface react with the TiO6 octahedral layers and Na(I) species to grow 

up BNT nanoparticles by an epitaxial growth mechanism. 60  Finally [100]-oriented 

platelike BNT mesocrystal is obtained by consuming HTO framework completely.  

 

 

Figure 2.6 (a, c) TEM images and (b, d) SAED patterns of (a, b) HTO and (c, d) platelike particle 

obtained by heat treatment of HTO-Na2CO3-Bi2O3 mixture at 500 
o
C for 3h. 

 

To give an exact relationship between the structures of the HTO precursor and the 

BNT product, TEM and SAED studies were carried out on the HTO and partially 

reacted sample obtained at 500 oC (Figure 2.6). The platelike HTO particle is a single 

crystal with a smooth particle surface, and the basal plane of the platelike particle  

corresponds to the (010) facet. After the heat treatment at 500 oC, the smooth particle 

surface changed to rough surface. Three sets of SAED spots for the HTO layered 

phase, the perovskite BNT phase, and the Bi12TiO20 intermediate phase are observed 
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simultaneously in one platelike particle, indicating that HTO, BNT, and Bi12TiO20 

phases coexist in one platelike particle. In one platelike particle, the HTO axis-

directions of [010], [002], and [100] correspond to the BNT axis-directions of [100], 

[001], and [010], respectively, suggesting that a three-dimensional topotactic reaction 

occurs in structural transformation process. That is, there is a specific relationship 

between the structures of the HTO precursor and the BNT product in the in situ 

topotactic structure transformation process, where (010), (001), and (100) facets of the 

layered HTO structure are converted to (100), (001), (010) facets of the BNT 

perovskite structure, respectively (Figure 2.7).  

 

 

Figure 2.7 Schematic illustration of crystal structural evolution from HTO to BNT in an in situ 

topotactic transformation for HTO-Na2CO3-Bi2O3 reaction system.  

 

2.3.2  Formation of BNT in TiO2-Bi2O3-Na2CO3 reaction system 

Normal TiO2-Bi2O3-Na2CO3 solid state reaction system was also investigated in 

order to compare with the HTO-Bi2O3-Na2CO3 reaction system. Figure 2.8 shows the 

XRD patterns of the samples obtained by the heat treatment of the TiO2-Bi2O3-

Na2CO3 mixture with the stoichiometric ratio of BNT. The diffraction peaks of the 

TiO2, Na2CO3, and Bi2O3 phases were observed before the heat treatment (Figure 

2.8a). At 700 oC, all the starting TiO2, Bi2O3, Na2CO3 phases were transformed into 

the intermediates of tetragonal Bi4Ti3O12 (JCPDS File No. 47-0398) and cubic 
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Bi12TiO20 (JCPDS File No. 34-0097). 61  Most of the intermediates Bi4Ti3O12 and 

Bi12TiO20 were transformed to the BNT phase at 800 oC, and only BNT phase was 

obtained above 900 oC. These results indicate that a higher heat treatment temperature 

is necessary for the formation of BNT in the normal TiO2-Bi2O3-Na2CO3 reaction 

system than that in the HTO-Bi2O3-Na2CO3 topotactic reaction system (Figure 2.1). 

Although HTO has a much larger particles size, it shows a higher reactivity in the 

BNT formation reaction than anatase TiO2 nanoparticles. 

 

 

Figure 2.8 XRD patterns of the TiO2-Na2CO3-Bi2O3 mixture (a) before and after heat treatment at 

(b) 700, (c) 800, and (d) 900 
o
C for 3 h, respectively.  

 

 

Figure 2.9 SEM images of the samples obtained by heat treatments of TiO2-Na2CO3-Bi2O3 

mixture at (a) 700, (b) 800, and (c) 900 
o
C for 3 h, respectively.  

 

The SEM study indicates that the products obtained at 700 oC and 800 oC show 
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mainly spherical particle morphologies with the small amount of rod- like particles 

(see Figure 2.9). The rod- like particles maybe correspond to Bi4Ti3O12 phase.62,63 The 

BNT product obtained at 900 oC shows a square block morphology with a size of 

about 5 µm. The particle size of the product increases with increasing the heat 

treatment temperature.  

The formation of the intermediates Bi4Ti3O12 and Bi12TiO20 in the normal TiO2-

Bi2O3-Na2CO3 solid state reaction system for the synthesis of the BNT phase has been 

also reported.64,65 In this reaction system, firstly Bi12TiO20 is formed by reaction (3), 

then Bi12TiO20 is transformed to Bi4Ti3O12 by reaction (4),65 and finally Bi4Ti3O12 is 

transformed to BNT by reaction (5),27,34 as follows:  

 

6Bi2O3 + TiO2 → Bi12TiO20                                  (3) 

Bi12TiO20 + 8TiO2 → 3Bi4Ti3O12                              (4)  

Bi4Ti3O12 + 2Na2CO3 + 5TiO2 → 8Na0.5Bi0.5TiO3 (BNT) + 2CO2      (5) 

 

This is different to the reactions (1) and (2) where without formation of the 

intermediate Bi4Ti3O12 in the HTO-Bi2O3-Na2CO3 topotactic reaction system. This 

fact can be explained by differences in the intermediate Bi12TiO20 formation 

mechanism in these two reaction system. In the HTO-Bi2O3-Na2CO3 reaction system, 

the formation of the intermediate Bi12TiO20 nanoparticles occurs on the BNT crystal 

seeds surface in the HTO crystal bulk where has enough Ti(IV)-source for the 

formation of BNT. Therefore, the Bi12TiO20 nanoparticles show a high reactivity and 

can be transformed directly to the BNT by the epitaxial growth mechanism as shown 

in Figure 2.5. On the other hand, in the TiO2-Bi2O3-Na2CO3 solid state reaction 

system, the formation of the intermediate Bi12TiO20 occurs on the interface between 

TiO2 and Bi2O3 particles surface. The intermediate Bi12TiO20 cannot be transformed 

directly to BNT, due to where has not enough Ti(IV)-source. Two-steps reaction is 

necessary to provide the enough Ti(IV)-source. Firstly the intermediate Bi12TiO20 

reacts with TiO2 to form another intermediate Bi4Ti3O12 by the reaction (4), and then 

the intermediate Bi4Ti3O12 reacts with TiO2 and Na2CO3 to form the final product 
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BNT. 

 

2.3.3  Formation of BNT mesocrystal in HTO-TiO2-Bi2O3-Na2CO3 reaction 

system. 

 

 

Figure 2.10 XRD patterns of the HTO-TiO2-Bi2O3-Na2CO3 mixture (a) before and after heat 

treatment at (b) 500, (c) 600, (d) 700, (e) 800, and (f) 900 
o
C, respectively. The Ti mole ratio of 

HTO/TiO2 = 4:6.  

 

We also studied the formation of BNT in HTO-TiO2-Bi2O3-Na2CO3 reaction system 

where both of HTO and TiO2 nanoparticle were used as Ti-sources, because high 

oriented and high density BNT ceramic materials can be prepared using this reaction 

system (see the next section). We chose the mole ratio of HTO/TiO2 = 4:6 in HTO-

TiO2-Bi2O3-Na2CO3 reaction system because such condition is suitable for the 

fabrication of high oriented ceramic materials.27,34 Before the heat treatment, the 

diffraction peaks of HTO, TiO2, Na2CO3, and Bi2O3 phases were observed (Figure 

2.10 a). After the heat treatment at 500 oC, in addition to the dehydrated HTO, TiO2, 

Na2CO3, and Bi2O3 phases, the intermediate Bi12TiO20 and BNT phases were also 

observed (Figure 2.10b), suggesting the partial reaction of the HTO-TiO2-Bi2O3-

Na2CO3 mixture. Since the peak intensity of TiO2 did not change, it can be concluded 
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that the TiO2 did not take part in the reaction at this reaction temperature. The basal 

spacing of HTO also decreased from 0.870 nm to 0.732 nm, due to the dehydration of 

the interlayer water.  

At 600 oC, all starting Bi2O3, Na2CO3, HTO, TiO2 phases were reacted, and the 

product containing BNT main phase and a small amount of Bi12TiO20 phase was 

formed (Figure 2.10c). Only BNT phase was obtained above 700 oC (Figures 2.10d to 

f). These results are similar to the HTO-Bi2O3-Na2CO3 reaction system (Figure 2.1), 

which is different to TiO2-Bi2O3-Na2CO3 system (Figure 2.8). The BNT phase can be 

formed at low temperature (700 oC) without forming the intermediate Bi4Ti3O12 in the 

HTO-TiO2-Bi2O3-Na2CO3 reaction system. The full width at half of maximum 

(FWHM) of the BNT phase obtained from the HTO-TiO2-Bi2O3-Na2CO3 reaction 

system (0.448 o) was larger than that from the HTO-Bi2O3-Na2CO3 reaction system 

(0.292 o) at 600 oC. This result reveals that the HTO-Bi2O3-Na2CO3 reaction system 

has higher reactivity and gives a higher crystallinity of the BNT phase than the HTO-

TiO2-Bi2O3-Na2CO3 reaction system. 

 

 

Figure 2.11 FE-SEM images of the HTO-TiO2-Bi2O3-Na2CO3 mixture (a) before and after heat 

treatment at (b) 500, (c) 600, (d) 700, (e) 800, and (f) 900 
o
C, respectively. The Ti mole ratio of 

HTO/TiO2 = 4:6.  

 

The FE-SEM results reveal that HTO shows platelike morphology before the heat 
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treatment in the HTO-TiO2-Bi2O3-Na2CO3 mixture (Figure 2.11). The platelike 

particles and small nanoparticles were observed in sample after the heat treatment at 

500 oC, and some fissures were formed on the platelike particles (Figure 2.3b). The 

nanoparticles correspond to the unreacted TiO2, Bi2O3, and Na2CO3. After the heat 

treatment in a temperature range of 600 to 800 oC, the unreacted TiO2, Bi2O3, and 

Na2CO3 nanoparticles disappeared and were fused into the platelike particles, while 

the platelike particles grow up to the larger platelike particles. The larger platelike 

particle is constructed from nanoparticles with a size of about 150 nm that is larger 

than the nanoparticles (100 nm) in the platelike BNT particle prepared in the HTO-

Bi2O3-Na2CO3 reaction system. This result suggests that a mass-transport process 

from the TiO2 nanoparticles to the platelike particles occurs, resulting in the crystal 

growth on the platelike BNT particle in this temperature range. When the heat 

treatment temperature was reached to 900 oC, the platelike particle collapsed into 

small particles with a size of 300 nm, which is similar to the HTO-Bi2O3-Na2CO3 

reaction system. 

 

 

Figure 2.12 (a, c) TEM images and (b, d) SAED patters of the samples obtained by heat treatment 

of HTO-TiO2-Na2CO3-Bi2O3 mixture at (a, b) 600 
o
C and (c, d) 700 

o
C for 3 h, respectively.  

 

In order to understand the formation reaction of the BNT phase in the HTO-TiO2-
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Bi2O3-Na2CO3 reaction system, the obtained samples were also investigated using 

TEM and SAED (Figure 2.12). The platelike particle prepared at 600 oC shows two-

sects of diffraction spot patterns which are similar to the single crystals. One 

corresponds to the BNT phase and another corresponds to Bi12TiO20 phase. The BNT 

nanoparticles in a platelike particle show the same orientation to the [100]-direction, 

due to formation of the [100]-oriented BNT mesocrystal. This result is also similar to 

the HTO-Bi2O3-Na2CO3 reaction system at 600 oC (Figure 2.4d). The TEM image of 

the sample prepared at 700 oC also presents a platelike morphology, but it is thicker 

than the platelike BNT mesocrystal prepared in the HTO-Bi2O3-Na2CO3 reaction 

system, where the nanoparticles constructing the platelike mesocrystal are not 

observed clearly (Figure 2.12c). This is because the platelike mesocrystal is too thick 

to be transmitted by the electron beam of the TEM system. The platelike BNT 

mesocrystal retained the [100]-orientation and shows the single crystal SAED pattern 

after the heat treatment at 700 oC, although it grow up. An EDS analysis on the 

platelike BNT mesocrystal indicated that the platelike mesocrystal shows a 

homogeneous chemical composite distribution with an average mole ratio of 

Bi/Na/Ti=0.48:0.48:1.0 (see Figure 2.13), which is in good accordance with designed 

composition of BNT. This result reveals that the crystal growth of the [100]-oriented 

platelike BNT mesocrystal via a mass-transport process occurs by the epitaxial growth 

mechanism.  

 

 

Figure 2.13 (a) TEM image and (b) EDS spectra of the sample obtained by heat treatment of 

HTO-TiO2-Na2CO3-Bi2O3 mixture at 700 
o
C for 3 h. EDS spectra ①, ② and ③ correspond to 

those at the positions marked ①, ②, and ③ in TEM image. 
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On the base of results described above, a reaction mechanism of the formation of 

the [100]-oriented platelike BNT mesocrystal in HTO-TiO2-Bi2O3-Na2CO3 solid state 

reaction is given in Figure 2.14. In the first step of the reaction, the platelike HTO 

particles react with Na2CO3 and Bi2O3 to form the platelike BNT mesocrystal by the 

in situ topotactic reaction similar to the case in the HTO-Bi2O3-Na2CO3 reaction 

system as shown in Figure 2.5, because HTO shows the higher reactivity in the 

formation reaction of the BNT phase than that of TiO2 nanoparticles. This reaction is 

almost completed at 600 oC, and the platelike BNT mesocrystal constructed from 

[100]-direction oriented-nanoparticles are formed. In the second step of the reaction, 

TiO2 nanoparticles react with Na2CO3, Bi2O3 to form the BNT phase on the platelike 

BNT mesocrystal surface by an epitaxial crystal growth mechanism. The epitaxial 

growth can lower the reaction temperature for the formation of the BNT phase from 

the TiO2-Bi2O3-Na2CO3 reaction system. This is the reason why the formation of the 

BNT phase can be completed in the HTO-TiO2-Bi2O3-Na2CO3 reaction system at 

lower temperature (700 oC) than that in the TiO2-Bi2O3-Na2CO3 reaction system (900 

oC). The epitaxial growth of the BNT phase on the platelike mesocrystal surface 

accompanies the consumption of unreacted TiO2, Na2CO3, and Bi2O3 in the reaction 

system and fusion of these particles into the platelike mesocrystals by the mass-

transport process. In the epitaxial growth process, the [100]-oriented BNT 

nanoparticles in the platelike mesocrystal act as crystal seeds, namely the oriented 

nanoparticles grew up and keep their [100] orientation. This is the reason why the 

larger [100]-oriented platelike BNT mesocrystal can be formed in the HTO-TiO2-

Bi2O3-Na2CO3 reaction system. 

 

 

Figure 2.14 Reaction mechanism of the formation of platelike BNT mesocrystal in HTO-TiO2-
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Bi2O3-Na2CO3 solid-state reaction.  

 

2.4  Conclusions 

The [100]-oriented platelike BNT mesocrystals can be prepared using HTO-Bi2O3-

Na2CO3 and HTO-TiO2-Bi2O3-Na2CO3 reaction systems. The platelike BNT 

mesocrystals prepared by these methods are constructed from [100]-oriented BNT 

nanocrystals. The platelike BNT mesocrystals are formed by topotactic structural 

transformation mechanism in the HTO-Bi2O3-Na2CO3 reaction system and by the 

combination mechanism of the topotactic structural transformation and the epitaxial 

crystal growth in the HTO-TiO2-Bi2O3-Na2CO3 reaction system, respectively. The 

HTO precursor shows high reactivity in the formation reaction of BNT, resulting 

formation of BNT at lower temperature than those with TiO2 nanoparticles and 

layered compounds of Bi4Ti3O12 and Na0.5Bi4.5Ti4O15 platelike particles as the 

precursors.  
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Chapter III 

Fabrication of [100]-oriented Bi0.5Na0.5TiO3 Ceramics with 

Small Grain Size and High Density Based on Bi0.5Na0.5TiO3 

Mesocrystal Formation Mechanism
†
 

 

3.1  Introduction  

Pb-free piezoelectric materials have been recently demanded from the viewpoint of 

environmental protection.1,2 One of the well-known Pb-free ferroelectrics is barium 

titanate (BaTiO3, or BT), which exhibits a tetragonal symmetry of perovskite structure 

at room temperature having large piezoelectricity.3 But its Curie temperature (Tc=130 

oC) is low, and a phase transition from tetragonal phase to orthorhombic phase around 

0 °C.4 Therefore, the working temperature of BT is limited in a range of 0 to 130 oC, 

which is too narrow for actual piezoelectric applications. It is very necessary to 

develop or/and improve the other Pb-free ferroelectrics. 

In chapter II, Bi0.5Na0.5TiO3 (BNT), a well-known ferroelectric material,5
,
,6 has been 

introduced. It has a perovskite structure with rhombohedral R3c space system at room 

temperature. 7  The BNT is considered as one of the most promising candidate 

materials for the replacement of Pb-based piezoelectric materials because of its high 

Curie temperature (Tc =320 oC) and interesting ferroelectric properties.5,8
,9,
10 Therefore 

it has a wider application temperature range than BT. However, similar to the most of 

other Pb-free piezoelectric materials, the piezoelectricity of BNT is lower than Pb-

based piezoelectric materials.6,11,12  

For enhancing the piezoelectricity, domain engineering for the control of the 

domain size and texture engineering for the control of direction orientation of the 

piezoelectric ceramics are effective methods. The increase of piezoelectricity and the 
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decrease of ferroelectric hysteresis for piezoelectric ceramics can be realized well by 

decreasing the domain size,13
,14,

15 and the domain size can be decreased by reducing the 

grain size of the ceramic. 16 , 17  Since piezoelectric ceramics show crystal-axis 

anisotropic, their piezoelectricity and permittivity are tensor quantities and relate to 

both the directions of the applied stress and electric field, and also to the directions 

perpendicular to these.18 Therefore, the high piezoelectricity can be achieved also by 

using the crystal-axis-oriented ceramics.19 So that, if an oriented piezoelectric ceramic 

with small grain size can be fabricated, both of the domain engineering and texture 

engineering techniques can be applied to the piezoelectric ceramic simultaneously, 

and a new class of high performance piezoelectric material is expected. However, it 

has not been achieved yet.  

Reactive-templated grain growth (RTGG) method is widely applied to the 

fabrication of the oriented ceramics. A significant specialty of the RTGG method is an 

in situ topotactic reaction between the precursor template particles with anisotropy 

morphology and other equiaxed matrix starting materials. In this method, a green 

compact made from aligned template particles with the same crystal-axis direction 

and matrix grains with random direction is calcined or sintered to form the oriented 

object material.20 The oriented ceramic is developed mainly by the growth of oriented 

template particles at the expense of matrix grains. 21 ,22  Usually, the particles with 

platelike or fibrous anisotropy morphology can be selected as the template material. 

Three kinds of the platelike particles, Bi4Ti3O12, 
126, 23  Na0.5Bi0.5TiO3,22 and 

Na0.5Bi4.5Ti4O15
24

 have been reported to be used as the templates for the fabrication of 

oriented BNT or BNT-based ceramics by RTGG method. These platelike particles 

were prepared using the solid state reaction or molten salt methods, which gives 

template particles with large size and non-uniform morphology.23,25
,26,27,

28 The oriented 

ceramics with small grain size and high density are difficult to be achieved by using 

such large and non-uniform template particles.126,23,29  

Small and uniform platelike particles of layered titanate H1.07Ti1.73O4·nH2O (HTO) 

crystals with a lepidocrocite- like structure can be prepared by hydrothermal 
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reaction.30
,31,

32 The HTO platelike particles have been used as the precursors for the 

syntheses of the perovskite BaTiO3, Ba1-xCaxTiO3, and Ba1-x(Bi0.5Na0.5)xTiO3 

platelike particles by solvothermal reactions.19,33,34  The platelike perovskite titanate 

particles prepared by this method are constructed from the spherical nanoparticles. All 

the spherical nanoparticles in the platelike particle align and show the same [110]-

direction orientation, resulting in the formation of the oriented-platelike 

polycrystalline particles.19,33,34 Such oriented-platelike polycrystalline particles can be 

defined as a new category of mesocrystals. 35 , 36  The Ba1-xCaxTiO3 platelike 

mesocrystal has been used as the template for the fabrication of the [110]-oriented 

Ba1-xCaxTiO3 ceramic with the fine grain size of 1 µm by a templated grain growth 

(TGG) process.19 The HTO platelike particles can be used also as the precursors for 

the preparation of the platelike Bi0.5Na0.5TiO3 mesocrystals with [100]-orientation by 

the solid state reaction as described in chapter II. It is expected that an oriented BNT 

ceramic with small grain size could be obtained by using the HTO platelike particles 

as the template in the RTGG method. However, to the best of our knowledge, the 

study on the fabrication of oriented ceramics using HTO as the template has not been 

reported at all. 

In this Chapter, an RTGG process for the fabrication of the crystal-axis-oriented 

BNT ceramics using the platelike HTO particles as the template was described. The 

effects of the starting compositions and sintering conditions on the orientation, grain 

size, and density of the ceramics were studied. The [100]-oriented BNT ceramics with 

the high degree of orientation, high density, and small gra in size were achieved 

simultaneously for the first time by using the RTGG process, and the apparent 

piezoelectric constant d33
* values of the oriented BNT ceramics also were given for 

the first time. The success in the fabrication of such BNT ferroelectric ceramic 

materials is a significant milestone to challenge the high performance Pb-free 

piezoelectric materials by applying the both of the domain engineering and the texture 

engineering to the piezoelectric ceramics simultaneously. 
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3.2  Experimental procedure 

3.2.1  Preparation of oriented BNT ceramics  

Platelike H1.07Ti1.73O4·nH2O (HTO) powder sample was prepared by acid-treatment 

of platelike K0.8Ti1.73Li0.27O4 (KTLO) powder that was synthesized by hydrothermal 

method reported in literature.31 The starting materials of Bi2O3 (0.0125 mol), Na2CO3, 

HTO and TiO2 powders were mixed thoroughly according to the BNT stoichiometric 

ratio, where the Ti mole ratio of TiO2/HTO was selected as 0:10, 5:5, 6:4, 7:3, and 8:2, 

respectively. This well mixed starting materials powders (0.57 g) with solvent (3 g, 60 

vol% toluene–40 vol% ethanol), binder (0.08 g, poly(vinyl butyral) (PVB)), and 

plasticizer (74 μL, di-n-butyl phthalate (DBP)) were milled by ball milling with 5 mm 

diameter zirconia balls at a rotational speed of 60 r/min for 48 h. The resultant slurry 

was cast on a polyethylene terephthalate (PET) film tape to form a green sheet using 

an auto film applicator (Tester Sangyo, PI-1210 Filmcoater) by a doctor blade 

technique.37 After drying at room temperature, the green sheet was stacked into 64 

layers with a size of 12 mm × 12 mm, and then pressed at 20 MPa for 3 min at room 

temperature to form a green compact with a thickness of about 2 mm. The green 

compact was calcined with a desired temperature program in air. Finally the calcined 

samples were naturally cooled down to room temperature.  

 

3.2.2  Physical characterization 

The structures of powder and ceramic samples were investigated using a powder X-

ray diffractometer (XRD-6100, Shimadzu, Japan) with Cu Kα (λ = 0.15418 nm) 

radiation. The degree of orientation (Lotgering factor, F) of the ceramics samples in 

[100]-direction were evaluated from diffraction peak density of XRD in the range of 

3° to 60° using the Lotgering‟s formula,38 

                      

where I and I0 are the intensities of the (hkl) peaks for the oriented and the non-

oriented samples, respectively. The F value ranges from 0 to 1, where F = 0 and 1 
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correspond to completely random and perfectly oriented, respectively. The BNT 

powder sample prepared using TiO2 as Ti-source was used as the non-oriented 

standard for evaluating the P0 value.  

The size and morphology of the samples were characterized using scanning 

electron microscopy (SEM, JSM-5500S, JEOL, Japan). In the cross-section 

observation of the ceramic sample, firstly the ceramic sample was polished using a 

buffing machine (S5629, Marumoto Struers K.K., Japan) and a vibratory polisher 

(VibroMet 2, Buehler, USA), and then the polished sample was thermally etched for 

30 min at a temperature lower than 100 oC sintering temperature. The density of the 

sintered compact was determined by a specific gravity measurement kit (SMK-401, 

Shimadzu, Japan) with Archimedes‟ principle. The theoretical density of 5.997 g·cm−3 

of BNT was used to calculate the relative density.23,39  

For the measurement of the piezoelectricity using a 31 resonator, the BNT ceramic 

was sized into 2.0×2.0×0.5 mm3 (0.5 mm // [100]) by cutting with a crystal cutter and 

polishing with a diamond slurry. Gold electrodes were prepared on the top and bottom 

surfaces with an area of 2.0×2.0 mm2 by sputtering method. Both polarization-electric 

field (P-E) and strain-electric field (S-E) behaviors were measured at room 

temperature and 0.1 Hz using a ferroelectric character evaluation system. A slope of 

the S-E curve from 0 to 80 kV/cm was regarded as an apparent d33
* value.40

,41,
42 

 

3.3  Results and discussions  

3.3.1  Fabrication of oriented BNT ceramic using HTO-Bi2O3-Na2CO3 reaction 

system 

Firstly the oriented BNT ceramics were fabricated by the RTGG method using the 

HTO-Bi2O3-Na2CO3 reaction system. The XRD patters of HTO-Bi2O3-Na2CO3 

mixture powders (random sample) and its green sheet (oriented sample) prepared by 

tape casting are presented in Figs. 1(a) and (b), respectively. The green sheet shows 

stronger relative intensity of (020) peak of HTO than the power sample, which 

illustrates the platelike HTO particles are oriented to [010]-direction in the green sheet. 
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The green compacts of HTO-Bi2O3-Na2CO3 were calcined at 500 oC to remove the 

organic matters in the green compacts, and then sintered at a temperature in the range 

of 900 to 1100 oC for 3 h. At 500 oC, (020) peak of HTO disappeared, and a new 

phase of Bi12TiO20 appeared (Figure 3.2(c)). These results suggest that reaction (1) 

occurs in the reaction system.  

6Bi2O3 ＋ (4/1.73)H1.07T1.73O4·nH2O  →  Bi12TiO20 ＋ xH2O             (1) 

 

 

Figure 3.1 XRD patterns of (a) powder sample and (b) green sheet of HTO-Bi2O3-Na2CO3, and 

samples obtained after calcinations of HTO-Bi2O3-Na2CO3 green compacts at (c) 500, (d) 900, (e) 

1000, and (f) 1100 
o
C for 3 h, respectively, and (g) non-oriented BNT powder sample. 

 

A small amount of BNT phase was also observed, which reveals that the BNT 

phase can be formed at 500 oC. After sintering above 900 oC, single BNT phase was 

formed (Figs. 2(d)–(f)). The results of the formations of Bi12TiO20 intermediate and 

BNT product phases are consistent with the result obtained by calcination of HTO-

Bi2O3-Na2CO3 mixture powder at the same temperature. Compared with the non-

oriented BNT powder sample prepared by calcination of TiO2-Bi2O3-Na2CO3 mixture 

(Figure 3.1(g)), the sintered ceramic samples show the strongest peak of (200) instead 

of (110) peak of the non-oriented sample. The result reveals that the obtained ceramic 

samples are oriented to [100]-direction. With an increase of the calcinations 
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temperature, the degree of orientation increases from F(100) = 39% at 900 oC to F(100) = 

68% at 1100 oC.  

 

 

Figure 3.2 SEM images of (a) HTO template crystals, (b) HTO-Bi2O3-Na2CO3 green sheet, and 

samples obtained after calcinations of HTO-Bi2O3-Na2CO3 green compacts at (c) 500, (d) 900, (e) 

1000, and (f) 1100 
o
C for 3 h, respectively. 

 

The SEM results indicate that the HTO particles used as the template have platelike 

particle morphology with a size of about 3 μm in width and 0.2 μm in thickness 

(Figure 3.2(a)). The HTO particles in the green sheet are oriented, where the basal 

plane of platelike particles is parallel to the green sheet surface, and the particles are 

adhesive together by the binder and plasticizer (Figure 3.2(b)). Thermogravimetric 

and differential thermal analysis (TG-DTA) curves of fabricated HTO-Bi2O3-Na2CO3 

green compact are given in Figure 3.3. The HTO-Bi2O3-Na2CO3 green compact shows 

an endothermic peak about 170 oC with a weight loss, which indicates a dehydration 

reaction of the crystal water and interlayer water of HTO, and exothermic peaks about 
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300 oC to 400 oC with a large weight loss, which correspond to the decomposition of 

the organic matters in the green compact is completed at 500 oC. The platelike 

particles were observed clearly after calcination at 500 oC due to losing the organic 

binder and plasticizer, where the platelike particles still maintained the intrinsic 

morphology and orientation (Figure 3.2(c)), although HTO lost its layered structure. 

This result implies that a topotactic structural transformation reaction takes place 

during this calcination process. When the green compact was sintered at 900 oC, the 

platelike particles disappeared and the uniform cubic particles with a size of about 1.5 

μm were observed (Figure 3.2(d)). This result indicates that the platelike morphology 

breaks and transformed into the smaller cubic BNT particles. At 1000 and 1100 oC, 

the BNT grain size grew up with the increase of the sintering temp erature (Figure 

3.2(e) and (f)). These samples have a wide grain size distribution in a range of 5 to 50 

μm.  

 

 

Figure 3.3 TG-DTA curves of HTO-Bi2O3-Na2CO3 green compact. The TG-DTA analys is was 

conducted on a DTG-60H thermogravimetric analyzer (SHIMADZU) in static air with a heating 

speed of 10 
o
C/min. 

 

3.3.2  Fabrication of oriented BNT ceramic using HTO-TiO2-Bi2O3-Na2CO3 

reaction system 
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Figure 3.4 XRD patterns of (a) HTO-TiO2-Bi2O3-Na2CO3 green sheet and samples obtained after 

calcinations of HTO-TiO2-Bi2O3-Na2CO3 green compacts at (b) 900, (c) 1000, (d)1100, and (e) 

1200 
o
C for 3 h, respectively. TiO2/HTO Ti-mole ratio is 6: 4.  

 

It has been reported that the addition of matrix is effect to enhance the degree of 

orientation and mass density of the ceramic, and the ratio of the matrix to the template 

strongly affects the degree of orientation of the ceramics in the RTGG process.126,43 To 

obtain the BNT ceramic with higher degree of orientation than that of obtained using 

HTO-Bi2O3-Na2CO3 reaction system, we fabricated BNT ceramics using HTO-TiO2-

Bi2O3-Na2CO3 reaction system, where anatase TiO2 nanoparticles were used as the 

matrix, and studied the effect of TiO2 nanoparticle matrix on the degree of orientation. 

Figure 3.4 shows the XRD patterns of the ceramic samples fabricated using the HTO-

TiO2-Bi2O3-Na2CO3 reaction system with TiO2/HTO Ti-mole ratio of 6:4. BNT 

ceramic with [100]-orientation was formed at 900 oC. The degree of orientation of the 

BNT ceramics fabricated using HTO-TiO2-Bi2O3-Na2CO3 reaction system enhances 

with the increase of the sintering temperature up to 1100 oC. Impurity of rutile TiO2 

phase was observed at 1200 oC, which accompanies the decrease of the degree of 

orientation. The formation of rutile phase is due to the evaporations of Na and Bi 

components at the high temperature conditions. This result is different from the case 

using Bi4Ti3O12 as the template for the oriented BNT ceramic where a single phase 
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can be obtained at 1200 oC.126 

The degree of orientation of the BNT ceramics fabricated using HTO-TiO2-Bi2O3-

Na2CO3 reaction system is dependent on the TiO2/HTO mole ratio and sintering 

temperature, as shown in Figure 3.5. The degree of orientation of the BNT ceramics 

enhances with increasing TiO2/HTO Ti-mole ratio, and reaches the maximum value at 

6:4, and then decreases for the samples fabricated at 900, 1000, and 1100 oC, 

respectively. At the same TiO2/HTO Ti-mole ratio, the degree of orientation of the 

BNT ceramics enhances with the increase of the sintering temperature up to 1100 

oC.126 The highest degree of orientation of 81% can be achieved at TiO2/HTO Ti-mole 

ratio of 6:4 and 1100 oC.  

 

 

Figure 3.5 Relationships between degree of orientation and TiO2/HTO Ti-mole ratio at different 

calcination temperatures in HTO-TiO2-Bi2O3-Na2CO3 reaction system.  

 

The microstructural analysis of ceramic samples obtained using HTO-TiO2-Bi2O3-

Na2CO3 reaction system was carried out, and the SEM images are illustrated in Figure 

3.6. For the samples with TiO2/HTO Ti-mole ratio of 6:4, the ceramic fabricated at 

900 oC is constructed from cubic grains of about 1 μm. The grains grow up to about 5 

μm, accompanying formation of a dense sintered body, with the increase of the 

temperature to 1100 oC (Figure 3.6(a)–(c)). A similar grain growth behavior was also 

observed for the samples with other TiO2/HTO Ti-mole ratios. By comparing the 

ceramics fabricated at 1100 oC, the sample with TiO2/HTO Ti-mole ratio of 5:5 has 
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almost the same grain size as the sample of 6:4, while grain sizes of 7:3 and 8:2 

samples are much larger than the sample of 6:4 (Figs. 5(d)–(f)). The grain size grows 

up with increasing matrix TiO2 fraction in the starting mixture in the TiO2/HTO Ti-

mole ratio range of 6:4 to 8:2.  

 

 

Figure 3.6 SEM images of ceramic surfaces of the samples obtained by calcinations of HTO-

TiO2-Bi2O3-Na2CO3 green compacts at (a) 900, (b) 1000, and (c–f) 1100 
o
C for 3 h. TiO2/HTO Ti-

mole ratios are (a, b, and c) 6 : 4, (d) 5 : 5, (e) 7 : 3, and (f) 8 : 2, respectively.  

 

3.3.3  Influence of chemical composition on oriented BNT ceramics 

It has been reported that addition of sto ichiometric excess Bi 44  or Na 23,44 

components in the starting mixture can improve the relative density and the 

orientation of the oriented BNT ceramics by the RTGG method with Bi4Ti3O12 as the 

template because the excess Bi and Na can form liquid phases during the sintering, 

which causes liquid phase crystal growth.23,44 The liquid phase can promote grain 

growth by reducing crystal growth activation energy. Here the influence of chemical 
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composition of the starting on the orientation of BNT ceramics was discussed using 

the HTO-TiO2-Bi2O3-Na2CO3 reaction system with TiO2/HTO=6:4. Seven kinds of 

starting mixtures with 5 mol% metal element excess or/and lacking, as shown in Table 

3.1, were used in ceramic fabrication at 1100 oC, and compared with the 

stoichiometric sample. The XRD results reveal that the main phases are BNT in all 

these ceramic samples (Figure 3.7). When the excess Bi was added in the reaction 

system, the Bi12TiO20 phase is observed as impurity phase (Figure 3.7(b)), and rutile 

type of TiO2 phase is observed in the Ti excess reaction system (Figure 3.7(d)). 

However, almost no impurity phase was observed in the Na excess reaction system 

(Figure 3.7(a) and (c)). 

 

 

Figure 3.7 XRD patterns of ceramic samples obtained by calcinations of HTO-TiO2-Bi2O3-

Na2CO3 green compacts with (a) Bi and Na of excess 5 mol%, (b) Bi of excess 5 mol%, (c) Na of 

excess 5 mol%, and (d) Ti of excess 5 mol% at 1100 
o
C for 3 h, respectively. TiO2/HTO Ti-mole 

ratio = 6 : 4.  

 

All these samples show the same [100]-orientation, while stoichiometric sample 

shows the highest degree of orientation (Table 3.1). The Bi excess samples show a 

smaller decrease in degree of orientation, while the Na excess samples show a larger 

decrease in degree of orientation. These results suggest that element excess and 
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lacking decrease the degree of orientation for the fabrication of BNT oriented 

ceramics by using HTO as the template, which is different from the Bi4Ti3O12 

template.  

 

Table 3.1 Degree of orientation in [100]-direction for BNT ceramics fabricated using HTO-TiO2-

Bi2O3-Na2CO3 reaction system with different chemical compositions.  

 

TiO2/HTO Ti-mole ratio = 6 : 4, sintering at 1100 
o
C for 3 h. 

 

 
Figure 3.8 SEM images of ceramic surfaces of the samples obtained by calcinations of HTO-

TiO2-Bi2O3-Na2CO3 green compacts with (a) Bi and Na of excess 5 mol%, (b) Bi of excess 5 

mol%, (c) Na of excess 5 mol% and (d) Ti of excess 5 mol% at 1100 
o
C for 3 h, respectively. 

TiO2/HTO Ti-mole ratio = 6 : 4.  
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Figure 3.8 presents SEM images of the ceramic samples fabricated using the excess 

composition reaction systems at 1100 oC. The samples with excess Na have large 

grain size and high density (Figure 3.8(a) and (c)), suggesting the excess Na 

component promotes the grain growth due to the liquid phase sintering.23 The grain 

growth for the ceramic sample was observed also in the Ti excess reaction system 

(Fig.7(d)), suggesting that the excess Ti component also promotes the ceramic 

sintering by liquid phase sintering mechanism. The Bi excess sample shows small 

grain size except small amount of large fibrous particles (Figure 3.8(b)). The large 

fibrous particles can be assigned to the Bi12TiO20 phase (Figure 3.7(b)),27,45 and the 

small grains can be assigned to BNT phase. This result sugges ts that the excess Bi 

inhibits the BNT grain growth in the sintering process. Although excess Na and Ti 

components promote the ceramic sintering by the liquid phase sintering mechanism, 

the enhancement of the orientation was not observed. This result is different from the 

case using the Bi4Ti3O12 as the template, where the liquid phase sintering enhances the 

orientation.  

 

3.3.4  Influence of sintering conditions on oriented BNT ceramics 

 

Figure 3.9 XRD patterns of the ceramic samples fabricated by calcinations of HTO-TiO2-Bi2O3-

Na2CO3 green compacts using different calcination temperature programs. (a) TP-500-900, (b) TP-

900-1100, (c) TP-500-900-1100, and (d) TP-500-900-1200. TiO2/HTO Ti-mole ratio = 6 : 4.  
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In order to clarify the influence of the sintering process on the oriented BNT 

ceramics, five kinds of sintering temperature programs, as shown in Table 3.2, were 

designed and carried out on the HTO-TiO2-Bi2O3-Na2CO3 reaction system with 

TiO2/HTO Ti-mole ratio of 6:4. The XRD patterns of the fabricated ceramic samples 

are shown in Figure 3.9, and their degrees of orientation, the relative densities, and the 

grain sizes are listed in Table 3.2.  

 

Table 3.2 Degree of orientation in [100]-direction, relative dens ity, and average grain size of BNT 

ceramics fabricated using different calcination temperature programs. 

 

TiO2/HTO Ti-mole ratio = 6 : 4 in HTO-TiO2-Bi2O3-Na2CO3 reaction system. 

 

The degree of orientation and relative density of TP-500-900 sample is 82% and 

85%, respectively. The low relative density reveals that the sintering does not progress 

at 900 oC. At this temperature, the formation reaction of BNT phase is completed, and 

it gives a fairly high degree of orientation. TP-500-900-1100 sample shows the 

highest degree of orientation and relative density. The result suggests that the sintering 

progresses at 1100 oC, and the sintering causes the enhancement of the orientation. 

The XRD result indicates that impurity phases of rutile TiO2 and Bi4Ti3O12 are formed 

in TP-500-900-1200 sample (Figure 3.9(d)). This maybe due to volatilization of Na 

or/and Bi component at the high temperature of 1200 oC. The Na or/and Bi 

volatilization also causes low density and low orientation of the ceramic (Table 3.2). 

The impurity phase of Bi12TiO20 was also observed in TP-900-1100 sample (Figure 

3.9(b)). In this case, the organic matters were decomposed at the high temperature of 
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900 oC, and Na component may be volatilized during the decomposition of the 

organic matters at this temperature. This sample shows the lowest degree of 

orientation, which maybe due to that Na lacking in the reaction system. The above 

results indicate that the 3-step calcination program of TP-500-900-1100 is effective 

for the fabrication of the high orientation and high density ceramic. This 3-step 

temperature program includes decomposition of the organic matters at 500 oC, 

completion of BNT formation reaction at 900 oC, and then sintering of BNT particles 

at 1100 oC. 

 

 

Figure 3.10 SEM images of (a, c, and e) surfaces and (b, d, and f) cross-sections of the ceramic 

samples obtained by calcinations of HTO-TiO2-Bi2O3-Na2CO3 green compacts using different 

calcination temperature programs. (a) TP-500-900-1100, (b) TP-500-900-1200, and (c) TP-900-

1100. TiO2/HTO Ti-mole ratio = 6 : 4.  

 

The SEM images of the surfaces and the cross-sections of the ceramic samples 

obtained by calcinations of green compacts using different temperature programs are 
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shown in Figure 3.10, and their average grain sizes are given in Table 3.2. The grain 

sizes and morphologies observed on the ceramic surfaces are almost same as which in 

the cross-sections for all these samples. The morphology of platelike template particle 

was not observed in the cross-sections of all the samples. This is different from the 

cases using Bi4Ti3O12 and Na0.5Bi0.5TiO3 as the templates for the BNT or BNT based 

oriented ceramics, where the platelike morphology of the templates is retained after 

the sintering, due to the large particle size and low reactivity of the templates.126,22,46 

The retention of template morphology causes the formation of BNT ceramics with 

low density. In the present case, the HTO template has small particle size and shows 

high reactivity. The platelike morphology of the HTO template is destroyed and 

transformed to small particles in the sintering process. This is the reason why the BNT 

ceramic with high density and small grain size can be obtained by using the HTO 

template. 

The TP-500-900-1100 sample has a narrow grain size distribution, and its grain size 

of 2 μm (Figs. 9(a, b)) is much smaller than 5 μm of MS-500-1100 sample (Figure 

3.6(c)). The result reveals that completion of BNT phase formation at 900 oC and then 

sintering at 1100 oC are effective to fabricate a high orientation, small grain size, and 

high density ceramic.  

The TP-500-900-1200 sample has a large grain size of about 25 μm and some pores 

at the grain boundaries (Figs. 9(c, d)). The sintering at 1200 oC not only causes great 

grain growth but also Na and Bi component volatilization. In the TP-900-1100 sample, 

in addition to the small grains, some large fibrous grains were observed also on the 

ceramic surface (Figure 3.10(e)). The small grains correspond to the BNT phase and 

the large fibrous grains to the Bi12TiO20 phase (Figure 3.9(b)). Small fibrous Bi12TiO20 

grains were observed in the cross-section (Figure 3.10(f)), suggesting less Na 

volatilization from ceramic inside.  

The above results reveal that the 3-step calcination temperature program can give 

the oriented BNT ceramic with high density of 98%, high degree of orientation of 

95%, and small grain size of 2 μm. It has been reported that the highest degree of 

orientation for the oriented BNT ceramics fabricated with Bi4Ti3O12
23 and 



 94 

Na0.5Bi4.5Ti4O15
24 as the template are 79%, and 60%, respectively, and the highest 

density of oriented BNT ceramics fabricated with Bi4Ti3O12 as the template was 

86%.23,43 Therefore, the density of 98% and degree of orientation of 95% of the TP-

500-900-1100 sample are the highest values up to now. 

 

3.3.5  Formation mechanism of oriented BNT ceramics in the RTGG process 

 

 

Figure 3.11 Formation mechanism of [100]-oriented BNT ceramic in the HTO-TiO2-Bi2O3-

Na2CO3 reaction system. 

 

On the basis of the results described above and our recent study, the formation 

mechanism of [100]-direction oriented BNT ceramic in the HTO-TiO2-Bi2O3-Na2CO3 

reaction system is given in Figure 3.11. In the first step, the platelike oriented HTO 

particles react with Na2CO3 and Bi2O3 in the green compact to form BNT 

mesocrystals by an in situ topotactic structural transformation reaction mechanism, 

because HTO shows the higher reactivity in the formation reaction of the BNT phase 

than that of TiO2 nanoparticles. The platelike BNT mesocrystal is constructed from 

[100]-direction oriented-nanoparticles. This topotactic reaction is completed at around 

700 oC. In the second step of the reaction, TiO2 nanoparticle matrixes react with 

Na2CO3 and Bi2O3 to form the BNT phase on the platelike BNT mesocrystal surface 

by an epitaxial crystal growth mechanism.  22 The epitaxial growth of the BNT phase 

on the platelike mesocrystal surface results the consumption of unreacted TiO2, 
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Na2CO3, and Bi2O3 in the reaction system by the mass-transport process and the 

growth up of the BNT nanoparticles in the platelike mesocrystal. In the epitaxial 

growth process, the [100]-oriented BNT nanoparticles in the platelike mesocrystal act 

as crystal seeds, namely the oriented nanoparticles grow up and keep their [100] 

orientation. This reaction is completed at around 900 oC, which give an oriented BNT 

ceramic with low density. The BNT mesocrystals lost their platelike morphology and 

are transformed into small grains at this temperature. Finally the low density ceramic 

is sintered to high density ceramic at the high temperature over 1100 oC, where grain 

size grows up and degree of orientation enhances.  

The formation of the BNT mesocrystals contributes to not only the high orientation 

but also the uniform grain size of the ceramic, where less abnormal grain growth 

occurs. This is the main reason why the highly oriented BNT ceramics with small 

grain size can be fabricated by using the HTO-TiO2-Bi2O3-Na2CO3 reaction system. 

The formation of the BNT mesocrystals in the HTO template reaction system is 

different from the other template reaction systems, such as Bi4Ti3O12 and 

Na0.5Bi4.5Ti4O15 template reaction systems. In the Bi4Ti3O12
23 and Na0.5Bi4.5Ti4O15

25,28 

template reaction systems, the platelike template particles are transformed to platelike 

BNT single crystals by an in situ topotactic microcrystal conversion reaction instead 

of the platelike BNT mesocrystals.25,47 Since the platelike BNT single crystals formed 

by the in situ topotactic microcrystal conversion reaction have large particle sizes, the 

sintering of the large particles into high density ceramic with small grain size is 

difficult.  

 

3.3.6  Piezoelectricity of oriented BNT ceramics  

A preliminary piezoelectric study on the oriented BNT ceramic sample TP-500-

900-1100 fabricated using the HTO-TiO2-Bi2O3-Na2CO3 reaction system was carried 

out. Figure 3.12 shows at room temperature bipolar polarization-electric field (P-E) 

loop and strain-electric field (S-E) curve, and unipolar S-E curve of the oriented 

ceramic sample. This is the first time to give the P-E loop and S-E curve for the 

oriented BNT ceramics, due to the oriented BNT ceramic with enough high density 
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for the piezoelectric measurement is obtained for the first time by the present study. 

The P-E loop was ferroelectric. The remanent polarization (Pr) and coercive field (Ec) 

were about 18 μC/cm2 and 59 kV/cm, respectively. These Pr and Ec values are smaller 

than 38 μC/cm2 and 73 kV/cm of the non-oriented BNT ceramic, respectively. 48  

 

 

Figure 3.12 (a) Bipolar polarization-electric field (P-E) loops, (b) bipolar strain-electric field (S-

E) curves, and (c) unipolar strain-electric field (S-E) curves for BNT ceramic sample of TP-500-

900-1100.  

 

The bipolar and unipolar S-E curves were ferroelectric also, and bipolar S-E curve 

is well butterfly shaped. The apparent piezoelectric constant d33
* values of 90 pC/N 

and 100 pC/N are estimated from the slopes of the bipolar and unipolar S-E curves, 

respectively. These d33
* values are larger than that of not exceeding 74 pC/N reported 

for the non-oriented BNT ceramics.49,50 This is also the first report of the piezoelectric 

constant d33 for oriented BNT ceramic. The d33
* value may be further enhanced after 

optimizing the measurement conditions.  

 

3.4  Conclusions 

The HTO-TiO2-Bi2O3-Na2CO3 reaction system can be used to fabricate the oriented 

BNT ceramic with high density, high degree of the orientation along [100]-direction, 

and small grain size by the RTGG method. The oriented BNT ceramic is formed by 

topotactic transformation reaction of platelike HTO template particles to platelike 

BNT mesocrystal particles, and then epitaxial crystal growth of BNT on the BNT 

mesocrystal particles. The epitaxial crystal growth reaction is affected by TiO2/HTO 
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mole ratio, chemical component of the starting material, and calcination conditions, 

which affect the degree of orientation, density, and grain size of the BNT ceramic. The 

fabricated oriented BNT ceramic shows a higher d33
* value than the non-oriented BNT 

ceramic, suggesting the promising application to high performance Pb-free 

piezoelectric materials. 
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Chapter IV 

Solvothermal Topochemical Synthesis of Mesocrystalline 

Ba0.5Sr0.5TiO3 and BaTiO3/SrTiO3 Nanocomposite via 

Topochemical Mesocrystal Conversion 

 

4.1  Introduction  

The study on metal oxides perovskites with an ABO3 formula is of great scientific and 

technological interest for their outstanding ferroelectric, piezoelectric, dielectric, 

pyroelectric, and catalytic responses. 1
, 2 ,

3  One of a well-known and the most 

investigated perovskite materials is barium titanate (BaTiO3, BT). It has a 

considerably high dielectric constant, 4 , 5  large piezoelectricity, 6  and ferroelectric 

properties 7  which are essential for electronic components and electro-optical 

materials. 8 , 9  BT exists in various crystallographic modifications, of which the 

tetragonal and cubic polymorphs are the most studied.10,11 Its ferroelectric tetragonal 

polymorph is the thermodynamically stable form in the temperature range from 0 to 

130 °C. And its paraelectric cubic polymorph is the thermodynamically stable above 

the Curie temperature of 130 °C. Another well-known perovskite oxide with a very 

close lattice dimension to BaTiO3 is strontium titanate (SrTiO3, ST). ST is an incipient 

ferroelectric, which remains thermodynamically stable and paraelectric cubic 

structure at room temperature in its unstressed form. 12  ST is considered to be a 

promising material for tunable microwave applications due to its high dielectric 

constant and low loss.13 However, these simple titanate materials are not still satisfied 
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with the needs of the extensive applications. 

Crystallographic structures determine their applied properties, and for perovskite 

titanates, one efficient approach of changing the structure is making mixed perovskite  

titanates.10, 14  Oxide heterostructures with atomically abrupt interfaces, defined by 

atomically flat surface terraces and single-unit-cell steps, can be grown on well-

prepared single-stepped substrates.15,16 In this research field, BaTiO3/SrTiO3 (BT/ST) 

composites with strained- layer superlattices have been developed and attracted 

considerable attentions.17
,18,19,

20 They are reported occurring in significant enhancements 

of dielectric constants and remanent polarization due to horizontal strain within 

layered heterostructure.21,22 This horizontal strain can effectively produce high-strain 

energy derived from the lattice strain sustained in BT due to its ～2.2% lattice 

mismatch with ST.21,23
,24,25,

26 At present, a significantly reactive molecular beam epitaxy 

(MBE) approach has been achieved for the fabrication of the BT/ST composites.18,27,28 

However, MBE approach is complicated and depends on the very sensitive substrate 

and expensive stacking configuration.12,29
,30,
31 In the strain engineering field, the high 

strain energy from the heteroepitaxy interfaces with the high density strain is very 

beneficial for a large enhancement in the Curie temperature and remanent polarization 

of various ferroelectrics.23,24 Although the present BT/ST composites obtained by the 

MBE process show more excellent dielectric and piezoelectric performances than 

conventional BT/ST composites, their formed heteroepitaxy interfaces are lack, and 

only issue from some horizontal strained planes between the above and below layers 

of the thin films. For practical applications, a facile process that can introduce high 

strains into materials is highly desirable for enhancing the material performance and 

reducing the production costs and reaction times.12 Hence, it is very expectative for 

the development of a new process to replace the complicated and expensive MBE 

approach.  
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The development of mesocrystals is a recent research topic which is attracting the 

attention of scientists working in different fields of physics, chemistry, and materials 

science. 32  Mesocrystal is constructed from well-aligned oriented crystalline 

nanocrystals, 33 ,34  can offer unique new opportunities for materials design, and be 

applied to catalysis, sensing, and energy storage and conversion.35
,36,
37 Some titanate 

mesocrystals are developed by our previous works. 38
, 39 , 40 ,

41  Some BT and ST 

mesocrystals have been prepared very recently.13,32,42,43 It is worth noting that a highly 

strained mesostructured BT/ST composite film has been fabricated by a surfactant-

templated sol–gel method.12 The fabricated film shows robust ferroelectricity derived 

from the abundant compressive stress which was created by the lattice mismatch 

between the BT and ST crystals.  

In this Chapter, the ingenious design of two-step solvothermal soft chemistry 

process for the development a novel kind of platelike BT/ST mesocrystalline 

nanocomposites and Ba0.5Sr0.5TiO3 mesocrystals is described. The platelike 

mesocrystalline nanocomposites are very difficult to be prepared via the conventional 

approaches duo to their high orientation and multicomponent chemical composition. 

In our design process, a layered H4x/3Ti2-x/3O4·H2O (x = 0.8) (HTO) single crystal with 

lepidocrocite (γ–FeOOH)-type two-dimension structure was prepared and 

significantly employed as precursor. Keeping appropriate reactivity in reaction system 

is important to obtain the BT/ST nanocomposite mesocrystal and avoid forming 

BaxSr1-xTiO3 solid solution. Under high reactive conditions, the formed BT/ST 

nanocomposite will be transformed into BaxSr1-xTiO3 solid solution. These conditions 

can be achieved by controlling the polarity of the reaction solvent and reaction 

temperature. These conditions can be achieved by controlling the polarity of the 

reaction solvent and reaction temperature. The obtained BT/ST mesocrystalline 

nanocomposites constructed from crystal-axis-oriented individual BT and ST 
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nanocrystals have to withstand temperatures around 900 oC, and likely lead to the 

enhancement of the applicable temperature range. It should be noted that the high 

stain with high density probably occurs in the BT/ST mesocrystalline nanocomposite 

due to the high dense ferroelectric heterointerface with lattice mismatch, suggesting 

very promising for the more drastic enhancement of piezoelectric and dielectric 

performances.  

 

4.2  Experimental Section 

4.2.1  Materials and preparation of H4x/3Ti2-x/3O4·H2O (x = 0.8) (HTO) precursor 

All reagents used in this study were of analytical grade and without further 

purification. H4x/3Ti2-x/3O4·H2O (x = 0.8) (HTO) crystals were prepared as reported by 

us previously. 44  6.9 g of anatase TiO2 nanoparticles, 5.1 g of KOH, 0.6 g of 

LiOH·H2O, and 25 mL of distilled water were sealed into a Hastelloy-C-lined vessel 

with internal volume of 45 mL, and then heated at 250 oC for 24 h under stirring 

conditions. After the solvothermal treatment, the obtained sample was washed with 

distilled water and dried at room temperature to obtain K0.80Ti1.73Li0.27O4 (KTLO) 

crystals. The KTLO crystals (4.0 g) was treated with a 0.2 mol·L-1 HNO3 solution 

(500 mL) for 24 h under stirring conditions to exchange K+ and Li+ in the layered 

structure with H+, and then the sample was washed with distilled water. After the acid 

treatments were done twice, the layered protonated titanate H1.07Ti1.73O4·H2O single 

crystals were obtained. The as-obtained crystals were collected and washed with 

distilled water and ethanol, before air-drying at 60 oC for 12 h, and then the HTO (3.2 

g) single crystals were obtained.  

 

4.2.2  Solvothermal syntheses of BaxSr1-xTiO3 solid solution and BT/ST 
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nanocomposite 

The platelike BaxSr1-xTiO3 solid solution and BT/ST mesocrystalline 

nanocomposites were synthesized by a two-step solvothermal soft chemical process. 

In the first step, the platelike HTO crystals (0.096 g) were partially reacted with 

Ba(OH)2 (molar ratio of Ti/Ba = 2) in 30 mL water-ethanol mixed solutions with 

different volume ratios under solvothermal and stirring conditions at 150 and 200 oC 

for 12 h, respectively. After washing the first-step products by 0.1 mol·L-1 acetic acid 

and distilled water in sequence, BaTiO3/HTO (BT/HTO) nanocomposite were 

obtained.40,41 The samples are designated as BH-T-x/y, where T is reaction 

temperature and x/y is volume ratio of water/ethanol. In the second step, the BH-T-x/y 

sample (0.094 g) was solvothermally treated with Sr(OH)2 (0. 114g Sr(OH)2·8H2O, Sr 

of excess 50%) in 30 mL water-ethanol mixed solutions with different volume ratios 

under stirring condition at 200 oC for 12 h. After the second-step solvothermal 

treatment, the product was filtered firstly, and then washed by 0.1 mol·L-1 acetic acid 

and distilled water in sequence, finally dried at room temperature.  For the 

investigation of the thermodynamically stable, the obtained produce was annealed at a 

desired temperature for 3 h then naturally cooled down to room temperature. 

 

4.2.3  Characterization 

The structures of crystalline samples were investigated using a powder X-ray 

diffractometer (Shimadzu, XRD-6100) with Cu Kα (λ = 0.15418 nm) radiation. The 

size and morphology of the crystalline samples were observed using scanning electron 

microscopy (SEM) (JEOL, JSM-5500S) or field emission scanning electron 

microscopy (FE-SEM) (Hitachi, S-900). Transmission electron microscopy 

(TEM)/(high-resolution TEM (HR-TEM)) observation and selected-area electron 
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diffraction (SAED) were performed on a JEOL Model JEM-3010 system at 300 kV, 

and the crystal samples were supported on a Cu microgrid. Energy-dispersive 

spectroscopy (EDS; JEOL JED-2300T) was measured on the TEM system. Energy 

dispersive spectroscopy mapping (EDS-mapping) was observed using a combined 

HRTEM-EDS system (JEOL Model JEM-2100F HRTEM / EX-24063JGT EDX) as a 

function of the local relative concentration of the elements p resent. High Angle 

Angular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM) 

was carried out on the HRTEM system. 

 

4.3  Results and Discussion 

4.3.1  Synthesis of BaTiO3/HTO nanocomposites 

For the synthesis of the platelike BT/ST mesocrystalline nanocomposite, we have 

designed an ingenious two-step solvothermal soft chemistry process to inhibit the 

platelike morphology destruction and prevent generating BaxSr1-xTiO3 solid solution. 

In the first step, the HTO precursor is reacted partially with Ba(OH)2 to obtain a 

BaTiO3/HTO (BT/HTO) nanocomposite. In the second step, the BT/HTO 

nanocomposite is reacted with Sr(OH)2 to transform HTO in the nanocomposite to ST 

to obtain the platelike BT/ST mesocrystalline nanocomposite.  

Firstly we have to synthesize a BT/HTO nanocomposite suitable for the synthesis 

of BT/ST mesocrystalline nanocomposite in the next step. Figure 4.1 presents the 

XRD partners of the HTO crystals before and after treatments in Ba(OH)2 solutions at 

150 and 200 oC for 12 h, respectively. Before the treatments, the basal spacing of 

0.882 nm corresponds to the (020) crystal plane of HTO crystal with the layered 

lepidocrocite (γ–FeOOH)-type structure. 45  The unreacted HTO and generated BT 

phases can be easily observed after the treatments under the different conditions, 



 106 

indicating that the HTO precursor is partially transformed to BT phase. The basal 

spacing of the HTO crystal decreased to 0.863 nm because of H+/Ba2+ ion-exchange 

in the layered structure. The BT phase can be well identified by JCPDS File No. 71-

1964 (cubic symmetry). The crystal structure of BT polymorph is tetragonal 

symmetry at room temperature usually. The formed BT phase can be indexed to a 

pseudocubic unit cell because of small tetragonal distortion. These results indicate 

that the mixed phases of BT and HTO can be obtained under the solvothermal 

conditions in the temperature range of 150 to 200 oC.  

 

 

Figure 4.1 XRD patterns of (a) H4x/3Ti2-x/3O4·H2O (x = 0.8) (HTO) crystals and samples obtained 

by solvothermal treatments of HTO-Ba(OH)2 mixtures in (b, d) water solution and (c, e) water-

ethanol mixed solvent (volume ratio = 5:25) at (b, c)150 
o
C and (d, e) 200 

o
C for 12 h, respectively.  

 

Figure 4.2 shows the FE-SEM images of the HTO crystals before and after 

solvothermal treatments in Ba(OH)2 solutions at 150 and 200 oC for 12 h, respectively. 

HTO crystals have platelike morphology with smooth surface and particle size of 

about 200 nm thicknesses and about 2 μm widths (Figure 4.2a). After the 
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solvothermal treatments in Ba(OH)2 solutions, all the obtained samples show the 

platelike morphology also. In the samples of BH-150-30/0 and BH-200-30/0 obtained 

in water solvent, small particles with an average size about 20 nm are sparsely 

distributed on the surface of the platelike particles (Figure 4.2b, d). In the samples of 

BH-150-5/25 and BH-200-5/25 obtained in water-ethanol mixed solvent, the platelike 

particle surface is densely covered by small particles with an average size about 50 

nm (Figure 4.2c, e). These results suggest that the platelike morphology of HTO 

crystal can be maintained after solvothermal treatments at 150 to 200 oC. 

 

 
Figure 4.2 FE-SEM images of (a) HTO crystals and samples obtained by solvothermal treatments 

of HTO-Ba(OH)2 mixtures in (b, d) water solution and (c, e) water-ethanol mixed solvent (volume 

ratio = 5:25) at (b, c) 150 
o
C and (d, e) 200 

o
C for 12 h, respectively.  

 

In order to understand the formation of the mixed phases of BT and HTO from 

HTO single crystal in detail, TEM/HRTEM observations and SAED investigations of 

the HTO crystals before and after thermal treatment were performed. TEM image and 

SAED pattern of HTO single crystal are shown in Figure 4.3. The crystal with smooth 
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surface and platelike morphology is consistent with the FESEM image (Figure 4.2a). 

In the SAED pattern of HTO, the clear and ordered diffraction spots can be easily 

assigned to the HTO phase with orthorhombic system located along the [010] zone 

axis (Figure 4.3a, b). The [010] direction (b-axis direction) is perpendicular to the 

basal plane of the platelike HTO crystal. Figure 4.4 presents TEM images, HRTEM 

images, and SAED patterns of the samples of BH-150-30/0 and BH-200-30/0. TEM 

images reveal that the platelike crystals still maintain smooth surface and almost 

intact except some nanoparticles on the surface. The nanocrystals with the sizes of 5 

and 10 nm arrange at the edge of the platelike samples of BH-150-30/0 and BH-200-

30/0 giving rise to a hierarchical comb-like form, respectively (Figure 4.4a, g).  

 

 
Figure 4.3 (a) TEM image and (b) SAED pattern of HTO single crystal.  

 

In the SAED pattern of Figure 4.4b, three sets of SAED spots for the layered HTO 

lepidocrocite phase, the BT perovskite phase, and anatase phase are simultaneously 

observed in one platelike crystal, revealing that BT, HTO, and anatase phases coexist 

in one platelike crystal of the sample of BH-150-30/0. The [100] and [001] directions 

of the HTO phase correspond to the [001] and [1-10] directions of the BT phase, to 

the [100] and [001] directions of the anatase phase, respectively. The anatase phase 

can be formed because of dehydration of HTO crystal under thermal treatment 

conditions. The anatase phase cannot be observed in the XRD pattern (Figure 4.1b) 
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due to its very low crystallinity. But the SAED pattern of Figure 4.4h implies that 

only BT and HTO phases coexist in one platelike crystal of the BH-200-30/0 sample. 

This result suggests that the anatase may be not formed or the formed anatase reacted 

with Ba2+ to generate BT phase at higher temperature than 150 oC. The corresponding 

relationships of the crystal directions between the BT and HTO phases in the sample 

of BH-200-30/0 are same as that in the sample of BH-150-30/0. The [010] zone axis 

of precursor HTO crystal agrees with the [110] zone axis of the generated BT crystal 

after solvothermal treatment. The inserted FFT pattern in (d) HRTEM image show the 

same reciprocal lattice spots in Figure 4.4f. This result suggests that the nanoparticles 

on the surface of the platelike crystal have the same composite and crystalline 

structure to the platelike matrix crystal. These nanoparticles have the same orientation 

in one platelike particle. These sparse distributed nanoparticles (see Figure 4.2b, d) 

were formed by the dissolution-deposition reaction probably. These results suggest 

that the platelike BT/HTO nanocomposite can be obtained by solvothermal treatment 

of HTO and Ba(OH)2 solution at 150 to 200 oC, and the formation of BT phase mainly 

occurred in the platelike particle bulk. 

 

 

Figure 4.4 (a, c, g) TEM images, (b, h) SAED patterns, and FFT (fast Fourier transform) pattern 
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of samples obtained by solvothermal treatments of HTO single crystals and Ba(OH)2 (molar ratio 

of Ti/Ba = 2) in water solution at (a–f) 150 
o
C and (g, h) 200 

o
C for 12 h, respectively. (d, e) 

HRTEM images are from the (d, e) white panes in (c) TEM image. The inserted FFT pattern in (d) 

HRTEM image is from the whole region of (d) HRTEM image. 

 

 
Figure 4.5 (a) TEM image and (b) SAED pattern of sample obtained by solvothermal treatment of 

HTO single crystals and Ba(OH)2 (molar ratio of Ti/Ba = 2) in water-ethanol (volume ratio = 5:25) 

mixed solvent at 150 
o
C for 12 h. (c, e) HRTEM images are from the (c, e) white panes in (a) TEM 

image, respectively. (d, f) FFT patterns are from whole region of (c, e) HRTEM images, 

respectively. 

 

The nanostructural investigation results of the BH-150-5/25 sample are illustrated 

in Figure 4.5. TEM image presents that the platelike polycrystal is constructed from 

nanocrystals with an average 50 nm size (Figure 4.5a), which agree with the FESEM 

image (Figure 4.2c). Similar to the BH-150-30/0 sample, the HTO, BT perovskite, 

and anatase phases can be also simultaneously observed in the SAED pattern (Figure 

4.5b), and the relationships of crystal orientations between these nanocrystals agree 

with which of BH-150-30/0 sample. The clear lattice fringe of 0.201 nm in HRTEM 

image can be well in accord with the (002) plane of the BT phase (Figure 4.5c). The 

FFT patterns are well consistent with the SAED pattern and show the two phases 
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including HTO and BT. These results imply that the BT phase preferentially generate 

from the platelike particle surface, and BT/HTO nanocomposite can be obtained 

under solvothermal treatment of HTO and Ba(OH)2 in water-ethanol mixed solvent. 

This result is relatively consistent with a BT/HTO nanocomposite reported by our 

previous work.41  

 

 

Figure 4.6 (a, g) TEM images and (b, h) SAED patterns of samples obtained by solvothermal 

treatments of HTO single crystals and Ba(OH)2 (molar ratio of Ti/Ba = 2) in water-ethanol 

(volume ratios = (a, b) 5:25, (g, h) 10:20) mixed solvents at 200 
o
C for 12 h. (c, e) HRTEM images 

are from the (c, e) white panes in (a) TEM image, respectively. (d, f) FFT patterns are from the 

whole region of (c, e) HRTEM images, respectively. 

 

TEM image, SAED pattern, HRTEM images, and FFT patterns of the BH-200-5/25 

sample are shown in Figure 4.6a–f. Platelike polycrystal constructed from 

nanocrystals with an average 50 nm size can be observed. It is very interesting that 

some larger fringes (about 3 nm) than lattice fringes on the nanocrystals can be 

observed, and the larger fringes show different orientations on different nanoparticles. 

We consider that they may be polarization domains of BT ferroelectricity phase. Such 

crystal domains with very small size at the „optimum‟ size range of ～10 nm are 
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easily controlled and altered for the development of the advanced functional 

materials.46 It is the first time to find the crystal domains with a very small size by the 

solvothermal process. In the SAED pattern of the platelike polycrystal, two sets of 

clear and ordered diffraction spots can be easily assigned to the HTO phase and BT 

phase are simultaneously observed. The generated BT nanocrystals present [110] zone 

axis located on the basal plane of HTO crystal corresponding to the [010] zone axis of 

HTO crystal. The corresponding relationships of the crystal orientations between the 

HTO phase and BT phase are same as the other BT/HTO nanocomposites. The clear 

lattice fringes of 0.397 and 0.279–0.282 nm in HRTEM images can be well assigned 

to for the (001) and (1-10) planes of the BT phase, respectively (Figure 4.6c, e). The 

FFT patterns presenting reciprocal lattice spots of two-dimensional BT crystal are 

consistent with the SAED result. These results further suggest that the nanocrystals on 

the surface of the polycrystal are BT nanocrystals. The platelike BT/HTO 

nanocomposite can also be obtained by the solvothermal reactions at 150 to 200 oC. 

For the investigation of the effect on the introduction of ethanol in the thermal 

reaction for the preparation of the BT/HTO nanocomposite, the solvothermal 

treatment of HTO and Ba(OH)2 in water-ethanol (volume ratio = 10:20) mixed 

solution solvent at 200 oC for 12 h was also carried out. The TEM image and SAED 

pattern of the obtained sample are shown in Figure 4.6g and h, respectively. A handful 

of nanocrystals can be observed on the surface of the platelike crystal. Its roughness 

on the surface is in between the samples of BH-200-30/0 and BH-200-5/25. Also two 

sets of SAED spots for the HTO lepidocrocite and BT perovskite phases can be 

simultaneously observed in one platelike polycrystal, suggesting that the sample is 

BT/HTO nanocomposite. This result implies that the generated BT nanocrystals on 

the surface of the obtained platelike BT/HTO nanocomposite increase with the 

increase the ethanol volume in thermal reaction system.  
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The above results suggest that in the platelike BT/HTO nanocomposite prepared in 

the water solvent, the formed BT nanoparticles are distributed uniformly in the 

platelike particle bulk, while in that prepared in water-ethanol mixed solvent, the 

formed BT nanoparticles are preferentially distributed near the platelike particle 

surface. This difference can be explained by different solubilities of Ba(OH)2 and 

HTO in the solvents with different polarity. Their solubilities enhance with increasing 

the solvent polarity, namely, water/ethanol ratio. In the water solvent with high 

polarity, Ba2+ ions can early migrate into the HTO bulk crystal from the interlayer 

space, and reaction with HTO in the bulk crystal, resulting formation of the uniform 

BT/HTO nanocomposite. On the other hand, in the ethanol solvent with low polarity, 

it is difficult to migrate Ba2+ ions into the HTO bulk crystal, and the formation 

reaction of BT preferentially occurs around the HTO platelike particle surface, 

resulting formation of BT around the surface of the platelike particle. Therefore, the 

solvent polarity can affect the nanostructure of BT/HTO nanocomposite. Furthermore, 

the crystal size of BT in the BT/HTO nanocomposite increases with increasing 

reaction temperature. 

 

4.3.2  Solvothermal treatments of BT/HTO nanocomposites in Sr(OH)2 water 

solution 

In order to obtain the BT/ST nanocomposite, the BT/HTO nanocomposites were 

solvothermally treated in Sr(OH)2 solution. Figure 4.7 presents the XRD patterns of 

the samples obtained by solvothermal treatments of different kinds of platelike 

BT/HTO nanocomposites in Sr(OH)2 solution at 200 oC for 12 h. In addition to the 

slight unreacted HTO phase, the other diffraction lines can be well identified by 

JCPDS File No. 39-1395 (cubic symmetry) for Ba0.5Sr0.5TiO3 solid solution. The 

results suggest that the mixture of BT and ST phases cannot be obtained by the 
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solvothermal treatment the BT/HTO nanocomposites and Sr(OH)2 in the water solvent, 

but the Ba0.5Sr0.5TiO3 solid solution. 

 

 
Figure 4.7 XRD patterns of samples obtained by solvothermal treatments of Sr(OH)2 (Sr of 

excess 50%) in water solution with BaTiO3(BT)/HTO nanocomposites at 200 
o
C for 12 h. 

BT/HTO nanocomposites prepared by thermal treatments of HTO and Ba(OH)2 mixtures in (a, c) 

water solution and (b, d) water-ethanol mixed solvent (volume ratio = 5:25) at (a, b)150 
o
C and (c, 

d) 200 
o
C for 12 h, respectively.  

 

Figure 4.8 shows the FE-SEM images samples obtained by solvothermal treatments 

of these platelike BT/HTO nanocomposites and Sr(OH)2 in water solvent at 200 oC 

for 12 h. All the products present polycrystalline platelike particle morphology, 

indicating that the platelike morphology of the HTO crystal has not been damaged 

during the second step solvothermal treatment. When the samples of BH-150-30/0 

and BH-200-30/0 were employed as the precursors, the platelike Ba0.5Sr0.5TiO3 

particle is constructed from nanocrystals with an average size approximately 200 nm 

(Figure 4.8a, c). The nanocrystal size is bigger than that (average size approximately 

80 nm) prepared by solvothermal treatments of BH-150-5/25 and BH-200-5/25 

samples.  
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Figure 4.8 FE-SEM images of samples obtained by solvothermal treatments of Sr(OH)2 (Sr of 

excess 50%) and BT/HTO nanocomposites in water solution at 200 
o
C for 12 h. BT/HTO 

nanocomposites prepared by thermal treatments of HTO and Ba(OH)2 mixtures in (a, c) water 

solution and (b, d) water-ethanol mixed solvent (volume ratio = 5:25) at (a, b)150 
o
C and (c, d) 

200 
o
C for 12 h, respectively.  

 

 Figure 4.9 present corresponding TEM images and SAED patterns. The platelike 

polycrystals are constructed from the nanocrystals with uniform nanoparticle 

distribution, and the sizes of the nanocrystal are consistent with the FESEM results 

(Figure 4.8). When the solvothermal treatments of the Sr (OH)2 and the samples of 

BH-200-30/0 and BH-200-5/25 at 200 oC were carried out, some domain areas can be 

observed in the platelike polycrystals (Figure 4.9e, g). All the SAED patterns show 

the single-crystal- like SAED spots which can be well assigned to the Ba0.5Sr0.5TiO3 

phase with [110] zone axis located on the basal plane, suggesting that all the obtained 

platelike polycrystals are mesocrystals. Based on the results described above, the 

platelike Ba0.5Sr0.5TiO3 mesocrystals can be prepared by the two-step solvothermal 
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reaction process. 

 

 
Figure 4.9 (a, c, e, g) TEM images and (b, d, f, h) SAED patterns of samples obtained by 

solvothermal treatments of Sr(OH)2 (Sr of excess 50%) and BT/HTO nanocomposites in water 

solution at 200 
o
C for 12 h. BT/HTO nanocomposites prepared by thermal treatments of HTO and 

Ba(OH)2 mixtures in (a, e) water solution and (c, g) water-ethanol mixed solvent (volume ratio = 

5:25) at (a–d)150 
o
C and (e–h) 200

o
C for 12 h, respectively. 

 

4.3.3  Influence of different nanostructures of BT/HTO nanocomposites on 

nanostructure of Ba0.5Sr0.5TiO3 mesocrystals 

The results described above indicate that the nanoparticles in the Ba0.5Sr0.5TiO3 

mesocrystals are larger when BH-150-30/0 and BH-200-30/0 nanocomposite samples 

were used as precursor than which used BH-150-5/25 and BH-200-5/25 

nanocomposite samples as precursor. This result implies that BH-150-5/25 and BH-

200-5/25 samples prepared in water-ethanol mixed solvent exhibit lower reactivity in 

the formation reaction of Ba0.5Sr0.5TiO3 than BH-150-30/0 and BH-200-30/0 samples 

prepared in water solvent. The difference is due to different nanostructures of 

BT/HTO nanocomposites prepared in different solvents. In the BT/HTO 

nanocomposites prepared in water-ethanol mixed solvent, the BT nanoparticles 
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mainly distribute around the surface of the platelike particles. To react with HTO in 

the bulk platelike particle, Sr2+ ions have to pass through BT layer on the surface 

platelike particle, or firstly react with BT on the surface. But migration of Sr2+ ions 

into the platelike particle is no easy because most of HTO on the surface has been 

transformed to BT. Furthermore the reactivity of BT is lower than HTO in the  

formation SrTiO3 (ST). On the other hand, in the BT/HTO nanocomposites prepared 

in water solvent, the BT nanoparticles distribute uniformly in the platelike particles. 

Sr2+ ions can migrate easily into the bulk platelike particle through the interlayer of 

unreacted HTO, and react with HTO at the whole place in the platelike particle to 

form ST nanoparticles. And then BT and ST nanoparticles react to form Ba0.5Sr0.5TiO3 

mesocrystals.  

Although the Ba0.5Sr0.5TiO3 mesocrystals with the different nanostructures can be 

obtained, the dominative solvothermal reactions are in situ topochemical conversion 

reaction, giving rise to maintaining the platelike morphology. The corresponding 

relations of the crystal orientations of the obtained Ba0.5Sr0.5TiO3 mesocrystals are 

same. These results suggest that the platelike Ba0.5Sr0.5TiO3 mesocrystals with 

different nanostructures can be obtained and controlled via adjusting nanostructure of 

BT/HTO nanocomposite precursors by the solvothermal reactions. 

 

4.3.4  Solvothermal reaction of BT/HTO nanocomposite with Sr(OH)2 in water-

ethanol mixed solvent 

For the preparation of the BT/ST nanocomposite, water-ethanol mixed solvents 

instead of the water solvent were used for the solvothermal reactions of the BT/HTO 

nanocomposites and Sr(OH)2. Figure 4.10 shows the XRD patterns of samples 

obtained by solvothermal treatments of the four kinds of BT/HTO nanocomposites 

and Sr(OH)2 in water-ethanol mixed solvent (volume ratio = 10:20) at 200 oC for 12 h. 
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In these solvothermal reactions, the employed platelike BT/HTO nanocomposites as 

precursors are the samples of BH-150-30/0, BH-150-5/25, BH-200-30/0, and BH-

200-5/25, respectively. It is very interesting when the BH-200-30/0 sample was 

employed as precursor, two sets of XRD patterns with a typical perovskite oxide 

structure can be simultaneously observed in Figure 4.10c. One of XRD pattern 

corresponding to larger lattice constant can be readily indexed to the BT phase 

(JCPDS File No. 39-1395, cubic symmetry) and other one to ST phase (JCPDS File 

No. 74-1296, cubic symmetry), respectively. This observation reveals that a mixture 

of BT and ST phases was formed. But for the other products, in addition to the slight 

unreacted HTO phase, only the Ba0.5Sr0.5TiO3 solid solution phase can be well 

identified by JCPDS File No. 39-1395 (cubic symmetry) when the samples of BH-

150-30/0, BH-150-5/25, and BH-200-5/25 acted as precursors. These results suggest 

that the sample of BH-200-30/0 is a probably suitable precursor for the preparation of 

the BT/ST nanocomposite. 

 

 
Figure 4.10 XRD patterns of samples obtained by solvothermal treatments of Sr(OH)2 (Sr of 

excess 50%) and BT/HTO nanocomposites in water-ethanol mixed solvent (volume ratio = 10:20) 

at 200 
o
C for 12 h. BT/HTO nanocomposites prepared by solvothermal treatments of HTO and 
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Ba(OH)2 mixtures in (a, c) water solution and (b, d) water-ethanol mixed solvent (volume ratio = 

10:20) at (a, b)150 
o
C and (c, d) 200 

o
C for 12 h, respectively.  

 

 
Figure 4.11 (a, c, e, g) TEM images and (b, d, f, h) SAED patterns of samples obtained by 

solvothermal treatments of Sr(OH)2 (Sr of excess 50%) and BT/HTO nanocomposites in water-

ethanol mixed solvent (volume ratio = 10:20) at 200 
o
C for 12 h. BT/HTO nanocomposites 

prepared by thermal treatments of HTO and Ba(OH)2 mixtures in (a, b, e, f) water solution and (c, 

d, g, h) water-ethanol mixed solvent (volume ratio = 10:20) at (a, b, c, d)150 
o
C and (e, f, g, h) 200 

o
C for 12 h, respectively. 

 

Figure 4.11 shows the TEM images and SAED patterns of the samples obtained by 

the solvothermal treatments of the BT/HTO nanocomposites and Sr(OH)2 in water-

ethanol mixed solvent (volume ratio = 10:20) at 200 oC for 12 h. All the obtained 

samples present the platelike morphology and polycrystal structure constructed from 

nanocrystals. The constituent nanocrystals in the platelike polycrystals obtained from 

the precursors of BH-150-30/0 and BH-200-30/0 have larger average sizes of about 

60 nm and 80 nm, respectively, than which of about 50 nm obtained from the 

precursors of BH-150-5/25 and BH-200-5/25 samples. When the sample of BH-200-

30/0 was employed as precursor, it is very interesting that two sets of perovskite 

SAED spot patterns corresponding single-crystal- like BT and ST phases are 
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simultaneously observed in one platelike polycrystal (Figure 4.11f), revealing that BT 

and ST phases coexist in one platelike polycrystal and agreeing with the XRD result 

(Figure 4.10c). This result suggests that the mixture of BT and ST phase is BT/ST 

nanocomposite, and the platelike polycrystal is mesocrystal. These results reveal that 

the platelike BT/ST mesocrystalline nanocomposite can be obtained by the 

solvothermal treatment of Sr(OH)2 and the samples of BH-200-30/0 as a suitable 

precursor in water-ethanol mixed solvent. It is worth pointing out that the crystal 

orientation of [110] zone axis of ST phase is entirely consistent with BT phase. The 

result suggests that Sr2+ ions react with HTO in the HTO/BT nanocomposite and the 

reaction transforms topotactically HTO to ST nanoparticles.  

The other SAED patterns show the single-crystal- like SAED spots which can be 

assigned to the Ba0.5Sr0.5TiO3 phase with [110] zone axis located on the basal plane 

(Figure 4.11b, d, h), which agree with XRD patterns (Figure 4.10a, b, d), respectively. 

In the case of BH-150-30/0 precursor, firstly Sr2+ ions react with HTO in the HTO/BT 

nanocomposite and the reaction transforms topotactically HTO to ST nanoparticles, 

and then the Ba0.5Sr0.5TiO3 phase is formed by reaction of ST nanoparticles and BT 

nanoparticles because BT nanoparticles is very small which exhibit high reactivity 

with ST nanoparticles. Namely prevention of the reaction between BT nanoparticles 

and formed ST nanoparticles is a key point to obtain BT/ST nanocomposite. In the 

cases of BH-150-5/25 and BH-200-5/25 precursors, although the particle size of BT is 

enough large, BT particles locate nearly at HTO/BT platelike particle surface. To react 

with HTO in the bulk platelike particles, firstly Sr2+ ions have to react with BT 

nanoparticles on the surface, and then react with HTO in the bulk particle, which 

causes easily the Ba0.5Sr0.5TiO3 phase but not BT/ST nanocomposite. Therefore, 

uniform distribution of BT nanoparticles in the HTO/BT precursor is another key 

point to obtain BT/ST nanocomposite.  
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Figure 4.12 XRD patterns of samples obtained by solvothermal treatments of Sr(OH)2 and 

BT/HTO nanocomposites in water-ethanol mixed solvents with volume ratios of (a) 0:30, (b) 5:25, 

(c) 10:20, (d)15:15, (e) 20:10 at 200 
o
C for 12 h, respectively. BT/HTO nanocomposites prepared 

by solvothermal treatments of HTO and Ba(OH)2 mixtures in 30 mL water solution at 200 
o
C for 

12 h. Right XRD patterns correspond to the peaks in the two theta of 30–34
o
. 

 

To investigate the influence of solvent polarity on the formation of BT/ST 

nanocomposite, BH-200-30/0 precursor is solvothermally treated with Sr(OH)2 in 

water-ethanol mixed solvents with different water/ethanol ratios. Figure 4.12 presents 

the XRD patterns of the samples obtained by the solvothermal reactions at 200 oC for 

12 h. Only the peaks of BT phase but without peaks of ST phase were observed in the 

sample prepared in the pure ethanol solvent (Figure 4.12a), owing to the low 

reactivity in the ethanol solvent. The peaks intensities of ST phase increase with 

increasing water content in the solvent, owing to increase of the reactivity. The 

enhancement of the reactivity is due to enhancing the polarity of the solvent that 

increases the solubilities of Sr(OH)2 and Ti species. The peak intensity of ST phase 

become almost same as that of BT phase, and then the peak intensity of BT phase 

decreased with increasing water content in the solvent, and finally disappeared in the 
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pure water solvent (Figure 4.7c). These results imply that in the high water content 

solvent, the formed ST nanoparticles can react with BT nanoparticles causing 

formation of Ba0.5-xSr0.5+xTiO3 solid solution phase in the solvothermal reaction in the 

high reactivity solvent. Namely, the BT/ST nanocomposite will disappears under high 

reactivity conditions. 

 

4.3.5  Nanostructural and compositional studies on BT/ST nanocomposite 

 

 
Figure 4.13 FE-SEM of samples obtained by solvothermal treatments of Sr(OH)2 and BT/HTO 

nanocomposite in water-ethanol mixed solvents with volume ratios of (a) 0:30, (b) 5:25, (c) 10:20, 

(d)15:15, (e) 20:10 at 200 
o
C for 12 h, respectively. BT/HTO nanocomposites prepared by 

solvothermal treatments of HTO and Ba(OH)2 mixtures in 30 mL water at 200 
o
C for 12 h. 

 

The investigations of the nanostructure and composition of the BT/ST 

nanocomposites were performed. Figure 4.13 presents the FE-SEM of the samples 

obtained by solvothermal treatments of the BH-200-30/0 precursor and Sr(OH)2 in 

water-ethanol mixed solvents with different water contents at 200 oC for 12 h. All the 

obtained products show the typical platelike polycrystalline morphology, and are 
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constructed from nanocrystals with an average size of about 50 nm. Figure 4.14 

shows the corresponding TEM images, SAED patterns, and EDS spectra. The TEM 

images agree with the FE-SEM images. Two sets of single-crystal- like SAED spot 

patterns for each sample can be assigned to the BT and ST phases, revealing all the 

polycrystals are BT/ST mesocrystalline nanocomposites also. The above results reveal 

that the platelike BT/ST mesocrystalline nanocomposites can be obtained by the 

solvothermal treatment of Sr(OH)2 and the BH-200-30/0 precursor in water-ethanol 

mixed solvents with water/ethanol volume ratios in a range of 5:25 to 20:10.  

 

 

 

Figure 4.14 (a, b, c) TEM images of samples obtained by solvothermal treatments of BT/HTO 

nanocomposites and Sr(OH)2 in water-ethanol mixed solvents with volume ratios of (a) 5:25, (b) 

10:20 and (c) 15:15 at 200 
o
C for 12 h, respectively. (d, e, f) EDS spectra of samples correspond to 

the (a, b, c) samples, respectively. EDS spectra of the regions labeled “①”, “②”, and “③ ” 

correspond to the positions marked ①, ②, and ③ in TEM images, respectively. The inset of 

SAED patterns are from the corresponding platelike polycrystals, respectively, and the 

electron beam is perpendicular to the basic plane of the platelike polycrystals. 

 

The chemical composition distributions in these platelike crystals are investigated 
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using EDS analysis. Three positions in each platelike polycrystal present almost the 

same EDS spectra (Figure 4.14a, b, c), suggesting uniform chemical composition 

distribution of Ba and Sr in the electron beam size of about 200 nm in the each 

platelike BT/ST mesocrystalline nanocomposite. The molar ratios of Ti:Ba:Sr from 

EDS analysis results in BT/ST nanocomposites are listed in Table 4.1. The average 

molar ratio results indicate that the Sr content increases, while Ba content decreases 

with the increase of the water content in the reaction solvent. This result reveals that 

the reactivity of HTO/BT nanocomposite with Sr(OH)2 enhances with increasing the 

polarity of the reaction solvent, which is also well consistent with the peak intensity 

change of XRD (Figure 4.12b, c, d). The result also implies that the Ba2+ ions are 

partially replaced by the Sr2+ ions in the formation process of the BT/ST 

mesocrystalline nanocomposite. It is noteworthy that the Ba/Sr molar ratio is close to 

one when the water/ethanol volume ratio is 10:20, namely the equal amounts of BT 

and ST in the BT/ST nanocomposite composition are formed under this reaction 

condition. These results suggest that the BT/ST ratio can be adjusted by controlling 

the water content in the reaction solvent. 

 

Table 4.1 Atom quantity ratio of Ti:Ba:Sr from EDS spectra of regions in BT/ST nanocomposite 

composition. 

 

 

Figure 4.15 shows the EDS-mapping TEM images of the platelike BT/ST 

mesocrystalline nanocomposite obtained by solvothermal treatment of the BT/HTO 
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nanocomposite and Sr(OH)2 in water-ethanol mixed solvent with volume ratio of 

10:20 at 200 oC for 12 h. The uniform distributions of Ba and Sr on one platelike 

polycrystal can be clearly observed, suggesting that homogeneous chemical 

composition distributions of Ba and Sr in the platelike mesocrystalline nanocomposite. 

The BT and ST nanocrystals were not detected individually EDS-mapping TEM 

images, which may be due to the stacking structure of the BT and ST nanocrystals or 

BT-ST core-shell nanoparticle structure in the platelike BT/ST mesocrystalline 

nanocomposite.  

 

 
Figure 4.15 EDS-mapping TEM images of platelike BT/ST mesocrystalline nanocomposite. The 

mesocrystal was obtained by solvothermal treatment of BT/HTO nanocomposites and Sr(OH) 2 in 

water-ethanol mixed solvent with volume ratio of 10:20 at 200 
o
C for 12 h. 

 

For the detailed investigation of the distribution of the BT and ST nanocrystals 

inside the block of platelike BT/ST mesocrystalline nanocomposite, the TEM and 

HRTEM observations were carried out on the BT/ST mesocrystalline nanocomposite 

after grind and ultrasound dispersion treatment (Figure 4.16). The TEM image 
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presents some individual and agglomerated nanocrystals (Figure 4.16a), suggesting 

that some of the platelike mesocrystal broken after grind and ultrasound dispersion 

treatment. All the HRTEM images dominantly reveal the lattice fringes of 0.272–

0.285 nm which can be indexed to the (110) planes of BT and ST phases. This result 

is a consistent with the strongest diffraction lines of (110) planes in XRD patterns 

(Figure 4.10c). The directions of the (110) planes in the agglomerated nanocrystals are 

uniform (Figure 4.16b, c), while the individual dispersed nanocrystals are different 

(Figure 4.16e, f). FFT pattern form HRTEM image of an individual nanoparticle 

shows one set of clear reciprocal lattice spots which can be attributed to the single ST 

phase (Figure 4.16g, h). These results suggest that the platelike BT/ST 

mesocrystalline nanocomposite is constructed by stacking individual BT and ST 

nanocrystals instead of the BT-ST core–shell nanoparticles. 

 

 

Figure 4.16 (a) TEM image of platelike BT/ST mesocrystalline nanocomposite after grind and 

ultrasound dispersion treatment. (b, c, d, e, f) HRTEM images are from the (b, c, d, e, f) white 

panes in (a) TEM image, respectively. (g) HRTEM image and (h) FFT pattern from the (h) white 

pane in (g) HRTEM image of another partial platelike BT/ST mesocrystalline nanocomposite after 

and ultrasound dispersion treatment.  
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Figure 4.17 (a) TEM and (b, d, f, h) HRTEM images of platelike BT/ST mesocrystalline 

nanocomposite after grind and ultrasound dispersion treatment. (b, d, f, h) HRTEM images are 

from the (b, d, f, h) white panes in (a) TEM image, respectively. (c, e, g, i and j) FFT patterns are 

from (b, d, f, h) HRTEM images, respectively.  

 

To qualitatively analyze individual BT and ST nanocrystals derived from the 

platelike BT/ST mesocrystalline nanocomposite further, some representative 

individual BT and ST nanocrystals obtained by the grind and ultrasound dispersion 

treatment of the platelike BT/ST mesocrystalline nanocomposite were investigated 

also. Figure 4.17 shows TEM image, HRTEM images and FFT patterns of the 

individual BT and ST nanoparticles. All the nanoparticles with ～50 nm size present 

some lattice fringes on the surface, and their corresponding selected area FFT patterns 

with some reciprocal lattice spots which can be indexed to the BT (Figure 4.17d and e, 

h and j) and ST (Figure 4.17b and c, f and g, h and i) phases. Although both the BT 
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and ST phases coexist in the nanoparticles (see Figure 4.17h, i, j), the existing crystal 

boundary implies that this nanoparticle constructed from smaller individual 

nanoparticles is a nanocomposite. Figure 4.18 presents the corresponding EDS spectra 

investigated in the areas with the size of about 50 nm from the (b, d, f, h) white panes 

of (a) TEM image in Figure 4.17, respectively. The results suggest the uniform 

chemical composition distribution of Ba or/and Sr in the each nanoparticle, which 

agree the corresponding results of HRTEM images and FFT patterns. These results 

further reveal that the platelike BT/ST mesocrystalline nanocomposite is constructed 

by stacking individual BT and ST nanocrystals. 

 

 

Figure 4.18 EDS spectra of samples derived from (b, d, f, h) white panes of (a) TEM image in 

Figure 4.17, respectively. The electron beam size is approximately 50 nm. 

 

4.3.6  Topochemical conversion mechanisms of platelike mesocrystalline 

Ba0.5Sr0.5TiO3 and BT/ST nanocomposites 

The mesocrystalline conversion process from the HTO single crystal precursor to 

mesocrystalline BT/ST nanocomposite and their topological correspondences can be 

described as a schematic diagram in Figure 4.19a. The mesocrystalline BT/ST 

nanocomposite is formed by the two-step topochemical process. In the first step, Ba2+ 
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ions are intercalated into the HTO bulk crystal through the its interlayer pathway by a 

H+/Ba2+ exchange reaction, and then the Ba2+ ions react with the TiO6 octahedral 

layers of HTO in the crystal bulk to form the BT phase. 47  In the solvothermal 

topochemical reaction, half of the HTO crystal is transformed to the BT nanocrystals 

because the Ti/Ba mole ratio in the reaction system is 1/0.5. The dissolution-

deposition reaction is also possible on the platelike particle surface. In the present 

case, the topochemical conversion reaction is dominative, owing to the low 

concentration of Ba(OH)2. The HTO/BT nanocomposite platelike particles formed by 

this reaction have uniform distribution of BT nanoparticle and the BT particle size 

increases with increasing the reaction temperature, when the reaction is carried in 

water solvent. However, when the reaction is carried in water-ethanol solvent, the 

formation reaction of BT nanoparticles is preferentially occurs near the surface of the 

platelike particle owing to the low polarity of the solvent and low solubility of 

Ba(OH)2, in which Ba2+ ions are difficult to migrate in the HTO bulk crystal. There is 

a definitely corresponding relationship between the crystal-axis directions of HTO 

and BT structures (Figures 4.4b and h, 4.5b, 4.6b and h), namely all the BT 

nanocrystals in one platelike crystal of the BT/HTO nanocomposite present the same 

crystal-axis orientation in the [110]-direction agreeing with the [010]-direction of the 

HTO matrix crystal.  

In the second step reaction of solvothermal treatment of the BT/HTO 

nanocomposite in the Sr(OH)2 solution is also a topochemical conversion reaction 

similar to the first step. When the HTO/BT nanocomposite with uniform distribution 

of BT nanoparticles is used as precursor, incipiently, the Sr2+ ions are intercalated into 

the residual HTO bulk crystal through the interlayer pathway by the H+/Sr2+ exchange 

reaction, and then the Sr2+ ions react with the unreacted HTO matrix crystal to form 

the ST nanoparticles until consuming all the HTO phase. The BT/ST mesocrystalline 
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nanocomposite is formed at this stage. However, BT and ST nanoparticles can react 

together further by the topochemical reaction, and then the platelike mesocrystal of 

Ba0.5Sr0.5TiO3 solid solution is formed under the high reactive conditions, such as in 

water solvent at 200oC. When the HTO/BT nanocomposite prepared in the water-

ethanol mixed solvent is used as the precursor, the situation is different owing to the 

platelike particle surface of the HTO/BT precursor is covered by BT. In this case, 

firstly Sr2+ ions react with BT nanoparticles locating on the platelike particle surface 

before migrating into the bulk crystal, which causes formation of Ba0.5Sr0.5TiO3 solid 

solution nanoparticles from the platelike particle surface. Therefore, the BT/ST 

mesocrystalline nanocomposite is difficult to be obtained by using such precursor.  

In the second step reaction, the dissolution-deposition reaction is also possible on 

the platelike particle surface, but the topochemical conversion reaction is dominative, 

which results the formation of the platelike mesocrystals of BT/ST nanocomposite 

and Ba0.5Sr0.5TiO3 solid solution. Therefore, there are the corresponding relations 

between the crystal orientations of the HTO precursor and the generated mesocrystals. 

The directions of [100], [001], and [010] directions of HTO single crystals correspond 

to the [001], [1-10], and [110] directions of BT, ST, and Ba0.5Sr0.5TiO3 nanocrystals, 

respectively. Therefore, in the BT/ST mesocrystalline nanocomposite, there is 

epitaxial interface (grain boundary) between BT and ST nanoparticles. Since the 

lattice dimensions between BT and ST are slightly different, the lattice mismatch can 

result lattice distortions in BT and ST structures on the interface, such nanocrystal is 

promising for the high performance piezoelectric materials and dielectric materials.  

Figure 4.19b illustrates the variation from layered lepidocrocite(γ–FeOOH)-type 

structure of HTO single crystal to the perovskite structure of BT/ST mesocrystalline 

nanocomposite via an in situ topochemical mesocrystalline conversion reaction. In the 

HTO layered structure, the TiO6 octahedra are combined with each other via angle 
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and edge-sharing to form a two-dimension TiO6 octahedral sheet. In the conversion 

reaction to the BT structure, the TiO6 octahedra in the layered structure are partially 

shifted to the positions of the perovskite structure with edge-sharing TiO6 octahedra, 

and this process has to satisfy the principle of minimum energy and space 

requirements to make the stable perovskite BT structure. In the conversion reaction to 

the ST structure, similar reaction occurs also. At the BT/ST interface, the formation of 

BaxSr1-xTiO3 solid solution layer is possible. Thus, the obtained product is likely to a 

perovskite nanocomposite with a BT/BaxSr1-xTiO3/ST nanostructure. 

 

 

 

Figure 4.19 (a) Schematic representation of formation mechanism of platelike BT/ST 

mesocrystalline nanocomposite via two-step topochemical soft solvothermal processes from 

layered protonated titanate single crystal. (b) Variation of crystal structure from layered 

lepidocrocite (γ–FeOOH)-type single crystal to possible composite perovskite mesocrystal via an 
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in situ topochemical mesocrystal conversion reaction with a rotated behavior of TiO6 octahedra. 

 

On the basis of the mechanism described above, firstly the HTO/BT nanocomposite 

with uniform distribution and enough large crystal size of BT nanoparticles is 

necessary. In the second step reaction of conversion HTO/BT to BT/ST 

nanocomposite, keeping appropriate reactivity in reaction system is important. Under 

high reactive conditions, the formed BT/ST nanocomposite will be transformed into 

BaxSr1-xTiO3 solid solution. These conditions can be achieved by controlling the 

polarity of the reaction solvent and reaction temperature.  

 

4.3.7  Anneal treatments of platelike BT/ST mesocrystalline nanocomposites 

     

 
Figure 4.20 XRD patterns of BT/ST mesocrystalline nanocomposites before (a) and after anneal 

treatments at different temperatures for 3 h. The BT/ST mesocrystalline nanocomposites were 

prepared by the solvothermal soft process in water-ethanol mixed solvent with volume ratio of 

10:20 at 200 
o
C for 12 h.  
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The BT/ST mesocrystalline nanocomposite prepared by the solvothermal treatment 

of Sr(OH)2 and the BH-200-30/0 precursor in water-ethanol mixed solvent with 

volume ratio of 10:20 is employed for the anneal investigation. Figure 4.20 shows the 

XRD patterns of BT/ST mesocrystalline nanocomposites before and after anneal 

treatments at different temperatures for 3 h. The nanostructure of BT/ST 

nanocomposite does not change below 900 oC of the anneal temperature (Figure 

4.20b–e). Over 900 oC, the balance of two equivalent compositions between the BT 

and ST phases was broken. In anneal temperature range between 1000 and 1200 oC, 

the tetragonal BT polymorph phase (JCPDS No. 05-0626) was formed, suggesting 

that the pseudo-cubic symmetry of the BT phase transformed into the tetragonal 

symmetry. In addition to the BT and ST phases, the Ba4Ti13O30 (indexed by JCPDS 

File No. 35-0750: orthorhombic symmetry, cell = 1.406×1.707×0.987 nm), Sr2TiO4 

(indexed by JCPDS File No. 39-1471: tetragonal symmetry, cell = 0.3886×1.259 nm, 

I4mmm), and BaxSr1-xTiO3 solid solution phase can be observed in this temperature 

range, where x is the dependence on the contents of the Ba4Ti13O30 and Sr2TiO4 

phases. A main phase of the Ba0.5Sr0.5TiO3 solid solution (indexed by the by the 

JCPDS File No. 39-1395) was formed when the anneal temperature was elevated to 

1300 oC. These results imply that the BT/ST composite phase can be stable up to a 

quite high temperature of 900 oC. A complex quinary system with 

BT/ST/Ba4Ti13O30/Sr2TiO4/BaxSr1-xTiO3 composition can be obtained at the anneal 

temperatures between 1000 to 1200 oC. Figure 4.21 shows the SEM images of the 

samples obtained by the anneal treatments of the platelike BT/ST mesocrystalline 

nanocomposites at different temperatures. The platelike morphology of the 

nanocomposite can withstand up to 1100 oC, and started to destroy by the high 

temperature anneal at 1200 oC. The quinary system with 
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BT/ST/Ba4Ti13O30/Sr2TiO4/BaxSr1-xTiO3 composition can maintain a platelike 

morphology up to 1100 oC. Such composite with a complex chemical composition is 

promising to be used in the strain engineering due to existing with different crystal 

symmetries. 

 

 

Figure 4.21 SEM images of samples obtained by anneal treatments of platelike BT/ST 

mesocrystalline nanocomposite s at (a) 600, (b) 700, (c) 800, (d) 900, (e) 1000, (f) 1100, (g) 1200, 

(h) 1300 
o
C for 3 h, respectively. 

 

Figure 4.22 presents the TEM images and SAED patters of samples obtained by 

anneal treatments of the platelike BT/ST mesocrystalline nanocomposites at 600 and 

900 oC for 3 h, respectively. At 600 oC of the anneal temperature, the obtained 

mesocrystal constructed from the nanocrystals shows the platelike morphology 
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(Figure 4.22a). The nanocrystal size is not obvious change after the anneal treatment 

(Figures 4.11e, 4.14b). Its SAED pattern still exhibits the structure of mesocrystalline 

BT/ST nanocomposite (Figure 4.22b), which agrees with the XRD result shown in 

Figure 4.21b. At the elevated anneal temperature of 900 oC, a sintered platelike 

particle was formed, in which the nanoparticle boundary became unclear (Figure 

4.22c). Two sets of clear SAED spot patterns can be easily identified and assigned to 

BT and ST with the same [110] zone axis, respectively (Figure 4.22d). These results 

suggest that the sintered platelike BT/ST nanocomposite constructed from uniform 

crystal-axis-oriented BT and ST nano-unites can be obtained after the anneal 

treatment at 900 oC.  

 

 

Figure 4.22 (a, c) TEM images and (b, d) SAED patters of samples obtained by anneal treatments 

of platelike BT/ST mesocrystalline nanocomposite at (a, b) 600 
o
C and (c, d) 900 

o
C for 3h, 

respectively.  

 

4.3.8  Nanostructural comparison with conventional two-dimensional BT/ST 

superlattice 

   Figure 4.23 illustrates the two-dimensional nanostructures of the BT/ST superlattice 
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obtained by the conventional MBE approach and the three-dimensional nanostructure 

of the mesocrystalline BT/ST nanocomposite prepared in this study. The conventional 

BT/ST superlattice is constructed from the periodically epitaxially grew BT and ST 

layers, which provides a two-dimensional heterointerface between BT and ST layers. 

However, in the mesocrystalline BT/ST nanocomposite prepared in this study, the 

mesocrystalline BT and ST nanocrystals can provide a three-dimensional 

heterointerface between the crystal-axis-oriented BT and ST nanoparticles. Therefore, 

the heterointerface density is three times higher than the conventional BT/ST 

superlattice. Such high dense ferroelectric heterointerface with lattice mismatch is 

promising for the strain engineering to achieve the sharp enhancement of the 

piezoelectric and dielectric performances. 

 

 

Figure 4.23 (a) Planar illustrations of local environments possible for conventional BT/ST 

composite with superlattice and abrupt heterointerfaces obtained by MBE approach, and (b) novel 

platelike BT/ST mesocrystalline nanocomposite with multiplied abrupt heterointerfaces obtained 

by novel two-step solvothermal soft chemistry process. In (a) illustration, a two-dimensional 

heterointerface between BT and ST layers can be provided. In (b) illustration, each BT or ST 
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structure unit has an utmost of six heterointerfaces contacted its six faces containing the above and 

below, right and left, and front and back, which providing a three-dimensional heterointerface.  

 

4.4  Conclusions 

The two-step solvothermal topochemical process is an effective approach for the 

preparation of the platelike BT/ST mesocrystalline nanocomposite and Ba0.5Sr0.5TiO3 

mesocrystal. In the first step reaction, the BT/HTO nanocomposite is formed by the 

partial transformation of HTO to BT. The nanostructure and BT nanoparticle size in 

the BT/HTO nanocomposite are dependent on reaction temperature and polarity of 

reaction solvent. The BT/HTO nanocomposite with uniform BT nanoparticle 

distribution and enough large BT particle size obtained at 200 oC in water solvent is 

an optimal candidate as a precursor for the preparation of the BT/ST nanocomposite. 

In the second step reaction, the BT/ST mesocrystalline nanocomposite and 

Ba0.5Sr0.5TiO3 mesocrystal are formed by reacting the BT/HTO nanocomposite with 

Sr(OH)2. Keeping appropriate reactivity in reaction system is important to obtain the 

BT/ST mesocrystalline nanocomposite. Under high reactive conditions, the formed 

BT/ST nanocomposite will be transformed into BaxSr1-xTiO3 solid solution. These 

conditions can be achieved by controlling the polarity of the reaction solvent and 

reaction temperature. These conditions can be achieved by controlling the polarity of 

the reaction solvent and reaction temperature. The BT nanocrystals and ST 

nanocrystals epitaxially connect together in the mesocrystalline BT/ST 

nanocomposite, which can provide a three-dimensional heterointerface between the 

crystal-axis-oriented BT and ST nanoparticles. Such high dense ferroelectric 

heterointerface with lattice mismatch is promising for the strain engineering to 

achieve the sharp enhancement of the piezoelectric and dielectric performances. 
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Chapter V 

Topochemical Mesocrystal Conversion of Titanate Single 

Crystals to Mesocrystalline Nanocomposites of TiO2 

Polymorphs with Photocatalytic Response 

 

5.1  Introduction  

The study of nanocrystals has become an intense and major interdisciplinary research 

area in recent decenniums because nanocrystals can serve as building units to construct 

hierarchically structured materials.1,2 Crystallization control of polycrystals constructed 

from nanocrystals, including the design of the morphology, size, dimensionality, 

composition, etc., has been a focus of recent interest in material science due to the 

strong correlation between these parameters and their properties. 3 , 4  In this field, 

mesocrystals have attracted considerable attention very recently. 5  Mesocrystal is 

constructed from well-aligned oriented crystalline nanocrystals,2 ,6  and has potential 

applications to catalysis, sensing, and energy storage and conversion. 7,8 

TiO2 nanomaterials have attracted considerable attention from both academic and 

industrial communities, owing not only to their wide applications in the fields of dye-

sensitized solar cells (DSSCs), photocatalysis, photocatalytic degradation of toxic 

pollutants, energy storage and conversion, electrochromic, and sensing, etc, but also to 

their low cost, safety, and environmental benignity. TiO2 has various polymorphs,7 

including anatase, rutile, TiO2 (B), brookite, TiO2 (H), etc. The differences in lattice 

structures and morphologies cause different electronic band structure and different 

surface geometric structures, which determine the physical and chemical properties of 

TiO2 materials. 
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Up to now, nanorod- like, 9 , 10  cable- like, 11  hollow spheres, 12  nanowires, 13  ellipsoid,7 

and bipyramid-like14,15 TiO2 mesocrystals have been synthesized by sol-gel method and 

hydrothermal method. It has been reported that the anatase TiO2 mesocrystals with the 

[010] zone axis have potential application in improved lithium insertion behavior for 

lithium ionic batteries because of the intrinsic single-crystal- like nature as well as high 

porosity of the nanoporous mesocrystals.7 The aligned [001]-oriented rutile nanorods 

present a large reversible charge–discharge capacity and excellent cycling stability.9 

Anatase mesocrystal- like porous nanostructures exhibit a multifunctional response, 

including the good capabilities for photocatalytic degradation and enzyme 

immobilization. 16  The TiO2 mesocrystals can exhibit excellent photocatalytic 

performance owing to their large surface area, high porosity, and oriented subunit 

alignment.11,16
,17,
18 The efficient flexible DSSCs have been fabricated by the growth of the 

aligned anatase TiO2 nanorods on a Ti- foil substrate for a photo-anode, in which the 

mesocrystalline TiO2 nanorod arrays on Ti substrates with excellent antireflective 

properties which could enhance light harvesting performance. 19  

Topochemical conversion method is a very useful way for the preparation of the 

crystals with a desired morphology via ion exchange, intercalation/deintercalation, and 

exfoliation reaction mechanisms. The topochemical reactions can be described as 

special phase transformations of the parent crystals into the daughter crystals, in which 

the crystallographic orientations of parent and daughter crystals have some certain 

topological correspondences. Layered titanates are excellent precursors for the 

topochemical synthesis, owing to their excellent ion-exchange, 

intercalation/deintercalation, and exfoliation reactivities. 20  Some TiO2 nanomaterials 

have been synthesized by the topochemical reactions using the layered titanate 

precursors.21
,22,23,

24  

Increasing interest has recently been paid to a protonated titanate with composition 

H4x/3Ti2-x/3O4·H2O (x=0.8, abbreviated to HTO) and lepidocrocite (γ–FeOOH)-type 2D 

structure, which can be readily exfoliated/delaminated into its molecular single sheets 
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with distinctive 2D morphology and small thickness.20,25 Its crystal structure consists of 

2D corrugated host layers of edge and corner sharing TiO6 octahedra and interlayer 

hydronium ions, which compensate for the negative charge that arises from the vacancy 

of Ti.20 In our previous works, some topochemical reactions have been designed and 

carried out using HTO platelike crystal precursor, which have demonstrated that the 

HTO platelike crystals can be topotactically transformed to the platelike mesocrystals of 

BaTiO3,26
,27,
28 Ba1-xCaxTiO3, 29 Ba1-x(Bi0.5K0.5)xTiO3,30 and Bi0.5Na0.5TiO3

31
 perovskites by 

solvothermal reactions and solid state reactions.
,

 The platelike mesocrystals can be used 

to develop the oriented perovskite ceramics with high density, high degree of the 

preferred orientation, and small grain size by reactive templated grain growth method. 32  

In this Chapter, an interesting route to synthesize the platelike mesocrystalline 

nanocomposites of TiO2 polymorphs from the HTO platelike single crystals via a 

topochemical mesocrystal conversion mechanism was described. The [010]-oriented 

HTO platelike single crystals are successively transformed into {010}-faceted TiO2 (B) 

twinning, [010]-oriented anatase, and [110]-oriented rutile polycrystals, but retain the 

platelike morphology via heat-treatment, which results in the formations of four kinds 

of platelike mesocrystalline nanocomposites of TiO2 polymorphs in the topochemical 

conversion processes. The mesocrystalline nanocomposites of anatase/rutile polymorphs 

exhibit unexpectedly high surface photocatalytic activity. It can be explained by 

enhancing electron-hole separation effect in the mesocrystalline nanocomposite 

structure and high photocatalytic activity of anatase {010} facet exposing on the 

mesocrystal surface, which provides a promising nanostructure for the photocatalyst.  

 

5.2  Experimental Section 

5.2.1  Materials and Synthesis 

All reagents used in this study were of analytical grade and without further 

purification. H4x/3Ti2-x/3O4·H2O (x = 0.8) (HTO) crystals were prepared as reported by 
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us previously.24 6.9 g of anatase TiO2 nanoparticles, 5.1 g of KOH, 0.6 g of LiOH·H2O, 

and 25 mL of distilled water were sealed into a Hastelloy-C-lined vessel with internal 

volume of 45 mL, and then heated at 250 oC for 24 h under stirring conditions. After the 

hydrothermal treatment, the obtained sample was washed with distilled water and dried 

at room temperature to obtain K0.80Ti1.73Li0.27O4 (KTLO) crystals. The KTLO crystals 

(10.0 g) was treated with a 0.2 mol·L-1 HNO3 solution (500 mL) for 24 h under stirring 

conditions to exchange K+ and Li+ in the layered structure with H+, and then the sample 

was washed with distilled water. After the acid treatments were done twice, the layered 

protonated titanate H1.07Ti1.73O4·H2O single crystals were obtained. The as-obtained 

crystals were collected and washed with distilled water and alcohol, before air-drying at 

60 oC for 12 h, and then the HTO (7.9 g) single crystals were obtained. For the synthesis 

of TiO2, the layered HTO crystals were heat-treated at a desired temperature for 3 h in 

air with a heating rate of 10 oC min-1, then natural cooling to room temperature.  

 

5.2.2  Physical analysis 

The structures of crystalline samples were investigated using a powder X-ray 

diffractometer (Shimadzu, XRD-6100) with Cu Kα (λ = 0.15418 nm) radiation. The size 

and morphology of the crystalline samples were observed using scanning electron 

microscopy (SEM) (JEOL, JSM-5500S) or field emission scanning electron microscopy 

(FE-SEM) (Hitachi, S-900). Transmission electron microscopy (TEM)/(high-resolution 

TEM (HRTEM)) observation and selected-area electron diffraction (SAED) were 

performed on a JEOL Model JEM-3010 system at 300 kV, and the powder samples were 

supported on a Cu microgrid. Energy-dispersive spectroscopy (EDS; JEOL JED-2300T) 

was measured on the TEM system. The thermal behavior of HTO crystals was analyzed 

using thermogravimetric and differential thermal analyses (TG-DTA) conducted on a 

DTG-60H thermogravimetric analyzer (Shimadzu) in static air with a heating speed of 

10 oC min-1 from room temperature to 1100 oC. The N2 adsorption-desorption isotherms 

and Barrett-Joyner-Halenda (BJH) pore size distribution were investigated on a 
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Quantachrome Autosorb-1-MP apparatus at 77 K. The specific surface area was 

calculated from the N2 adsorption isotherm using the Brunauer-Emmett-Teller (BET) 

method. 

 

5.2.3  Photocatalytic characterization 

The TiO2 crystalline samples (20 mg) were immersed in 20 mg L-1 methylene blue 

(MB) aqueous solution (100 mL) under dark and stirring conditions. The resulted 

suspension was placed in the dark with stirring for 2 h to reach the adsorption-

desorption equilibrium. The irradiation was carried out under stirring with a 100 W 

ultraviolet light (UVA, Asahi Spectra, LAX-Cute) located at 5.0 cm horizontal lamp-

sample distance. The variations in the concentrations of methylene blue in the aqueous 

suspension with irradiation time were recorded by using a Shimadzu UV-2450 

spectrophotometer. For the comparison, the Degussa P25 sample with a particle size of 

30 nm and a composition of 80% anatase and 20% rutile, and BET surface area of 63 

m2 g-1 21,33 was used as the standard sample for the photocatalytic measurement.  

 

5.3  Results and Discussion 

5.3.1  Transformation of HTO to TiO2 by heat-treatment 

For the synthesis of platelike TiO2 mesocrystals via topochemical reaction, the 

platelike HTO crystals with lepidocrocite (γ–FeOOH)-type structure as precursor were 

anneal- treated. The layered HTO phase has a basal spacing of 0.882 nm that 

corresponds to the d-value of (020) plane (Figure 5.1a). 34  The EDS analysis result 

reveals that Li+ and K+ were exchanged completely with H+ after the acid-treatment of 

KTLO (Figure 5.2). For the investigation of the detailed phase transformation from 

HTO to TiO2, the HTO crystals were annealed at some periodic temperatures up to 1000 

oC, and XRD patterns of the products are shown in Figure 5.1. The HTO phase can be 

transformed into three kinds of TiO2 polymorphs, including TiO2(B), anatase, and rutile, 

after heat-treatment. With the increase of the heat-treatment temperature, the strongest 
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(020) peak of the lepidocrocite phase shifted to the right because of the deintercalation 

of the interlayer water resulting in the decrease of the basal spacing, and then 

disappeared above 300 oC. The TG-DTA curves of HTO crystal show a large 

endothermic peak at 90 oC with an obviously losing weight, which correspond to the 

deintercalation of the interlayer water (Figure 5.3). The dehydration of HTO is almost 

completed at 400 oC, while the layered structure is retained up to 250 oC.  

 

 

Figure 5.1 XRD patterns of HTO crystals (a) before and (b–l) after heat-treatments at different 

temperatures for 3 h.  
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Figure 5.2 (a) EDS spectra and (b) TEM image of H4x/3Ti2-x/3O4·H2O (x=0.8) (H1.07Ti1.73O4, HTO) 

crystals obtained from K0.80Ti1.73Li0.27O4 (KTLO) crystals by ion-exchange reaction. EDS spectra ①, 

② and ③ correspond to those at the positions marked ①, ②, and ③ in TEM image, respectively.  

 

 

 

Figure 5.3 TG-DTA curves of HTO crystals from room temperature to 1100 
o
C with a heating speed 

of 10 
o
C min

-1
. 

 

At 250 oC heat-treatment temperature, the XRD pattern presents the diffraction peaks 

of the layered phase and a monoclinic TiO2(B) phase (JCDS File No. 74-1940) (see 

Figure 5.4). Since the diffraction peaks are very weak, the crystallinities of the formed 
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TiO2(B) and HTO are pretty low. As treating in temperatures ranging from 300 to 400 

oC, a mixture of the TiO2(B) phase and anatase phase (JCDS File No. 21-1272) 

appeared. At 500 oC the weak peaks of TiO2(B) and anatase phases were observed 

because of their poor crystallinities. With elevating temperatures of heat-treatment, the 

anatase main phase and small amount of rutile phase (JCPDS No. 21-1276) 

simultaneously appeared at 700 oC, the rutile main phase and small amount of anatase 

phase appeared at 900 oC, and then the rutile single phase was obtained at 1000 oC. The 

anatase single phase cannot be obtained by calcination of HTO, which is differe nt from 

the H2Ti2O4(OH)2 and H2Ti3O7 crystals, in which the single anatase phase can be 

obtained by calcination at 700 oC.35,36 The above XRD results reveal that HTO phase is 

firstly transformed into TiO2(B) phase, then into anatase phase, and finally into rutile 

phase. The TiO2(B) and anatase phases are metastable TiO2 phases. 

 

 

Figure 5.4 XRD patterns of samples with low diffraction peak intensities obtained by heat-treatment 

of HTO crystals in a temperature range of 250–500 
o
C for 3 h.  

 

Figure 5.5 shows FE-SEM images of the morphology evolution of HTO crystals from 

room temperature to 900 oC. At room temperature, the HTO crystal has a platelike 
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particle size of 200 nm in thickness and 3 µm in width and smooth crystal surface. 

Above 700 oC, the platelike particle was gradually gaped and the cracks were formed. 

The platelike particle is constructed from nanocrystals, and the size of the nanocrystals 

increases from 150 to 500 nm with increasing the temperature from 700 to 900 oC, 

which accompanies the crack growing up. The platelike crystals still retained the 

platelike morphology up to 900 oC, and then broke down and the nanocrystals grew up 

to be micro-scale crystals at 1000 oC (see Figure 5.6). This behavior is similar to the 

topochemical decomposition of platelike MgCO3 crystals to MgO crystals by heat-

treatment.37  

 

 

 

Figure 5.5 FE-SEM images of HTO crystals (a) before and after heat-treatments at (b) 500, (c) 600, 

(d) 700, (e) 800, and (f) 900 
o
C for 3h, respectively.  
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Figure 5.6 SEM images of HTO crystals (a) before and after heat-treatments at (b) 600, (c) 700, (d) 

800, (e) 900, and (f) 1000 
o
C for 3 h, respectively.  

 

5.3.2 Nanostructural study on topochemical convention reaction from HTO to TiO2  

In order to understand the conversion mechanism from HTO to TiO2 polymorphs in 

detail, TEM/HRTEM observations and SAED investigations of the HTO crystals before 

and after heat-treatment were performed. The TEM images present the crystals with the 

platelike morphology after heat-treatment up to 900 oC, which agrees with the SEM 

image results (Figure 5.6). In the SAED pattern of HTO, the clear and ordered 

diffraction spots can be easily assigned to the HTO phase with orthorhombic system 

located along the [010] zone axis (Figure 5.7a, b). The [010] direction (b-axis direction) 

is perpendicular to the basal plane of the platelike HTO crystal. After heat-treatment at 

100 oC, the diffraction spots of the (100) and (001) planes with same interplanar spacing 

as HTO precursor were observed, but the angle between the (001) and (100) planes 
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changed from 90o to 92o. The result suggests that HTO phase changes from 

orthorhombic system to monoclinic system after the dehydration of its interlayer water. 

We designate the orthorhombic and monoclinic HTO phases as HTO(O) and HTO(M), 

respectively, for distinguishing their structures in this study.  

 

 

Figure 5.7 (a, c, e) TEM images and (b, d, f) SAED patterns of HTO crystals (a, b) before and after 

heat-treatments at (c, d) 100 and (e, f) 250 
o
C for 3 h, respectively. 

 

Two sets of electron diffraction spot patterns can be observed in the SAED pattern of 

the sample after heat-treatment at 250 oC (Figure 5.7f). One can be readily relegated to 
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the HTO(M) phase, and the other can be readily relegated to TiO2(B) phase. The (001), 

(-101) and (100) diffraction spots of HTO(M) were observed. The angle between the 

directions vertical to the (001) and (100) planes is 91o. The (900), (1-10) and (010) 

diffraction spots of TiO2(B) were observed. The angle between the directions vertical to 

the (100) and (010) planes is 90 o that is consistent with the cell parameters of TiO2(B) 

(JCPDS No. 74-1940). The result reveals that the direction vertical to the (001) plane 

and [100] direction of HTO(M) correspond to the directions vertical to the (100) and 

(010) planes of TiO2(B), respectively.  

 

 

Figure 5.8 (a, c) TEM images and (b, d) SAED patterns of HTO crystals after heat-treatment at 300 

o
C for 3 h. 

 

It is interesting that two sets of diffraction spots of TiO2(B) were simultaneously 

observed in one SAED pattern of the sample after heat-treatment at 300 oC (Figure 5.8), 

namely two different orientations of TiO2(B) crystals appear in the one platelike particle.  

We designate which as TiO2(B)1 and TiO2(B)2. The diffractions of (200), (400), (600) 
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planes of TiO2(B)1 and the diffractions of (-402), (-603), (-1005) planes of TiO2(B)2 are 

lined in same direction (Figure 5.8b), namely, the direction vertical to the (100) plane of 

TiO2(B)1 overlaps with the direction vertical to the (-201) plane of TiO2(B)2. This fact 

reveals that TiO2(B)1 crystal and TiO2(B)2 crystal are twinning. The zone axes of 

TiO2(B)1 and TiO2(B)2 can be decided as the [001] and [102] directions, respectively. 

The communal (020) plane of the TiO2(B)1 and TiO2(B)2, being vertical to the (100) 

plane of TiO2(B)1 and the (-201) plane of TiO2(B)2 respectively, is observed as a strong 

diffraction spot, which reveals the formation of a {010}-faceted TiO2(B) twinning.38,39 

 

 

Figure 5.9 Schematic diagram of crystal plane relationships for {010}-faceted TiO2(B) twinning. 

The angle between the direction vertical to (100) plane or (-201) plane and the mirror plane is 64.6
o
. 

The directions of (h, k, l) correspond to the directions vertical to (h, k, l) planes. 

 

A schematic diagram of crystallographic correspondences between TiO2(B)1 and 

TiO2(B)2 in the {010}-faceted TiO2(B) twinning is illustrated in Figure 5.9. The 

directions vertical to the (100)1 pane and the (-201)1 plane of TiO2(B)1 overlap to the 

directions vertical to the (-201)2 plane and the (100)2 plane of TiO2(B)2, respectively, 

where the angle between the directions vertical to the (100) and (-201) planes for each 

crystal is 129.2o. The [010] direction is a communal zone axis of TiO2(B)1 and TiO2(B)2. 

Therefore, there is a mirror plane on the [010] zone axis in TiO2(B)1/TiO2(B)2 twinning, 

and the angle between the direction vertical to the (100) plane or the (-201) plane and 
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the mirror plane is 64.6o. These analytical results reveal that the obtained TiO2(B) 

crystal is a mirror reflection twinning which grow up along the direction vertical to the 

(100) plane or the (-201) plane on the mirror plane.38,39 It is the first time to observe the 

TiO2(B) twinning obtained by the heat-treatment of layered titanate, as far as we know.  

In addition to the TiO2(B)1/TiO2(B)2 twinning phase, the HTO(M) phase and anatase 

phase located along the same [010] zone axis can be observed simultaneously in one 

platelike particle (Figure 5.8d). The direction of the [010] zone axis of anatase phase 

corresponds to the [001] zone axis of TiO2(B)1 and [102] zone axis of TiO2(B)2, which 

also correspond to the [010] zone axis of the HTO(M) phase. Therefore, the [001] 

direction of the anatase crystal overlaps to the [001] direction of the HTO(M) crystal, 

and the direction vertical to the (100) plane or the (-201) plane of the TiO2(B)1/TiO2(B)2 

twinning.  

 

 

Figure 5.10 (a) TEM, (b) HRTEM images, and (c) SAED pattern of sample obtained by heat- 

treatment of HTO crystals at 300 
o
C for 3 h. (e) HRTEM image derived from a position in yellow 

square of TEM image in Figure 5.8c.  
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The TEM image result reveals that the platelike particle obtained by heat-treatment at 

300 oC is a polycrystal constructed from nanocrystals with 4 nm size (see Figure 5.10). 

The SAED pattern of the platelike particle suggests that the nanocrystals in one platelike 

particle are aligned in same crystal orientation, namely the platelike particle is a 

mesocrystal. The lattice distortion was observed in the HRTEM image of the platelike 

particle of the nanocomposite (see Figure 5.10e). It exhibits wavy line lattice fringes 

with lattice spacings of about 0.352–0.356 nm with distorted crystal lattices angle of 

about 4o. The lattice spacings are close to the (110) plane (d = 0.354 nm) of HTO(M), 

the (110) plan (d = 0.356 nm) of TiO2(B), and the (101) plan (d = 0.352 nm) of anatase 

crystals. These lattice fringes of the different phases show the almost same orientations 

but locate at different nanocrystals which are separated by the crystal boundaries. The 

similar d value and almost same orientation of these planes are likely to result in a 

strong diffraction spot with an ellipse sharp in Figure 5.8d.  

TEM images of sample obtained by heat-treatment of HTO crystals at 400 oC show 

the platelike particles constructed from nanocrystals (Figure 5.11). The SAED patterns 

present the formation of a mixture of TiO2(B) and anatase phases. Although [001]-

oriented TiO2(B)1 and [102]-oriented TiO2(B)2 were observed in different platelike 

crystals, respectively, but TiO2(B)1/TiO2(B)2 twinning was not observed in one platelike 

particle. The SAED pattern results suggest that about 40% platelike crystals contain the 

[001]-oriented TiO2(B)1, and other 60% platelike crystals contain the [102]-oriented 

TiO2(B)2. The [010], [100], and [001] directions of anatase crystals correspond to the 

directions of [001], vertical to (010) plane and (100) plane of TiO2(B)1, and the 

directions of [102], vertical to (010) plane and (-201) plane of TiO2(B)2, respectively, 

which are similar to the relationship between anatase and TiO2(B)1/TiO2(B)2 twinning 

formed at 300 oC (Figure 5.8). The crystal boundaries between anatase phase and 

TiO2(B) phase can be observed in HR-TEM images (Figure 5.11e, f), which reveals that 

the platelike particles are constructed form the different crystalline phases. The lattice 

fringes of (200) (d=0.185 nm) and (004) (d=0.239 nm) for the anatase phase, (020) 
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(d=0.182 nm) and (-402) (d=0.253 nm) for the TiO2(B) phase, and (200) (d=0.190 nm) 

for the HTO(M) phase were observed, respectively. The directions of the (200) plane of 

HTO(M), (020) plane of TiO2(B), and (200) plane of anatase agree with each other, and 

the directions of (-402) plane of TiO2(B) and (004) plane of anatase agree with each 

other. This result suggests that the (200) plane of HTO(M) is transformed to (020) plane 

of TiO2(B), and then to (200) plane of anatase; while (-402) plane of TiO2(B) is 

transformed to (004) plane of anatase in the topochemical reaction.  

 

 

Figure 5.11 (a, c) TEM images, (b, d) SAED patterns, and (e, f) HRTEM images of samples 

obtained by heat-treatment of HTO crystals at 400 
o
C for 3 h. The HRTEM images are from the 
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yellow (e, f) panes in (c) TEM image, respectively. 

 

 

Figure 5.12 (a, d) TEM images, (b, e) SAED patterns, and (c, f) HRTEM images of samples 

obtained by thermal treatment of HTO crystals at 600 
o
C for 3 h.  

 

Figure 5.12 shows TEM imagines and SAED patterns of sample obtained at 600 oC. 

The platelike crystals are constructed from nanocrystals similar to that obtained at 400 

oC, while the nanocrystals grew up to about 10 nm (Figure 5.12c). The [010]-oriented 

anatase phase and [001]- and [102]-oriented TiO2(B) phases were observed, but without 

the twinning phase, which is similar also to the case at 400 oC. However, the fraction of 
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the [001]-oriented TiO2(B)1 reduce to 20%, and the [102]-oriented TiO2 (B)2 increases 

to 80%, suggesting the TiO2(B)2 is more stable than TiO2(B)1 at the high temperature. In 

HRTEM image of TiO2(B)2, the lattice fringes of (200) (d=0.586 nm) and (110) 

(d=0.356 nm) of TiO2(B) were observed clearly. The angle between the (200) and (110) 

planes is 72 o, which is extremely close to the value calculated from the TiO2(B) cell 

parameter (72.19 o, JCPDS No. 74-1940). The result also reveals that the TiO2(B)1 

crystal is [001]-orientation, which agree with the SAED pattern (Figure 5.12e) .  

 

 

Figure 5.13 (a, c, e) TEM images and (b, d, f) SAED patterns of samples obtained by heat-

treatments of HTO crystals at (a, b) 700, (c, d) 800, and (e, f) 900 
o
C for 3 h, respectively.  



 160 

 

Figure 5.13 shows TEM images and SAED patterns of the samples heat-treated at 

700, 800, and 900 oC, respectively. The platelike polycrystalline particles are 

constructed from nanocrystals, while each SAED pattern of the polycrystal looks like a 

single crystal, revealing the formation of mesocrystalline platelike crystals in which the 

nanocrystals aligned in the same orientation direction. The SAED pattern of anatase and 

rutile phases can be indexed to the [010] and [110] zone axis diffractions, respectively, 

namely the nanocrystals of anatase and rutile in the mesocrystalline platelike crystals 

exhibit [010]-orientation and [110]-orientation, respectively. Only the diffraction spots 

of the anatase phase were observed at 700 oC owing to the low content of rutile phase at 

this temperature (Figure 5.1i). The diffraction spots of [010]-oriented anatase and [110]-

oriented rutile phases were simultaneously observed in the sample prepared at 800 oC 

(Figure 5.8d). The results suggest that the [010] axis of the anatase structure is 

transformed to the [110] axis of rutile structure in the topochemical reaction from 

anatase to rutile. The angle between the [001] direction of anatase and the [001] 

direction of rutile on the basal plane is 25.0o (Figure 5.14). This result reveals that the 

[001] and [100] directions of anatase structure correspond to the [001] and [1-10] 

directions of rutile structure by rotating an angle of 25.0o on the (010) plane of anatase 

in the topochemical conversion reaction from anatase to rutile.  

 

 

Figure 5.14 SAED pattern of sample heat-treated at 800
o
C. Two sets of diffraction patterns were 
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observed. The strong one is anatase phase ((indicated by gray dotted line), and the weak one is rutile 

phase ((indicated by blue dotted line). The [010]-direction of the anatase crystal structure 

corresponds to the [110]-direction of rutile crystal structure, and the angle between the directions of 

the [001]-direction of anatase and the [001]-direction of rutile is 25.0 
o
.  

 

 

 

Figure 5.15 (a) TEM image and (b – f) HRTEM images from (b – f) yellow panes in (a), 

respectively, of HTO crystal after heat-treatment at 800 
o
C for 3 h. The angle between between the 

direction of the (101) plane of the anatase phase and the (1-10) plane of the rutile phase is 3.3 
o
. 
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To prove the crystallographic correspondences between the anatase and rutile  

structures in detail, the nanostructure of mesocrystalline anatase/rutile nanocomposite 

platelike particles obtained at 800 oC was investigated using HRTEM (Figure 5.15). In 

one platelike particle, all the anatase nanocrystals exhibit lattice fringes of (101) plane 

in the same orientation and all the rutile nanocrystals also exhibit lattice fringes of (1-

10) plane in the same orientation. The angle between the directions of the (101) plane of 

the anatase and (1-10) plane of the rutile is very small about 3.3o. This result reveals that 

the (101) plane of the anatase is transformed to the (1-10) plane of the rutile. The 

nanostructural analysis results described above indicate that there are specific 

topological crystallographic correspondences between the structures of the precursor 

and products in the topochemical reactions.  

 

5.3.3  Phase compositions and lattice constants of products  

The variations of the phase composition fractions with elevating temperatures in heat-

treatment process of HTO crystal are shown in Figure 5.16. The phase composition 

fractions of the products prepared in the temperature range of 100 to 600 oC were 

estimated using the statistic results of over 10 pieces of the SAED patterns, and which 

prepared in the temperature range of 700 to 1000 oC were estimated from XRD peak 

intensity data using the following equation.40 

FR = (1 + 0.8IA/IR)-1 

where FR , IA and IR represent the rutile fraction, the integrated intensities of (101) 

diffraction peak of anatase phase and (110) diffraction peak of rutile phase, respectively. 

There are three kinds of metastable intermediates, HTO(M), TiO2(B), and anatase, in the 

structural transformation process from HTO(O) precursor to the final thermodynamic 

stable rutile phase. The anatase phase is relatively stable in a wide temperature range 

from 300 to 900 oC. The thermostability increases in an order of HTO(O) < HTO(M)﹤

TiO2(B)﹤anatase﹤rutile. In the temperature range of 250–400 oC, three kinds of 

metastable phases coexist, which may be a main reason of the low crystallinities of 
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these mesocrystals at this temperature range. It is noted that the TiO2(B) and anatase 

phases can be formed from HTO phase at lower temperatures of 250 and 300 oC, 

respectively, than that of 400 oC for the anatase formation from H2TinO2n+1 (3≦n≦6),41 

and 300 and 600 oC for the TiO2(B) and anatase formations from H2TinO2n+1·xH2O,42 

and 400 and 700 oC for the TiO2(B) and anatase formations from H2Ti3O7.36  

 

 

Figure 5.16 (a) Trend curves of formed intermediate crystalline phases in heat-treatment process of 

HTO crystal with elevating temperature. (b) Trend curves of formation and consumption of TiO2(B)1, 

TiO2(B)2, and anatase phases in the temperature range of 100 to 700
 o
C.  

 

Figure 5.16b shows the trend curves of the formation and consumption of TiO2(B)1, 

TiO2(B)2, and anatase phases in the temperature range of 100 to 700 oC. TiO2(B)1 and 

TiO2(B)2 phases achieve the maximums at 300 and around 400 oC, respectively. The 

anatase phase increases with elevating temperature above 250 oC, which accompanied 
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consumption of TiO2(B)1 phase. The TiO2(B)2 phase is more stable than the TiO2(B)1 

phase in the temperature range above 300 oC. These results suggest that the anatase 

phase is formed mainly by the consumption of the TiO2(B)1 phase below 600 oC and by 

the consumption of the TiO2(B)2 phase above the temperature.  

The lattice constants and chemical formulas of HTO, TiO2(B), anatase, and rutile are 

summarized in Table 5.1. The lattice constants of HTO(O), anatase, and rutile were 

calculated using XRD results, and which of HTO(M), TiO2(B) were evaluated using the 

SAED results. The chemical formula of HTO was determined using TG-DTA results. 

The b-axis and c-axis of HTO(M) increases and decreases, respectively, with the 

elevating of the heat-treatment temperature from 100 to 400 oC, owing to change of the 

chemical composition. The lattice parameters of the TiO2(B)1 and TiO2(B)2 are very 

closed, which is a precondition for the formation of twinning.  

 

Table 5.1 Lattice constants and chemical compositions of HTO and crystal phases obtained by heat-

treatments of HTO at different temperatures.  

 

a
 Lattice constants of HTO(O), HTO(M) at 100 

o
C, anatase, and rutile crystals are according to the 
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data of the XRD patterns. The symmetry and lattice constants of other crystals are according to the 

statistics from the investigation of over 10 pieces of the SAED patterns of the samples.  

b
 Chemical formulas of HTO(O) and HTO(M) are estimated from TG-DTA results. 

 

5.3.4  Conversion reaction mechanism of HTO to TiO2 mesocrystals 

The mesocrystalline conversion process and topological correspondences between the 

HTO single crystal precursor and mesocrystalline TiO2 polymorphs can be described as 

a schematic diagram in Figure 5.17. Firstly, the HTO(O) single crystal precursor with 

platelike morphology and [010]-orientation is transformed into the HTO(M) crystal in 

the temperature range of 100–300 oC by dehydration reaction. The [010] and [001] 

directions of the HTO(M) crystal correspond to the [010] and [001] directions of 

HTO(O), respectively, but the angle between the (100) plane and (001) plane changes 

slightly from 90o to 92o. Secondly, the HTO(M) phase is transformed to the TiO2 (B)1 

phase with the orientation of [001] zone axis at 250 oC. The [010] direction and [001] 

direction of the HTO(M) phase correspond to the [001] direction and direction vertical 

to (100) plane of the TiO2(B)1 phase, respectively. Another TiO2(B)2 phase with the 

orientation of [102] zone axis is formed at 300 oC, which connects to the TiO2(B)1 phase 

and results in the formation of the {010}-faceted TiO2(B)1/TiO2(B)2 twinning. The 

TiO2(B)1/TiO2(B)2 twinning disappears at 400 oC, which accompanies the consumption 

of TiO2(B)1 phase and the increasing of anatase phase. The TiO2(B) phases are 

transformed into anatase completely at 700 oC. The [010] and [001] directions of 

anatase phase correspond to the [001] direction and the direction vertical to (100) plane 

of the TiO2(B)1 phase, and the [102] direction and the direction vertical to (-201) plane 

of the TiO2(B)2 phase, respectively. Finally, the anatase phase is transformed to the 

[110]-oriented rutile phase above 700 oC, where the [010] direction of anatase phase 

corresponds to the [110] direction of rutile, and [001] direction of anatase to the [001] 

direction of rutile after rotating an angle of 25.0o on the {010} facet of anatase. The 

platelike particle morphology maintains up to 900 oC. The platelike TiO2(B)2, anatase, 
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and rutile formed in the topochemical conversion process are mesocrystals, and four 

kinds of the mesocrystalline nanocomposites of HTO/TiO2(B), HTO/TiO2(B)/anatase, 

TiO2(B)/anatase, and anatase/rutile polymorphs can be formed in the reaction system as 

shown in Figure 5.16. 

 

 

Figure 5.17 Schematic diagram of mesocrystalline conversion process from HTO precursor single 

crystal to rutile mesocrystal and topological correspondences of precursor and products. The 

directions of (h, k, l) correspond to the directions vertical to (h, k, l) planes.  

 

On the basis of the above results and discussion, a schematic representation of the 

crystal structural correspondences in the evolution process from HTO precursor to the 

TiO2 (B), anatase, and rutile in sequence is illustrated in Figure 5.18. In the HTO crystal 

structure, the TiO6 octahedra are connected with each other via corner-sharing and edge-

sharing to form a 2D TiO6 octahedral host sheet. The host sheets are stacked with a 

basal spacing of about 0.882 nm in a body-centered orthorhombic system (Table 5.1), 

accommodation H2O and H3O+ between them. Approximately 52% of the interlayer 

H2O molecules are protonated to H3O+ which compensates for the negative charge of 

the host sheet.43 In the evolution process of the HTO structure to the TiO2 structures, 

firstly, the HTO structure loses the interlayer H2O molecules, resulting in the decrease 

of the basal spacing from 0.882 nm to 0.694 nm. After the dehydration, the 

orthorhombic HTO structure is distorted to the monoclinic HTO structure, where the 

angle between the (100) and (001) planes is changed from 90 to 92o. 
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Figure 5.18 Schematic representation of crystal structure and devolution process for layered HTO 

crystal and its reconstruction to TiO2(B), anatase, rutile in sequence after thermal treatment. 

 

Secondly, after completely losing the interlayer H2O molecules derived from the 

accommodation H2O, the interlayer H2O molecules derived from the accommodation 

H3O+ start to be lost successively above 200 oC. In this reaction, the hydrogen bonds 

between the top and bottom [TiO6(OH3
+)] octahedral layers are dehydrated to the Ti-O-

Ti bonds accompanying the release of the crystal water molecules completely, to form a 

three-dimensional (3D) TiO6 octahedral sawtooth-like tunnel structure of TiO2(B), 

where the [001] zone axis of the TiO2(B)1 and [102] zone axis of the TiO2(B)2 

correspond to the [010] zone axis of HTO(M). The resulting in the 3D TiO6 octahedral 

sawtooth- like structure is self-adjusted to satisfy the principle of minimum energy and 

space requirements to make the metastable TiO2(B) structure. The crystal lattice 

shrinkage occurs in the process of collapsing the layered structure to the sawtooth- like 

structure. To satisfy the principle of minimum energy and space requirements, the 

partial area of the sawtooth-like structure is distorted to relieve the stress in the crystal 

lattice, which causes formation of the {010}-faceted TiO2(B)1/TiO2(B)2 twinning 
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structure by partial bending the sawtooth-like structure from the [001]-oriented 

TiO2(B)1 to [102]-oriented TiO2(B)2.38 Without the TiO2(B)1/TiO2(B)2 twinning at the 

starting stage of TiO2(B) formation is due to less stress in the lattice. When most of 

HTO is transformed to TiO2(B), the large stress in the lattice causes the formation of the 

TiO2(B)1/TiO2(B)2 twinning.  

The TiO2(B) phase is transformed to the [010]-oriented anatase phase starting at 

about 300 oC. The formation of the anatase phase results to relieve the stress in the 

crystal lattice by consumption of the TiO2(B) phase, which may be the reason why the 

TiO2(B) twinning structure disappears above 300 oC. The [001]-oriented TiO2(B)1 

exhibits a higher reactivity than that of the [102]-oriented TiO2(B)2 in the conversion to 

the anatase phase (Figure 5.16b), implying that the active energy of shifting TiO6 

octahedra from the [001]-oriented TiO2(B)1 structure to the [010]-oriented anatase 

structure is lower than that from the [102]-oriented TiO2(B)2 structure to the [010]-

oriented anatase structure in the topochemical process. Brohan et al. 44  have given a 

conversion mechanism for the detailed phase transformation from TiO2 (B) to anatase. 

The typical transformation from TiO2(B) to anatase is explained by the split or shear of 

(-201) plane of TiO2(B) to form (10-3) plane of anatase, along with the [-20-3] direction 

of TiO2(B) structure. This conversion mechanism has been used to explain the TiO2 

polymorphs conversions from the layered H0.54Ti1.865□0.135O4 
45  (□, vacancy) and 

H2TinO2n+1 ·xH2O42 phases obtained by heat-treatment process.  

In this study, we found the crystallographic topological correspondences, namely the 

[010] direction of HTO(M) corresponds to the [001] direction of TiO2(B)1 or the [102] 

direction of TiO2(B)2, and the [010] direction of anatase; the direction vertical to the 

(100) plane of HTO(M) corresponds to the [010] direction of TiO2(B) and the [100] 

direction of anatase; furthermore the [001] direction of HTO(M) corresponds to the 

direction vertical to (100) plane of TiO2(B)1 or direction vertical to (-201) plane of 

TiO2(B)2, and the [001] direction of anatase. These results also suggest that the (200) 

plane (0.189 nm) of HTO(M) is transformed to (020) plane (0.187 nm) of TiO2(B), and 
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then to (200) plane (0.189 nm) of anatase; while (001) plane (0.297 nm) of HTO(M) is 

transformed to (400) plane (0.291 nm) of TiO2(B)1 or to (-402) plane (0.253 nm) of 

TiO2(B)2, and then to (003) plane (0.317 nm) of anatase in the topochemical conversion 

reaction. The larger interplanar distance differences of (-402) plane (0.253 nm) of 

TiO2(B)2 with (001) plane (0.297 nm) of HTO(M) and (003) plane (0.317 nm) of 

anatase than that of (400) plane (0.291 nm) of TiO2(B)1 may be the reason why higher 

reaction temperatures are necessary for the transformations from HTO(M) to TiO2(B)2 

and TiO2(B)2 to anatase than which from HTO(M) to TiO2(B)1 and TiO2(B)1 to anatase, 

namely the larger active energies are necessary for the larger structural change in the 

formation and conversion reactions of TiO2(B)2. 

Finally, the [010]-oriented anatase mesocrystal is transformed into the [110]-oriented 

rutile mesocrystal at the high temperature. The crystal structures of anatase and rutile 

differ by the distortion of each TiO6 octahedra and by the assembly pattern of the each 

TiO6 octahedra chains.46 In the anatase structure, the octahedra is significantly distorted 

and each octahedra contacts with eight neighbor octahedra, in which four sharing a 

corner and four sharing an edge. In the rutile structure, the TiO6 octahedra is not regular, 

showing a slight orthorhombic distortion, and each octahedra contacts with ten neighbor 

octahedra, where two sharing edge oxygen pairs and eight sharing corner oxygen atoms. 

In the topochemical mesocrystalline conversion process from anatase to rutile, the 

sharing edge or/and corner of TiO6 octahedra in the anatase structure are partially 

broken, accompanying the octahedra rotating and reconnecting to positions of the rutile 

structure. The formation mechanism of the mesocrystalline polymorphs in the present 

study is different from the mesocrystal formation mechanisms of the mesoscale oriented 

self-assembly process of nanocrystals and the classical crystal growth process for the 

formation of bridged nanocrystals.23, 26-34 We call the formation mechanism of the TiO2 

mesocrystals from the HTO crystal a topochemical mesocrystal conversion mechanism.  

 

5.3.5  Photocatalytic response of mesocrystalline nanocomposites 
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Figure 5.19 Variations of degradation percent of methylene blue with irradiation time under UV 

light irradiating conditions for TiO2 samples.  

 

Since the anatase and rutile nanocrystals have potential application as the 

photocatalyst, we investigated the photocatalytic activity of the TiO2 mesocrystalline 

nanocomposites prepared from HTO crystals. The commercial P25 nanocrystal sample 

was used as the standard sample for the comparison. The samples prepared from HTO 

are named H-X, where X corresponds to the temperature of heat-treatment. Figure 5.19 

shows the variations of degradation percent of methylene blue (MB) with irradiation 

time under UV light irradiating conditions for the TiO2 samples.  

The commercial P25 exhibits the highest photocatalytic activity in the samples, and 

the degradation is 75% at 240 min. In the samples prepared from HTO, the degradation 

at 240 min increases in an order of H-900 < H-600 < H-700 < H-800, namely H-800 

shows the highest photocatalytic activity in the TiO2 mesocrystalline nanocomposites. It 

has been reported that the photocatalytic activity of TiO2 is dependent on the crystal 

structure, specific surface area, and crystallinity. 47
, 48 ,

49  Anatase phase shows higher 

activity than rutile and TiO2(B) phases, owing to the longer lifetime of the excited 
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electron in anatase phase than which in rutile and TiO2(B) phases. 50
, 51 , 52 ,

53  The 

photocatalytic activity enhances with increasing specific surface area because the 

photocatalytic reaction occurs at TiO2 surface. The crystal defect traps the excited 

electron and hole, and acts as recombination centers of the electron-hole pairs, therefore 

the photocatalytic activity decrease with decreasing the crystallinity.52
,53, 54,

55
 

 

Figure 5.20 (a, c, e, g) Nitrogen adsorption-desorption isotherms and (b, d, f, h) pore size 
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distributions of HTO crystals after thermal treatments at different temperatures for 3 h. 

 

For the explanation of the photocatalytic activity order of the mesocrystalline 

nanocomposite samples, we measured specific surface area and pore size of the samples. 

Nitrogen adsorption-desorption isotherms reveal that all the samples prepared from 

HTO show the similar type II isotherms without obvious hysteresis hoop (see Figure 

5.20), suggesting that it is less porous or nonporous.56,57 The P25 sample exhibits a large 

specific surface area of 63 m2/g, while the mesocrystalline nanocomposite samples have 

small specific surface areas of 3.9, 5.8, 3.9, and 1.8 m2/g for H-600, H-700, H-800, and 

H-900, respectively. This result suggests that the higher photocatalytic activity of P25 is 

due to its larger specific surface area than the samples prepared from HTO. Although 

the degradation of MB by P25 is 2.5 times higher than H-800 at 240 min, the specific 

surface area of P25 is 16 times higher than H-800. This result implies that H-800 

exhibits a higher surface photocatalytic activity than that of P25. 

Because the photocatalytic activity enhances with increase of the crystallinity and 

anatase phase exhibits higher photocatalytic activity than which of TiO2(B) and rutile 

phase. Therefore, the increase of photocatalytic activity with increasing the heat-

treatment temperature up to 800 oC in the samples prepared from HTO can be explained 

by increases of the crystallinity and the composition fraction of anatase in the 

mesocrystalline nanocomposites. The decrease of the photocatalytic activity with 

increasing heat-treatment above 800 oC can be explained by decreases of the specific 

surface area and the composition fraction of anatase in the mesocrystalline 

nanocomposites.  

It is interesting that although H-800 has lower anatase content and specific surface 

area, but it exhibits higher photocatalytic activity than that of H-700. It has been 

reported that anatase/rutile composite system, such as P25 containing 80 % anatase and 

20 % rutile, enhances the high photocatalytic activity.50 The conduction band of anatase 

is little higher than that of rutile and valence band of anatase is little lower than that 
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rutile.58 When electrons are excited by UV light, the excited electrons in the conduction 

band of anatase can move to the conduction band of rutile, while the hole in the valence 

band of rutile can move to anatase valence band, which improves the electron-hole 

separation, namely increases the lifetime of the exciton, which is important to enhance 

the photocatalytic activity.49,59 This is the reason why P25 containing 80 % anatase and 

20 % rutile exhibits the high photocatalytic activity.50,60 Since H-800 mesocrystal also 

contains 80% anatase and 20 % rutile, we think its high photocatalytic activity can be 

explained also by the charge separation effect. It has been reported that the 

TiO2(B)/anatase composite system also provides the electron-hole separation effect 

similar to the anatase/rutile composite system, and also exhibits high photocatalytic 

activity.
61

 This suggests that the electron-hole separation effect is also possible in the H-

600 mesocrystalline nanocomposite. However, it show lower photocatalytic activity, 

which may be owing to its low crystallinity.  

The result in this study reveals that the mesocrystalline nanocomposites of 

anatase/rutile polymorphs is an ideal photocatalytic system, because TiO2 polymorph 

nanocrystals are orderly aligned and connected by heteroepitaxial interface where the 

electron and hole can be transferred easily for the electron-hole separation.49,60,62,63 It 

should be noted also that the anatase nanocrystals in the mesocrystalline platelike 

particles expose {010} facet on the surface. It has been reported that {010}-faceted 

surface of anatase exhibits higher photocatalytic activity than other low index facets, 

such as {001}, {010} and {101}, owing to its favorable surface atomic structure and 

surface electronic structure for the photocatalytic reaction.24,64 Therefore above results 

imply that if the {010}-faceted mesocrystalline nanocomposite of anatase/rutile 

polymorphs with high specific surface area can be prepared, the photocatalytic activity 

would be improved dramatically.  

 

5.4  Conclusions 

The four kinds of TiO2 mesocrystalline nanocomposites of HTO(M)/TiO2(B), 
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HTO(M)/ TiO2(B)/anatase, TiO2(B)/anatase, anatase/rutile polymorphs with platelike 

morphology can be developed via the heat-treatment process from the layered titanate 

single crystals. The mesocrystalline nanocomposites are formed via the topochemical 

mesocrystal conversion mechanism. There are specific crystallographic topological 

correspondences between the precursor, intermediates, and the final product in the 

topochemical mesocrystal conversion reaction. The mesocrystalline nanocomposites are 

constructed from nanocrystals which show the same orientation direction for the same 

polymorphs. The {010}-faceted TiO2(B) twinning is also formed in the topochemical 

conversion process from HTO to anatase. The [102]-oriented TiO2(B)2 phase is more 

stable than the [001]-oriented TiO2(B)1 phase. The mesocrystalline nanocomposite 

constructed from 80% anatase and 20% rutile nanocrystals exhibits highest 

photocatalytic activity in these mesocrystalline nanocomposites, which can be explained 

by the superior electron-hole separation effect in the mesocrystalline structure. 

Furthermore, the mesocrystalline nanocomposite with high active {010}-facet surface 

of anatase on the surface is expected as a promising nanostructure for the high 

performance photocatalyst.  
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Chapter VI    Summary 

In the present study, an in situ topochemical conversion reaction process was utilized 

to develop platelike Bi0.5Na0.5TiO3 (BNT) mesocrystals, BaTiO3/SrTiO3 (BT/ST), and 

TiO2 polymorphs mesocrystalline nanocomposites, and fabricate the oriented BNT 

ceramics. A layered titanate H4x/3Ti2-x/3O4·H2O (x = 0.8) (H1.07Ti1.73O4·H2O, 

abbreviated to HTO) single crystal with lepidocrocite (γ–FeOOH)-type two-

dimensional structure acts as precursor and Ti-source. The detailed reaction 

mechanisms and the crystallographic topological correspondences among the 

precursor, mesocrystalline intermediates, and the final mesocrystalline product were 

clarified on the basis of the nanostructural analysis results. We call the formation 

mechanism of these mesocrystals from the HTO crystal an in situ topochemical 

mesocrystal conversion. This new strategy can be utilized to control the crystal 

structure, crystal orientation, crystal composition, crystal size, and crystal morphology 

for the development of the advanced functional mesocrystal materials.  

The platelike BNT mesocrystals with [100]-orientation and TiO2 polymorphs 

mesocrystalline nanocomposites can be prepared by using the solid state reaction 

processes. The [100]-oriented BNT ceramics with high density and preferred 

orientation can be fabricated by a reactive-templated grain growth (RTGG) method 

with the formation mechanism of the BNT mesocrystals. Its piezoelectric constant is 

higher than conventional unoriented BNT ceramics. The platelike BT/ST  

mesocrystalline nanocomposites with [110]-orientation and the dense and high strain 

in its microstructure were prepared by using the two-step hydrothermal/solvothermal 

soft chemical processes. The success in developing these ferroelectric platelike 

titanate mesocrystals and mesocrystalline nanocomposites is a significant milestone to 

challenge the high performance lead-free ferroelectric materials by applying the 

domain engineering, oriented engineering, and strain engineering to the ferroelectric 

materials or their nanocomposite materials.  

Furthermore, a series of platelike TiO2 polymorphs mesocrystalline nanocomposites, 
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including mesocrystalline HTO/TiO2(B), HTO/TiO2(B)/anatase, TiO2(B)/anatase, and 

anatase/rutile nanocomposites can be generated in sequence from the transformation 

of the HTO single crystal. There are specific crystallographic topological 

correspondences among the precursor, intermediates, and the final product in the 

topochemical mesocrystal conversion reaction. The anatase/rutile mesocrystalline 

nanocomposite exhibits high surface photocatalytic activity although they have small 

specific surface areas, which can be explained by the superior electron-hole separation 

effect in the mesocrystalline structure and high active {010}-facet surface of anatase 

on the surface. The success in developing these platelike TiO2 polymorphs 

mesocrystalline nanocomposites not only expands TiO2 mesocrystals chemistry and 

offers a good opportunity to understand the formation process of these unique 

mesocrystalline superstructures, but also points the way for improving future TiO2 

catalysts.  

The main results and points of the present study are summarized as follow: 

In Chapter I, some reviews on the synthesis, the formation mechanisms, 

characterizations, and the applications of conventional mesocrystals were described.  

The general introduction for the topochemical synthesis, and the layered protonated 

titanate as a precursor for topochemical synthesis of the mesocrystals were mentioned. 

The fabrications of the oriented ferroelectric ceramic materials with the oriented 

engineering and domain (wall) engineering were introduced. Furthermore, the 

purposes of the present study were clarified. 

In Chapter II, the formation and characterization of BNT ferroelectric mesocrystals 

prepared from a layered titanate HTO with a lepidocrocite- like structure were 

described. The BNT mesocrystals were synthesized via solid state reactions in HTO-

Bi2O3-Na2CO3 and HTO-TiO2-Bi2O3-Na2CO3 solid-state reaction systems. The BNT 

mesocrystals are constructed from [100]-oriented BNT nanocrystals. The BNT 

mesocrystals were formed by an in situ topotactic structural transformation 

mechanism and a combination mechanism of the topotactic structural transformation 

and an epitaxial crystal growth. 

In Chapter III, an RTGG process for the fabrication of the crystal-axis-oriented 
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BNT ceramics using the layered platelike HTO single crystal as a template was 

described. The [100]-oriented BNT ceramics with the high degree of orientation, high 

density, and small grain size were achieved simultaneously by using a HTO-TiO2-

Bi2O3-Na2CO3 reaction system. The oriented BNT ceramic was formed by a 

topochemical conversion reaction of platelike HTO template crystals to platelike BNT 

mesocrystal particles, and then epitaxial crystal growth of BNT on the BNT 

mesocrystals. The fabricated oriented BNT ceramic shows a higher piezoelectric 

constant value of d33* than the nonoriented BNT ceramic.  

In Chapter IV, the development of the platelike BT/ST mesocrystalline 

nanocomposites using a novel two-step solvothermal soft chemical process and the 

reaction mechanism were described. The two-step solvothermal soft chemical process 

is an effective method for the preparation of the platelike BT/ST mesocrystalline 

nanocomposites. In the first hydrothermal treatment step, the BT/HTO nanocomposite 

was formed by partial transformation of HTO to BaTiO3. In the second solvothermal 

treatment step, the platelike BT/HTO nanocomposite crystal was solvothermally 

treated in Sr(OH)2 solution to obtain the platelike BT/ST mesocrystalline 

nanocomposite The BT/ST mesocrystalline nanocomposite was formed by two-step 

topochemical mesocrystal conversion reaction on the HTO-based platelike framework. 

The platelike BT/ST mesocrystalline nanocomposite prepared by this approach is 

oriented BT/ST polycrystal constructed from the BT/ST nanocrystals with the same 

[110] orientation. Such BT/ST mesocrystalline nanocomposite can withstand the 

temperature up to around 900 oC and possibly shows the dense and high strain in its 

microstructure, which can lead to the sharp enhancement of the piezoelectric and 

dielectric performance. 

In Chapter V, four kinds of platelike mesocrystalline nanocomposites of TiO2 

polymorphs were successfully prepared based on a topochemical mesocrystal 

conversion mechanism. In this conversion process, a [010]-oriented platelike titanate 

HTO single crystal with lepidocrocite- like structure was successively transformed into 

[001]- and [102]-oriented TiO2(B) phases including a {010}-faceted TiO2(B) 

twinning, [010]-oriented anatase phase, and [110]-oriented rutile phase. The platelike 
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particle morphology is retained in the topochemical conversion process. The platelike 

particles are constructed from nanocrystals which well-aligned in same orientation for 

the same phase, resulting in the formations of HTO/TiO2(B), HTO/TiO2(B)/anatase, 

TiO2(B)/anatase, and anatase/rutile mesocrystalline nanocomposites. The reaction 

mechanism and the crystallographic topological correspondences among the precursor, 

intermediates, and the final product were given on the basis of the nanostructural 

analysis results. The mesocrystalline nanocomposite of anatase/rutile polymorphs 

exhibits unexpectedly high surface photocatalytic activity, which can be explained by 

the superior electron-hole separation effect and the high activity of {010}-faceted 

anatase surface in the mesocrystalline nanocomposite. These mesocrystalline 

nanocomposites are expected as a potential nanostructure for the high performance 

photocatalyst.  

The results described above conclude that the in situ topochemical mesocrystal 

conversion reaction process is an attractive approach. This approach can be employed 

not only for the development of the platelike functional titanate ferroelectric 

mesocrystal and mesocrystalline nanocomposite materials but also for the preparation 

of the platelike TiO2 polymorphs mesocrystalline nanocomposite catalysis materials. 

The mesocrystalline size, morphology, structure, and composition can be controlled 

by adjusting the reaction conditions in the in situ topochemical mesocrystal 

conversion reaction process. 

From the view point of the application of domain (wall) engineering, oriented 

engineering, and strain engineering to the oriented ferroelectric titanate mesocrystal 

materials for sharply enhancing the dielectric and/or piezoelectric performance, the 

solvothermal soft chemical process and solid state process can provide the suitable 

ceramic powders with anisometric morphology (platelike or fiber), small and uniform 

grain size, and high degree orientation. From the view point of the application of the 

facilitation of efficient electron hole separation and the exposure of dominant reactive 

crystal facet to TiO2 polymorphs mesocrystalline nanocomposite surface for the 

improvement of the photocatalytic response, the solid state process with the in situ 

topochemical conversion reaction mechanism can afford possible mesocrystalline 
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nanocomposites with high photocatalytic performance.  

From the view point of fundamental study, this dissertation gives the reaction 

mechanisms for the formation of functional ferroelectric titanate materials and 

photocatalytic TiO2 polymorphs materials in the in situ topochemical conversion 

reaction processes. These mechanisms will serve also as a guide to develop the 

syntheses of other materials in the solvothermal processes and solid state processes. 

Therefore, both the solvothermal chemical processes and solid state processes 

accompanying with the in situ topochemical conversion reaction are of notable 

significance for the fundamental research, and can provide important knowledge for 

controlling the chemical reaction process to achieve the materia ls of advanced 

functions. 

In our next challenges, we will try to decrease the grain size with nanoscale of the 

oriented BNT ceramics, and evaluate its various physical properties, so that the BNT 

ceramics can be suitable to be applied to the ferroelectric devices. We also plan to 

fabricate the oriented BT/ST nanocomposite thin films using the formation 

mechanism of the BT/ST mesocrystalline nanocomposites. In the preparation process, 

we will design the effective approach for enhancing the orientation degree and density 

of the nanocomposite thin films, and control the domain size and strain variable of 

thin films by adjusting the fabrication process and sintering conditions. Moreover, we 

will appraise various physical properties of the optimal BT/ST nanocomposite thin 

films, and consider applying them to the high performance lead-free ferroelectric 

devices. About the applications and improvements of the photocatalytic performance 

of the TiO2 polymorphs mesocrystalline nanocomposite materials, we will continue 

using the layered HTO single crystal as precursor. A new approach for exfoliating 

layered HTO single crystal into thinner HTO nanosheets and topochemical 

convention of the thin HTO nanosheets to TiO2 polymorphs mesocrystalline 

nanocomposite materials will be developed. The specific surface area enhanced TiO2 

polymorphs mesocrystalline nanocomposite materials will improve their 

photocatalytic performance dramatically. In addition, we will appraise various 

physical properties of the optimal TiO2 polymorphs mesocrystalline nanocomposite 
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materials, and consider applying them to the novel high performance catalytic 

materials for environmental remediation and water splitting.  

In the present study, we have shown that the in situ topochemical conversion 

reaction mechanism devoting to the solvothermal reaction process and solid state 

reaction process can also determine the transformation of a single crystal into a 

mesocrystal and mesocrystalline nanocomposite. We can call this kind of in situ 

topochemical conversion reaction as in situ topochemical mesocrystal conversion 

reaction. As a whole, the results of this study suggest that the in situ topochemical 

mesocrystal conversion of suitable precursors, either single crystals or mesocrystals, 

can be employed to generate a variety of mesocrystalline nanocomposite functional 

materials with the desired morphology, conjecturable structure, adjustable 

composition, and uniformly aligned orientation in control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 185 

Publications 

Publication in Journals 

[1] Dengwei Hu, Xingang Kong, Kotaro Mori, Yasuhiro Tanaka, Kazunari 

Shinagawa, Qi Feng, Ferroelectric mesocrystals of bismuth sodium titanate: 

formation mechanism, nanostructure, and application to piezoelectric materials. 

Inorganic Chemistry, 2013, 52, 10542−10551. 

[2] Dengwei Hu, Kotaro Moria, Xingang Kong,Kazunari Shinagawa, Satoshi 

Wada, Qi Feng. Fabrication of [100]-oriented bismuth sodium titanate ceramics 

with smallgrain size and high density for piezoelectric materials. Journal of the 

European Ceramic Society. 2014, 34, 1169–1180. 

[3] Xingang Kong, Dengwei Hu, Yoshie Ishikawa, Yasuhiro Tanaka, and Qi 

Feng. Solvothermal soft chemical synthesis and characterization of 

nanostructured Ba1-x(Bi0.5K0.5)xTiO3 platelike particles with crystal-axis 

orientation. Chemistry of Materials, 2011, 23, 3978−3986. 

[4] Xingang Kong, Dengwei Hu, Puhong Wen, Tomohiko Ishii, Yasuhiro Tanaka, 

Qi Feng; Transformation of potassium Lindquist hexaniobate to various 

potassium niobates: solvothermal synthesis and structural evolution mechanism. 

Dalton Transactions, 2013, 42, 7699−7709. 

[5] Dengwei Hu, Wenxiong Zhang, Yasuhiro Tanaka, Naoshi Kusunose, Yage Peng, 

Qi Feng, Mesocrystalline nanocomposites of TiO2 polymorphs: topochemical 

mesocrystal conversion, characterization, and photocatalytic response, submitted. 

 

 

Publication in Conferences 

[1] Dengwei Hu, Xingang Kong, Qi Feng. Synthesis of plate- like 

Ba0.5(Bi0.5Na0.5)0.5TiO3 particles by solvothermal soft chemical process, 第 18 回  

ヤングセ ラ ミス ト・ミーテ ィング in 中 四国，p31–32, Okayama, 

2011-12-10. 



 186 

[2] 馮旗,孔新剛,胡登衛,石川善恵,田中康弘,ソルボサンマルソフト化学法に

よる配向性Ba1-x(Bi0.5K0.5)xTiO3板状粒子の合成と評価,日本セラミックス協会

第24回秋季シンポジウム，p304, 札幌，2011-09-07～09.  

[3] D. Hu, X. Kong, Y. Ishikawa, Q. Feng Synthesis of Ba0.5(Bi0.5Na0.5)0.5TiO3 

plate- like mesocrystal particles by solvothermal soft chemical process, The 50th 

Anniversary Symposium in Basic Science of Ceramics, p94, Tokyo, 2012-01-

12～13. 

[4] Xingang Kong, Dengwei Hu, Yoshie Ishikawa, Qi Feng, Solvothermal 

process for synthesis and particle morphology control of potassium niobates 

from soluble potassium Hexaniobate, The 50th Anniversary Symposium in Basic 

Science of Ceramics, p91, Tokyo, 2012-01-12～13. 

[5] Dengwei Hu, Qi Feng, Solid state topotactic transformation reaction from 

layered titanate to bismuth sodium titanate and its application to orientated 

ceramics. The 4th Kagawa University-Chiang Mai University Joint Symposium, 

p 35, Kagawa, 2012-09-19-21. 

[6] Dengwei Hu, Yasuhiro Tanaka, Qi Feng, Topotactic synthesis of bi0.5na0.5tio3 

mesocrystal plate- like particles from layered titanate, The 51st Anniversary 

Symposium in Basic Science of Ceramics, p207, Sendai, 2013-01-09～10. 

[7] Dengwei Hu, Yasuhiro Tanaka, Qi Feng, Formation of platelike TiO2 

mesocrystals from protonated titanate based on topochemical nanocrystal 

conversion mechanism, The 3rd Joint Workshop between Kagawa University and 

Hanbat National University，p12–14, Kagawa, 2014-01-06. 

[8] Dengwei Hu, Yasuhiro Tanaka, Qi Feng, Synthesis of plate- like TiO2 

mesocrystals with different orientations from layered titanate, The 

52ndAnniversary Symposium in Basic Science of Ceramics, p152, Nagoya, 2014-

01-09～10. 

[9] Dengwei Hu, Yasuhiro Tanaka, Shunsuke Nakanishi, Qi Feng, Plate- like 

anatase-rutile mesocrystalline nanocomposites derived from nanocrystals 

conversion of metastable TiO2(B) twinnings, The 5th International Congress on 

Ceramics, Beijing, 2014-08-17～21. 



 187 

Acknowledgment 

I would like to express my very sincere thanks and gratitude to my research supervisor, 

Prof. Qi Feng, for his kind guidance, cultivatation, and continuous supervision, 

excellent advice and continuous encouragement towards the completion of this 

present research successfully in time. He exhibits realistic and pragmatic research 

attitude which is very worth my study in life. I am also very grateful that he gave me a 

very precious opportunity to enhance and pursue advanced studies, and he well pays 

attention to our future development. And the same sincere thanks and gratitude are to 

Associate Prof. Lin Yu (Okayama Shoka University), for her much supports on my 

research supervisor team, for her precious guidance and perspectives on my daily life 

and values. 

I would like to express my sincere thanks also to my vice supervisors Associate 

Prof. Yasuhiro Tanaka and Associate Prof. Takafumi Kusunose for their kind advice, 

valuable suggestion, necessary support, and enthusiastic assistances to my Ph. D study. 

I am also very grateful to them. 

Grateful acknowledgements are to Prof. Kazunari Shinagawa, Prof. Shunsuke 

Nakanishi, Prof. Hisao Kakegawa, Lecturer Shinobu Uemura, Prof. Satoshi Wada 

(University of Yamanashi), Dr. Xingang Kong (Shaanxi University of Science and 

Technology), Associate Prof. Yong Fan (Jilin University), Prof. Yaohua Xu (Jilin 

University), Prof. Lifang Zhao (Baoji University of Arts and Science), Prof. Jianying 

Miao (Baoji University of Arts and Science), Prof. Puhong Wen (Baoji University of 

Arts and Science), Senior Engineer Hongke Guo (Baoji University of Arts and 

Science), for their valuable suggestions and enthusiastic assistances.  

I would like also expressing my sincere thanks to Ms. Ayami Nishioka (Faculty of 

Engineering, Kagawa University) for her kindly helpful TEM and FE-SEM(EDS)-

experimental skills, Mr. Toshitaka Nakagawa (Faculty of medicine, Kagawa 

University) for his kindly helpful FE-SEM-experimental skills, and Mr. Hisao Higa 

(Faculty of Engineering, Kagawa University) for his enthusiastically helpful 



 188 

AFM/PRM-experimental skills. 

My sincere appreciations also extend to Dr. Akinari Sonoda (National Institute of 

Advanced Industrial Science and Technology (AIST), Shikoku) for providing me a 

good chance in my expanding practice study on uptake of lithium from salt lake, and 

teaching me some knowledge in controlling separation technique.  

I wish to thank Kagawa University for offering me this PhD position. And thanks to 

the Japan Society for the Promotion of Science for the funding for research. 

Appreciates also give to Kuraoka Shogakukai Foundation ((公財)倉岡奨学会), Japan, 

for providing scholarship.  

I am one of the lucky dogs being allowed to study in Kagawa University, so I 

should thank my leaders from Baoji University of Arts and Science for offering me 

such a precious opportunity. 

I also owe my sincere gratitude to my friends and fellow classmates  in our research 

group, who gave me many helps and much pleasures on life and study. 

Lastly, I would like to acknowledge my family for their love, understanding and 

support throughout my research.  

 

 

 

 

 

Dengwei Hu 

          

Feng Lab, Department of Advanced Materials Science, Faculty of Engineering 

Kagawa University, Kagawa, Japan 

September, 2014 

 


